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1312, 1215, 113.5, 113.2, 71.9, 71.1, 69.5, 59.1, 55.4; FTIR (neat film): 7=
2888 (w), 1614 (s), 1445 (s), 1241 (w), 1100 (w), 811 (s) cm'; HRMS
(MALDI): m/z: caled for Cy,H,,NOg [M+H*] 468.2381; found 468.2370;
TLC R; (55% EtOAc/Hex) 0.20.
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Benzylic Imine Catenates: Readily Accessible
Octahedral Analogues of the Sauvage
Catenates™**
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Historically, one of the triumphs of coordination chemistry
has been its application to the synthesis of mechanically
interlocked molecular architectures, that is catenanes, rotax-
anes, and knots.'"' Tn 1984 Sauvage et al. used the preferred
tetrahedral geometry of Cu! to organize appropriately deriv-
atized phenanthroline ligands into a fixed mutually orthogo-
nal orientation, whereupon a double macrocyclization reac-
tion gave the [2]catenate in 27% yield (Scheme 1a).

Scheme 1. Synthesis of catenates by orthogonalization of coordinated
ligands about metal templates with a) tetrahedral and b) octahedral
coordination preference. M in (b): Mn?*, Fe?*, Co*t, Ni**, Cu?>*, Zn**,
Cd2+’ Hg2+_
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Subsequent studies on the system boosted yields to near
quantitative levels (by ring closing metathesis, RCM)P®! and
extended the interlocked architectures available to [n]cate-
nates (n=2-8)," catenands (the demetalated, but still
interlocked ligands),”! rotaxanes,® pseudo-rotaxanes,”! and
knots.®! Interlocked ligands can have remarkable properties;
catenates are amongst the most stable complexes of Cu! that
exist with a neutral ligand,[) and catenands also stabilize!” the
ordinarily disfavored tetrahedral geometries of Ni' and Cu’.
However, although other metals have been introduced® and
alternative trigonal-bipyrimidal “stations” employed in re-
dox-switchable systems,['%) the basic catenate assembly system
based on a low oxidation state, tetrahedrally coordinated
metal template and phenanthroline ligands has remained
largely unchanged. Expanding this elegant strategy to include
catenates with higher oxidation state, octahedrally coordi-
nated metal centers is of obvious appeal (Scheme 1b),['' and
pioneering work in this regard has been carried out by
Schroder et al. [ Busch et al.,[*l and others,'¢ 4l yet only two
octahedral catenates!!d ¥l (and two knots!™> ) have been
described to date. Catenanes assembled by hydrogen bonds
can exhibit a continuous range of (tunable) dynamic proper-
ties,['> 181 but the strong coordination bonds present in
catenates lock the macrocyclic components in fixed positions
whereas, in the absence of the metal, these rings rotate with
virtually complete (but uncontrolled) freedom. The difference
in the type of dynamics available to each system led us to seek
a route to catenates of a size and shape that would be both
compatible and interchangeable in molecular devices with
benzylic amide catenanes assembled by hydrogen bonds (e.g. I).

The basic architecture of benzylic amide macrocycles is
rather well suited to adapting to other sorts of assembly
processes (Scheme 2). The rigid framework positions multiple
donor groups such that they converge towards the center of
the cavity, while the isophthalic spacer holds the aromatic
rings in a parallel arrangement at a distance ideal for =
stacking with an orthogonally bound guest. The 1,3-linked
benzylic motif ensures a complete 180° turn for each fragment
(in comparison to, say, the 120° turn for a diphenylphenan-
throline unit) holding the endgroups in positions that promote
intracomponent rather than intercomponent cyclizations.["]
Thus, the only changes necessary to obtain a system based on
metal ion chelation (i.e. arriving at complexes with the
benzylic bis(2,6-diiminopyridine)catenand ligand 1) was to
replace the amide groups with imine groups and, for stability
reasons, the phenolic esters with ethers (Scheme 2).

The zinc(11) perchlorate complex [Zn2,](ClO,), was isolated
as a precipitate in 83% yield from simple addition of a
solution of the Schiff base ligand 2% in dichloromethane to a
methanolic solution of Zn(ClO,), 6 H,0. Imines are one of
the few classes of substrates not normally compatible with
olefin metathesis (indeed, the free Schiff-base ligand 2 cannot
be converted into the macrocycle by RCM). However, pre-
coordination ties up the imine groups and the tetraolefin
complex [Zn2,](ClO,), smoothly underwent double macro-
cyclization by RCM with Grubbs’ catalyst ([Ru(=CHPh)-
(PCy;),Cly], CH,Cl,, Ar, RT, 4 h) to give the zinc(11) catenate
[Zn1](ClO,), in 73 % yield as a mixture of E,E, E,Z, and Z,Z
diastereomers (Scheme 2a). Exposure of the reaction mix-
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Scheme 2. Synthes1s of benzylic imine catenates [M1]L, by a) double
macrocyclization of a preformed octahedral complex [M2,]L,, b) sponta-
neous metal-promoted assembly of nonchelated precursors. The yields (in
% ) refer to route (a); the yields from route b are not yet optimized, but are
uniformally higher. The ligand design is based on that of benzylic amide
catenanes, e.g. L7

ture to the metathesis catalyst for four days equilibrated the
products to give almost exclusively the E,E isomer.

In contrast to the situation with the classic tetrahedral
phenanthroline system, the same catenate [Zn1](ClO,), could
also be prepared by assembling the coordinating sites in situ
(Scheme 2b). Treatment of the bis-amine 42! with 2,6-
pyridinedicarbaldehyde and Zn(ClO,),-6H,0 in methanol
resulted in the precipitation of the (E,E)-catenate after one
hour in 53 % yield. In this case, the metal center orders the
construction of the catenate about itself, through the rever-
sible formation of four imine bonds from five components, as
the lowest energy means by which it can satisfy its desired
octahedral coordination geometry.

The 'H NMR spectra of free ligand 2, zinc(i) precursor
complex [Zn2,](ClO,),, and zinc(u) catenate [Zn{(E,E)-
1}](ClOy), are shown in Figure 1a-c. Shielding of the benzylic
aromatic rings (Hg, Hp) in both the precursor complex
(Figure 1b) and the catenate (Figure 1c) with respect to the
free ligand (Figure 1a) is indicative of the entwined (in the
case of [Zn2,]L,) or interlocked (in the case of [Zn{(E,E)-
1}]L,) architectures. Interestingly, subtle but significant differ-
ences take place in the shifts of all the non-alkyl chain
resonances between [Zn{(E,E)-1}]L, and [Zn2,]L,, indicating
that a certain amount of reorganization of the ligands needs to
occur during catenate formation.

Single crystals suitable for investigation by X-ray crystal-
lography using a synchrotron source were obtained from slow
vapor diffusion of diethyl ether into a solution of [Zn{(E,E)-
1}](ClO,), in acetonitrile.’?l The crystal structure (Figure 2)
confirms the interlocked molecular architecture, the octahe-
dral geometry around the coordinated zinc and the E
configuration of the olefinic bonds in both rings. The benzylic
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Figure 1. 'TH NMR spectra (400 MHz, C,D,Cl,, 298 K) of a) free Schiff-base ligand 2, b) acyclic tetraolefin
precursor complex [Zn2,](ClO,),, c) benzylic imine catenate [Zn{(E,E)-1}](ClO,),, d) free benzylic amine
catenand (E,E)-3, and e) benzylic amine catenate [Zn{(E,E)-3}](ClO,),. The assignments correspond to the

lettering shown in Scheme 2 for compound 2.
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Figure 2. Structure of [Zn{(E,E)-1}](ClO,), as determined by X-ray
crystallography.??! Carbon atoms of one macrocycle are shown in light
blue and those of the other in yellow; oxygen atoms are red, nitrogen dark
blue, chlorine green, hydrogen white, and zinc silver. Non-olefinic hydro-
gen atoms and a molecule of acetonitrile are omitted for clarity. Selected
bond lengths [A] Zn-N52.289, Zn-N8 2.048, Zn-N11 2.211, Zn-N205 2.264,
Zn-N208 2.045, Zn-N211 2.276; other selected interatomic distances [A]:
N5-N11 4.348, N8-N208 4.081, N205-N211 4.388; ligand bite angles [°]: N5-
Zn-N11 150.14, N205-Zn-N211 150.34.

groups of each macrocycle m-stack with the 2,6-diiminopyr-
idine groups of the other interlocked ring, an interaction
which is also clearly present in the precursor complex

1540 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

40 Zn and Zn —Hg). The results
(see Scheme 2) were unifor-
mally satisfying with the pre-
cursor complexes and cate-
nates obtained in each case,
often in good yields despite the
mixture of diastereomers complicating the purification pro-
cess.?’l Preliminary studies show that the same catenates are
also readily produced by the direct imine bond formation
route (Scheme 2b). The crystal structures of two of these new
catenates, [Cu{(E,E)-1}](ClO,), and [Co{(E,E)-1}]I,, were
obtained by using a synchrotron radiation source (Figure 3).
The bite angles in these catenates proved larger than in the
zinc system (152.1 and 152.7° (Cu), 152.9 and 154.5° (Co)) in
line with observed trends with acyclic ligands, confirming the
geometrical flexibility of the benzylic bis(2,6-diiminopyridi-
ne)catenand ligand system. Interestingly, all the catenates are
much more thermally stable than the corresponding precursor
complexes. Whilst the acyclic coordination compounds
[M2,]L, typically possess sharp melting points in the range
221-252°C, the analogous [M1]L, catenates tend to gradually
lose color and decompose at temperatures in excess of 350 °C.

The properties of the zinc(11) catenate [Zn{(E,E)-1}](ClO,),
were investigated in more detail (Scheme 3). By single-phase
or biphasic extraction of [Zn{(E,E)-1}](ClO,), in various
organic solvents (DMF, CHCI;/H,O, etc.) with up to
100 equivalents of EDTA, disodium salt, no signs of demeta-
lating the catenate were obtained, suggesting that the
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Figure 3. Structures of a) [Co{(E,E)-1}]1, and b) [Cu{(E,E)-1}](ClO,), as
determined by X-ray crystallography.’?l Color code as in Figure 2, cobalt
red, copper green, iodide purple. Non-olefinic hydrogen atoms are omitted
for clarity. Ligand bite angles [°]: N5-Co-N11 152.9, N205-Co-N211 154.5;
N5-Cu-N11 152.1, N205-Cu-N211 152.7.
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benzylic amine catenate [Zn{(E,E)-3}](ClO,), (ca. 100%).

combination of the directional, planar diiminopyridyl coordi-
nating motif and the tight, encapsulated architecture provides
exceptional kinetic stability. However, reduction of the imine
groups followed by washing with aqueous EDTA, disodium
salt, resulted in the free benzylic amine catenand (E,E)-3. Re-

Angew. Chem. Int. Ed. 2001, 40, No. 8

[Zn{(E,E)-C%}]2+

Scheme 3. The chemistry of the octahedral metal catenate [Zn{(E,E)-1}](ClO,),. Direct
demetalation is unsuccessful, but reduction of the imine groups allows extraction of the
zinc to yield the free benzylic amine catenand (E,E)-3 (78 % ). Remetalation affords the
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metallation proceded smoothly to give the corresponding,
clearly more labile, benzylic amine catenate [Zn{(FE,E)-
3}](ClO,),. The '"H NMR spectra of (E,E)-3 and [Zn{(E,E)-
3}](Cl0O,), are shown in Figure 1d and e, respectively. The
compact nature of the free ligand (E,E)-3 is convincingly
demonstrated by the shielding of several resonances com-
pared to the acyclic ligand 2. Protons H; and Hj; for example,
which intrinsically should be relatively unaffected by imine
reduction, are shifted in (E,E)-3 by a similar magnitude to
those in the [Zn({E,E)-1}]J(ClO,), catenate and the
[Zn2,](CIO,), precursor complex despite no directed inter-
component interactions being present between the macro-
cycles in the catenand. The broad appearance of several
resonances in the spectrum of the catenand is probably due to
co-conformational exchange processes that are not fast on the
NMR time scale at room temperature. The broadened peaks
in the spectrum of the amine catenate [Zn{(E,E)-3}]L,,
however, may be a result of multiple asymmetric centers
being produced by coordination of the four nitrogen atoms
which are prochiral in the free ligand 3.

In conclusion, a simple, versatile and effective route exists
to octahedrally coordinated analogues of the Sauvage cate-
nates. This route should be extendable to the synthesis of
other metal-based interlocked architectures (such as rotax-
anes, shuttles, and knots), and the octahedrally coordinated
catenates should be interchangeable in possible molecular
devices with catenanes assembled by hydrogen bonds. Cate-
nates are not only a means of stabilizing unusual oxidation
states and normally disfavored geometries, but could also find
uses in areas where complexes with particularly high kinetic
stabilities are required, such as radiotherapy?! and magnetic
resonance imaging,®! because of the wide range of metals that
can adopt octahedral coordination patterns. Finally, we are
well aware that metal complexes of 2,6-diiminopyridine
ligands also form an important new generation
of non-metallocene olefin polymerization cata-
lysts? and that intertwined versions of such
structures exhibit novel forms of columnar liquid
crystalline behavior.?” The possible application of
translationally switchable mechanically inter-
locked architectures (containing unsaturated met-
al centers in the case of potential polymerization
catalysts) to these areas should be fascinating.

Experimental Section

Route (a) of Scheme 2 (RCM): Grubbs’ metathesis catalyst
[Ru(=CHPh)(PCy;),Cl,] (0.02g, 0.0243 mmol, 20 mol %)
was placed in a sealed, argon-purged, flame-dried Schlenk
tube, and subjected to a constant stream of argon for ten
minutes. A degassed and argon-purged solution of the
[M2,]L, complex (0.122 mmol) in anhydrous dichlorome-
thane (500 mL) was transferred to the Schlenk tube by
injection over ten minutes. Reaction was allowed to continue
until all the starting material was consumed as evidenced by
TLC (typically 4 h), or, in order to maximize the amount of
E.E diastereomer, for 4 days. The resulting solution was evaporated to
dryness and purified by repeated chromatography (silica gel, 1-5%
MeOH in CH,CI, as eluent) to give the catenates [M1]L, as variously
colored solids. Selected data for [Zn{(E,E)-1}](ClO,),: yield: 112 mg, 73 %;
m.p. 350°C (decomp); '"H NMR (400 MHz, [D;]DMSO): 6 =1.58 (m, 8H,
CH,), 1.74 (m, 8H, CH,), 2.12 (m, 8H, CH,CH=CH), 3.85 (t, 8H, J =
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6.5 Hz, Hy), 4.49 (brs, 8H, Hp), 5.61 (t, 4H, J =3.0 Hz, H,,), 6.36 (AA'BB’
system, 8H, J = 8.0 Hz, Hy), 6.53 (AA’BB’ system, 8H, J = 8.0 Hz, H,), 7.70
(d, 4H, J=8.0 Hz, Hp), 8.42 (t, 2H, J=8.0 Hz, H,), 850 (s, 4H, H);
13C NMR (100 MHz, [D4]DMSO): 6=25.89, 28.05, 31.50, 60.76, 67.17,
113.91,127.02,129.34, 129.97, 130.62, 144.37,145.25, 158.24, 160.27, FAB-MS
(mBNA  matrix): m/z: 1126 [M—ClO,7]*; anal. caled for:
CoHy001,N,CLZn (1225): C 60.73, H 5.71, N 6.86%, found: C 60.46, H
5.97,N 6.67%.

Route (b) of Scheme 2: A solution of 2,6-pyridinedicarbaldehyde (0.97 g,
72 mmol) in methanol (10 mL) was added dropwise over 30 min to a
solution of bis-amine 4 (7.2 mmol) and metal salt (ML,, 3.6 mmol) in
methanol (10 mL). The reaction mixture was stirred at room temperature
for 1 h after which time the [M1]L, catenate could either be isolated as a
precipitate by filtration, or the solvent removed under reduced pressure
and the resulting solid purified as for the RCM procedure.
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One of the most exciting features of Cy and the higher
fullerenes is that their carbon cages have inner cavities large
enough to hold any atom and even small molecules.[" 2 The
physical and chemical properties of these caged compounds
(endohedral complexes) are determined by the degree of
interaction established with the m-electron shell and the
overall oxidation state of the complex.*! As such, endohedral
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complexes offer a number of prospects for novel materials.[*]
A large effort has been invested in finding efficient methods
for the preparation and purification of these compounds.[2 7]
So far, endohedral complexes have been formed with
lanthanide or alkaline earth metals as charge transfer
species,l 2 and with the rare gases!® ! or atomic nitrogen['”]
as neutral complexes. Processes using the evaporation of
graphite—metal oxide composites, as well as high-pressure
and high-temperature or even high-energy plasma insertions
into pure fullerenes, have been reported.l'””! These methods
constitute remarkable achievements and have already
brought forth important insight into the properties of
endohedral fullerene complexes. Nevertheless, they are still
limited in scope and, more significantly, tend to give small
amounts of material or meager incorporation fractions.

A stimulating prospect for the formation of these com-
pounds can be described as a “molecular surgery” approach,
which consists of the chemical creation of an opening within
the fullerene cage (Figure 1a).! The opened species would
allow the introduction of an atomic or molecular species,
which could be followed by the “suturing” of broken bonds
back onto the original framework. Each of these steps
presents unique nontrivial challenges. The development of
an effective method to open up the framework of C¢, by a one-
pot reaction with bisazide 2, to afford bislactam 1,"'! provides
an unprecedented opportunity for the preparation of endo-
hedral complexes. We now report the successful insertion of
two small neutral gases, helium and molecular hydrogen, into
the fullerene bislactam derivative 1 which results in the
highest incorporation fractions for any gas to date in a direct
insertion process.

Bislactam 1 has currently the largest orifice formed in the
shell of a fullerene with an inviting open-mouth shape.* !l
The amount of energy needed to push atoms or molecules
through the orifice of 1 was first calculated using hybrid
density functional theory. Activation barriers to insertion
obtained as a function of guest size are listed in Table 1. The
ground-state structures for empty bislactam 1, its inclusion
complexes of the inert gases He, H,, Ne, N,, and Ar, and the
transition structures for their encapsulation were fully opti-
mized at the B3LYP/3-21G level of theory, and energies were
computed from these geometries using the 6-31G** basis
set.l?]

The overall insertion processes for the smallest species
(He, H,) are predicted to be slightly endothermic (0.2-
1.4 kcalmol~!, Table 1). Patchkovskii and Thiel have inves-
tigated the encapsulation of helium by C4 using MP2
calculations,® and found a favorable binding of 2.0 kcalmol
as a result of van der Waals interactions of all sixty carbon
atoms with the helium atom. These authors conclude that
DFT calculations underestimate the exothermicity of He
encapsulation within Cg, by about 3 kcalmol~! compared to
the MP2 results, and thus the encapsulation of H, and He
within the fullerene framework of 1 can be expected to be
thermoneutral or slightly exothermic.

The predicted barrier for insertion of H, is nearly double
that of helium, even though both species have similar
van der Waals radii (1.20 and 1.22 A, respectively).') The
single imaginary vibrational modes at the transition states for
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