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80°C. 'H NMR (400 MHz, [D{]DMSO, 22°C): 6 = 3.55 (16 H, m), 3.70 (8 H,
t,J =32 Hz), 4.00 (4H, t,J =32 Hz), 4.07 (4H, 1,/ =32 Hz), 421 (3H, s),
577 (2H, s), 6.44-6.47 (3H, m), 6.60 (1 H, 5), 6.80 (2H, s), 710 (1H, t, J =
3.6 Hz), 8.69 (2H, d, J=6.4 Hz), 8.72 (2H, d, J= 6.4 Hz), 9.25, (2H, d, J =
6.4Hz), 948(2H, d, J=64Hz); eclemental analysis caled for
C,Hs5,N,0,,P,F,,: C 47.63, H 5.00; found: C 47.35, H 5.02.

Received: October 7, 1997
Revised version: May 20, 1998 [Z110131E]
German version: Angew. Chem. 1998, 110, 25182520

Keywords: crown compounds - noncovalent interactions -
rotaxanes - self-organization - supramolecular chemistry

[1] a) A. Klug, Angew. Chem. 1983, 95, 579—-596; Angew. Chem. Int. Ed.
Engl. 1983, 22, 565-582; b) D. Philp, J. F. Stoddart, ibid. 1996, 108,
1242 -1286 and 1996, 35, 1154-1196.

a) J-M. Lehn, Angew. Chem. 1990, 102, 1347-1362; Angew. Chem.
Int. Ed. Engl. 1990, 29, 1304-1319; b) C. T. Seto, G. M. Whitesides, J.
Am. Chem. Soc. 1990, 112, 6409 —-6411; c) C. T. Seto, G. M. Whitesides,
ibid. 1991, 113, 712-713; d) J. A. Zeriowski, C.T. Seto, G. M.
Whitesides, ibid. 1992, 114, 5473-5475; e) C.T. Seto, G. M. White-
sides, ibid. 1993, 115,905-916; f) A. Harada, K. Li, M. Kamachi, ibid.
1994, 116,3192-3196; g) A. Harada, K. Li, M. Kamachi, Nature 1994,
370, 126 -128.

a) P R. Ashton, J. Huff, S. Menzer, 1. W. Parsons, J. A. Preece, J. F.
Stoddart, M. S. Tolley, A.J. P. White, D.J. Williams, Chem. Eur. J.
1996, 2, 31-44; b) M. Asakawa, P.R. Ashton, S. Menzer, F. M.
Raymo, J. F. Stoddart, A. J. P. White, D. J. Williams, ibid. 1996, 2, 877 —
893; c¢) D. P. Funeriu, J.-M. Lehn, G. Baum, D. Fenske, ibid. 1997, 3,
99-104; d) P. R. Ashton, S. E. Boyd, D. G. Claessens, R. E. Gillard, S.
Menzer, J. F. Stoddart, M. S. Tolley, A. J. P. White, D. J. Williams, ibid.
1997, 3, 788-798; e) A. Mirzoian, A. E. Kaifer, ibid. 1997, 3, 1052—
1058; f) P. R. Ashton, R. Ballardini, V. Balzani, S. E. Boyd, A. Credi,
M. T. Gandolfi, M. Gémez-Ldpez, S. Igbal, D. Philp, J. A. Preece, L.
Prodi, H. G. Ricketts, J. F. Stoddart, M. S. Tolley, M. Venturi, A.J. P.
White, D. J. Williams, ibid. 1997, 3, 152-170.

For the self-organization of a monosubstituted f-cyclodextrin to a
polymeric array in the solid state where the fert-butylsulfonyl group is
intermolecularly included in the cavity of the cyclodextrin, see : K.
Hirotsu, T. Higuchi, K. Fujita, T. Ueda, A. Shinoda, T. Imoto, I.
Tabushi, J. Org. Chem. 1982, 47, 1143 —1144. Indeed, as early as 1977
Cram et al. suggested the formation of polymeric species by complex-
ation of bis(crown ethers) and a,w-diammonium salts: R. C. Helge-
son, T. L. Tarnowski, J. M. Timko, D. J. Cram, J. Am. Chem. Soc. 1977,
99, 6411 -6418.

H. W. Gibson, D. S. Nagvekar, N. Yamaguchi, F. Wang, W. S. Bryant, J.
Org. Chem. 1997, 62, 4798 — 4803.

[6] The chemical shifts of H, in the '"H NMR spectra of the three most
dilute solutions of 3 (6.5 x 1073, 3.1 x 10> and 1.6 x 10~°m, [Dg]ace-
tone) were unchanged at 6 = 6.335. Thus, 6, = 6.335. A dilute solution
of 3 (5.0 x 10~*m, [Dg]acetone) was gradually saturated with 6, which
closely resembles the paraquat component of 3, to emulate the
binding sites of 5 by forming the heterodimeric 7 (Scheme 2). The
chemical shifts of H, of 3 in the 'H NMR spectra with the two most
concentrated solutions of 6 (2.5 x 107! and 5.0 x 10~'m, [Dg]acetone)
were unchanged at 0 = 5.825. This was taken as d.. Thus from o, p was
calculated.

The signal corresponding to the methyl group of the heteroditopic
molecule in 5 is strongly shifted upfield (6 ~0.2) at higher concen-
tration (2.0M in Figure 1). Similarly, a significant upfield chemical shift
is observed for the methyl group of 6 in the '"H NMR spectrum of a 1:1
solution of monotopic components 1b and 6 ([Dg]acetone) at higher
concentration (e.g., 2.0M each). These observations can be explained
by the increased concentration of PFg in solution. To demonstrate this
experimentally, a solution of 6 in acetone (1.0 x 1072m) was mixed
with various concentrations of tetrabutylammonium hexafluorophos-
phate solutions (from 0.1 to 2.0M) and the 'H NMR spectra were
recorded. The higher the concentration of PFg, the greater the upfield
chemical shift of the methyl group. On the other hand, the chemical
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shift of the phenyl group of 6 is independent of the PFg concentration.
Therefore, the chemical shifts of H, (Figure 1) are influenced by
complexation, not by the changes of PF¢ concentration, validating the
calculation of p based on the 'H NMR data.
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that the chemical shifts of H, observed at —20°C down to slightly
above the freezing temperature of the solvent (—94°C) were
unchanged at 6 =5.944 and 5.862, which correspond to n values of
4.3 and 14, respectively.
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sities for the [M, — PF¢]", [M;— PF¢]*, and [M, — PF]* peaks were
0.29, 1.4, and 22 % of the base peak [M — PF]*, respectively.
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The self-assembly of specific supramolecular architectures
from a set of organic ligands and metal ions results from the
processing of the structural information stored in the ligands
by metal ions operating through the algorithm defined by
their coordination geometry.l!l It implies the design of ligands
presenting suitable features (such as nature, number, and
disposition of binding sites) and the choice of appropriate
metal ions.
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A great variety of complex inorganic architectures have
been obtained that may be considered to follow this
concept,? including, in our own laboratory, double- and
triple-helical complexes!?®>34 as well as rack-P! and grid-
typel® 7 arrays of metal ions. A higher level of complexity is
reached with multicomponent self-assembly of several ligands
and metal ions of different types, as in the formation of
multicompartmental cylindrical cages.l" 2 8] Ligands made up
of different coordination subunits may spontaneously gener-
ate species containing different metal ions at specific loca-
tions, as has been obtained, for instance, in helicates®! and in
large multicomponent arrays.[']

On the other hand, there is a need for strategies providing
toposelectivity, that is, strategies allowing the controlled
introduction of given metal ions at specific sites and even-
tually in a given spatial and temporal sequence to form a
complex architecture. They may involve sequential assembly
procedures and/or protection/deprotection techniques. We
now report such a strategy for the synthesis of the inorganic
grid-type structures 1a—e, which contain different metal ions

W ):]\ % W 12 M=M=Ru" M?=Fe"
| | 1b M'=M*=Ru" M?=Co'
1ic M'=M’=0s" M =Fe'
;: ﬁ 1d M'=M=0s" MZ=N"

I |

1e M'=Ru"' M2=Fe" M®=0s"

G
M2 M3

at specific locations. With four metal ions of two types, [2 x 2]
grid-type structures may exist as either anti or syn top-
oisomers. The controlled generation of the anti structures
la-d represents an important step towards selecting and

" % " ﬁ

addressing individual positions in metallic arrays, and in the
design of supramolecular species exhibiting tailored electro-
chemical, photochemical, and magnetic properties.

The self-assembly of [2x2] grids from ditopic ligands
possessing terpyridine-like binding sites and four identical
octahedral metal ions has been described.’! Complexes 1a—d,
which each contain two different pairs of octahedral metal
ions located at opposite corners, were obtained by reaction of
the corresponding ruthenium(i) or osmium(ii) precursor 2a or
2b with a second metal ion (Fe!, CoY, Ni). To avoid
scrambling of the metal centers, it is necessary to introduce
the metal ions sequentially in order of increasing lability of
the coordination center formed. For this reason, ruthenium(ir)
and osmium(i1) were introduced first.

Different strategies were employed to obtain 2a and 2b
from ligand 3.'Y In the case of 2a it was necessary to proceed
by protection of one of the two binding sites by monomethyl-
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ation of 3 with trimethyloxonium tetrafluoroborate in reflux-
ing 1,2-dichloroethanel'? to give 4 [Eq. (1)]. Methylation of
the terminal pyridine heterocycles in 3 was expected to

SnPr SnPr

be favored since reaction at the internal pyridine rings is
subject to steric hindrance and the pyrimidine nitrogen atoms
are less nucleophilic. A small amount of ligand methylated at
both terminal pyridine rings was also formed, but could be
easily separated by chromatography. The reaction of 4 with
RuCl; in ethanol/water followed by demethylation with
excess diazabicyclo[2.2.2]octane (DABCO)!M! in refluxing
acetonitrile affords 2a as a dark purple solid after purification
by chromatography (alumina, acetonitrile/toluene 1/1).

In contrast, the reaction of ammonium hexachloroosmate
with two equivalents of 3 in refluxing ethylene glycol
proceeded smoothly to afford directly 2b (40 % yield after
chromatography). The higher kinetic inertness of Os™ com-
plexes relative to Ru™ complexes may allow the reaction to be
stopped after complexation of one metal ion.

Addition of Fe(BF,), in acetonitrile to a solution of 2a or
2b resulted in a gradual color change from deep purple to
dark green over a period of a few minutes. Isolation and
purification of the complexes formed yielded 1a and 1c as
dark green solids in 90 and 70% yield, respectively. The
composition of the complexes was verified by fast atom
bombardment mass spectrometry (FAB-MS), whereas the
diagonal (anti) arrangement of the metal ions was confirmed
by 'H NMR spectroscopy, which showed different environ-
ments for the two binding sites of 3 in the complexes.!']

During the purification, it was noted that the complexes
have an affinity for the chloride anion; the complete exchange
of chloride by hexafluorophosphate counteranions required
repeated precipitation from solutions of excess NH,PF;. In
the case of 1a, FAB-MS analysis of the complex resulting
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from incomplete anion exchange revealed the presence of at
least one chloride ion which was not lost during sample
ionization. The presence of chloride ions also affected the 'H
NMR spectrum, particularly the signals for H2 and HS of the
central pyrimidine ring which were considerably broadened
and shifted downfield. Similar behavior was observed for 1c.

Strong binding of chloride to a pentanuclear circular helicate
has been reported.[

Crystals of 1a suitable for crystallographic analysis were
grown by slow diffusion of diethyl ether into a solution in
acetonitrile. The resulting crystal structure!' (Figure 1) con-
firms the [2 x 2] grid structure of the complex as well as the

L/
‘{////%QV
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;

e

O=N =5 @=c @=-Fe @=Ru
Figure 1. The molecular structure of 1a as a ball-and-stick (top) and a
space-filling representation (bottom) as viewed from the top (left) and
from the side (right). Only one of the two enantiomeric forms is shown;
hydrogen atoms are omitted for clarity. Selected bond lengths [A] and
angles [°]: Rul —-N1 1.991, Rul -N2 1.958, Rul —N3 2.036, Fel -N4 2.008,
Fel-N51.923, Fel -N6 2.020; N1-Rul-N2 79.3, N2-Rul-N3 79.2, N4-Fel-
N5 78.7, N5-Fel-N6 80.2.

presence of two chloride anions and one acetonitrile molecule
in close proximity. One of the chloride ions is situated 6.815 A
above the plane containing the four metal ions, whereas the
other is buried deep within the central cavity of the structure
(ca. 1320 A below the plane) and it is likely to be the more
tightly bound of the two. Both the Ru and Fe ions are in a
distorted octahedral environment in which the terminal
pyridine rings are pulled in towards the metal center. Whereas
[2x2] grid structures with four identical metal ions are
achiral, 1a is chiral and both enantiomers are present in the
unit cell.

The generation of grid structures such as 1a—d represents
an interesting example of chiral selection during the self-
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assembly process.!” The precursors 2a and 2b are themselves
chiral and are obtained as a racemic mixture from achiral
components. The formation of a grid structure in the presence
of a second metal ion requires combination of two precursors
of the same chirality (R+ R or S+ S; Figure 2). The high

g ——

+

—- O
-

Figure 2. Generation of a [2x2] grid-type structure from two chiral
precursors; only homochiral (top) but not heterochiral combination
(bottom) leads to the grid array.

yields obtained indicate that chiral selection is efficient and
that the self-assembly process is diastereoselective. The
connection of an R and an § precursor into the corresponding
meso diastereomer (R,S) is precluded for geometric reasons.
It is interesting to note the analogy of the disconnection of a
[2 x 2] grid structure into two substructures (of type 2) of the
same chirality to the “coupe du roi”,l'! in which an achiral
object is divided into two identical homochiral com-
ponents.

Metallo-supramolecular structures combining different
metal ions may be expected to display interesting optical
and electrochemical behavior resulting from the predefined
arrangement of the metal centers. This is the case for the grid
complexes, where electronic communication between prox-
imal metal centers is ensured by their vicinity and the
presence of a bridging pyrimidine unit. Cyclic voltammetry
(Table 1) of 2a and 2b shows a reversible oxidation wave at
+1.12 and 4+0.92'V versus the standard calomel electrode
(SCE), respectively. In the case of 2b, complexation of Fe!! to
form 1c¢ results in a second reversible oxidation wave at
+1.52 V, which is assigned to the oxidation of Fe™ to Fe''l. The

Table 1. Electrochemical data for complexes 2a, 2b, 1a, and 1¢.[

Complex E”'(0x) AE”(0x) E”(red) AE”(red)
[Vvs.SCE] [mV] [Vvs.SCE] [mV]

2a +1.12 —0.86

—1.030

—0.82

—1.0401

—0.34

—0.40 140
—1.09

—-1.22

— 1460

-0.37

—0.57 160
—1.08

-1.19

—1.350!

2b +0.92

1a +1.32 170

1c +1.01
+1.52

[a] Recorded in acetonitrile; scan rate 100 mVs™'; 0.1m (nBu,N)PF,.
[b] Stripping peak.
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oxidation of the osmium centers in lc is shifted towards
higher potentials with respect to that of [Os'(terpy),]
(+1.01 V; terpy =2,2":6',2"-terpyridine) as a consequence of
the presence of the Fe!' atoms. In contrast, only one broad
oxidation wave at +1.32V is observed for la; the large
separation between the forward and return sweep (170 mV)
suggests that this feature consists of two closely spaced
oxidation waves. In the negative potential region, ligand-
based reductions are observed. A reversible wave (—0.86 and
—0.82V for 2a and 2b, respectively) corresponding to
reduction of the pyrimidine rings is followed by a second
reduction (—1.03 and —1.04 V for 2a and 2b, respectively)
that leads to adsorption of the formally neutral complex on
the electrode. Reduction of the pyrimidine groups in the grid
assemblies is facilitated by the increased charge of the
complex.

Recently, the [2 x 2] grids of four Co" ions were shown to
display molecular-based antiferromagnetic behavior.['”]
Mixed-metal grids containing Ru' and Co! (1b) and Os!
and Ni! (1d) were prepared both to examine the versatility of
the systems and to explore new materials possessing molec-
ular-based magnetism. Compound 1b was obtained as a green
solid in 90 % yield from a solution of 2a in nitromethane and
Co(BF,),. Likewise, the addition of Ni(ClO,), at room
temperature to a solution of 2b in acetonitrile led to the
isolation of 1d as a blue solid in 70 % yield.

The formation of multicomponent metal arrays was ex-
tended to systems containing three different metal ions
arranged in a predefined order. Indeed, the addition of Fe™
ions to an equimolar solution of 2a and 2b led to the
formation of 1e, which contains one Ru" and one Os! ion
separated by two Fe!l ions, as well as 1a and 1¢in a 2:1:1 ratio.
The presence of 1e and the relative proportion of products
was determined by FAB-MS and 'H NMR spectroscopy.

The ability to introduce different metal ions at chosen
positions in a metallosupramolecular array opens the way to
the design of new materials possessing specific electrochem-
ical, photochemical, and magnetic properties originating from
the interaction of different metal ions held in a particular
arrangement. Such systems are of much interest as inorganic
supramolecular devices and components for nanotechnology.
To this end, the spontaneous but directed assembly of
topoisomers of different metal ions (of same or different
coordination geometry) represents an important step forward.
The additional binding of substrates, such as chloride anions
in the central cavity, can be used to further modify their
properties. Also of interest in the present self-assembly
process is its diastereoselectivity, a form of chiral self-
selection, which imposes the exclusive combination of
homochiral components in order to form a grid structure.
Extensions of the present work towards metallosupramolec-
ular arrangements of higher order and complexity are in
progress.
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