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Abstract

This paper discloses coordination approaches to well-defined organie structures including
macrocycles, a three-dimensional cage-like compound, and [ 2]catenanes, These supramolec-
ules self-assembled from {er)Pd(INO, }, (1, en =cthylencdiamine) and appropriate polypyridyl-
substituted ligands. Treatment of 1 with 4,4'-bipyridine (2), for example, gave the macrocyclic
tetranuclear PA(II) complex [{enjPd{p-2)],(NO,}; quantitatively, while macrocyclic dinuclear
Pd(il} complexes were assembled from 1 and flexible ligands such as PyCH,CH,Py (Py=
4-pyridyl). From the trideatate ligand 1,3,5{PyCH,);C:H; and 1 in 2:3 ratio, however, a
three-dimensional cage-like compound was assembled in high vields only in the presence of
certain types of guest molecules, providing an entire model for ‘induced-fit.” The coordination
approach made it possible to interfock two apparently cosntinuous molecular rings: ie. a
macrocycle assembled from 1 and 1,4{PyCH,),C,H, was fouad to exist in equitibrium with
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its catenated dimer, and a polar medium strongly pushed the equilibrium toward the catenane
up to a greater than 99:1 ratio.

Keywords: Self-assembly; Supramolecules; Macrocycles; Catenanes; Cage compounds;
Palladivm complexes

1. Intreduction

Supramolecular self-assembly [ 1] through metal-coordination has recently shown
remarkable potential for the construction of well-defined architectures such as helices
[2,3], grids [4], boxes [5], rods [ €], tubes [ 7], and so on [8]. Since 1990, we have
been studying the self-assembly of macrocyclic and related structures and their
supramolecular functions [9]. Despite the remarkable potential utility [10], the
common use of macrocycles in organic chemistry bas been exiremely limited, mainly
due to difficulties encountered in their synthesis. If macrocycles themselves were
accessible via a self-assembly process, the synthetic problem would be solved; this
idea prompted us to study the supramolecular assembly of macrocycles. Prior to
this study, several macrocyclic complexes containing transition metals in their back-
bones have been reported [11,12]. For example, Shaw and others reported the
formation of macrocyclic iridium(I), platinum(I{), and palladium{il} complexes
[117]. However, these complexes are not designed as host compounds, and thus no
binding data were reported so far for these compiexes. More recenily, Maverick
et al, prepared macrocyclic dinuclear complexes composed of Cu(II} and a bridging
ligand having twe bis(f-diketone) coordination sites and an aromatic spacer [12].
When the aromatic spacer is a 1,7-naphthyl, the macrocycle selectively recognized
DABCOQ in the cavity [13,14].

Our basic coneept for the transition meial-based assembly of macrocycles is shown
in Scheme 1. Coordination of divergent bridged ligands on protected transition
metals gives rise to the self-assembly of closed molecules as a result of thermodynamic
equilibration, Along with this concept, we have already prepared macrocyclic tetra-

e . oo B o e an anificial
vaid space
@ polydentate ligand
transition metal {Givergant)
{convergent)

Scheme 1: The basic concept of the present study.
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and dinuclear complexes such as 3 and 4 [9], a three-dimensional (3-1D) cage {5)
[15], and [2]catenanes {6) [16]. This strategy is characierized by the use of
protected transition metal {en}Pd?" {en=ethylenediamine) on which pyridine-based,
very simple ligands are converged at an included right angle. This feature makes our
strategy contrast strikingly with the general strategy of metal-direcied assembly, in
which naked and divergent metals are combined with more complicated convergent
ligands containing, ¢.g. 2,2-bpy (bpy=bipyridyl} or acetylacetonate units.

2. Spontaneous self-assembly of maerocyclic polynuclear complexes
2.1. Macrocyclic tetranuclear group 10 metal (Ni(IT ), Pd(II ), Pt(II )} complexes

According to the concept shown in Scheme 1, we designed and first synthesized
the macrocyclic tetranuclear complex [(en)Pd{4, 4-bpy)l«(NO;)s (3) [9a]. This
compound was obtained by a very simple procedure: mixing of the cis-protected
Pd{II) complex {en}Pd(NO;), {1} and an equivalent molar amount of 4,4"-bpy in
ethanol-water at rcom temperature followed by addition of ethanol precipitated
pure 3 as a pale yellow powder (NMR yield: 100%,; isolated yield: 91%, Eq. (1)).
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The struciural determination of 3 was based on 'H and *C NMR, elecirospray mass
spectroscopy, and elemental analysis. Related tetranuclear macrocycles having pro-
tected Pd(II) or Pt(1Il) at every corner have been reported recently [17].
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It is clear that the macrocycle assembles under thermodynamic control because
the Pd(II}-pyridine coordinate bond is reversible, Thus, as far as the ratio of 1 to 2
was kept at 1:1, macrocycle 3 assembled quantitatively regardless of the reaction
conditions {concentration, temperature, or order of the addition of the components).
The thermodynamic stability of 3 is interpreted in terms of ‘complementary molecular
recognition’ among eight components (four Pd(1I) plus four bpy units}. Namely,
each bpy molecule or (en}Pd unit is recogaized by an ideal recognition-site formed
by the remaining seven CompoOnents.

The behavior of platinum({Il) in the macrocyclization of an analogous Pt{Il)
system was quite different from those of the palladium(II) system [9b]. In contrast
to the PA(H} complex, treatment of (en)Pt(NQ,), {7} with 4,4"-bpy did not give the
desired macrocycle 8 but afforded an intractable mixture of oligomeric products
(Fig. 1{a}). As ligand dissociation (or substitution) on platinum is much slower than
that on palladium [18], this undesirable result is explained by the formation of
kinetically distribuied products. On heating the mixture at 100°C, however, ithe
spectrum became simpler and converged to that of 8 (Figs. 1(b}, 1(c)}. This spectral
change is attributable to the conversion of the kinetic producis to the thermedynamic
products. After the conversion was almost complete, 8 was isolated as a pure material
(81%). In our initial experiment, more than 4 weeks were required to give 8 as an

ai i) ' fc} (d
o (41)
AP L VY
' sl bt n - : Llelodabotati b badabladabe byl Ldebib bl bala bt dal ol
Glptelitut dbuladol de il 975 8.5 8.0 2.0 5.5 5.0 9.0 5.5 8.0
H{ppm)

Fig. 1. (a)-(c) Spectroscopic observation of the assembly of 9. Conditions are as follows: {i) room
temperature, 1 week; then 100°C, 1 week; {ii} 100°C, 4 weeks. (d} The spectrum of ¥ after isolation.
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almost pure component. However, the reaction pericd could be reduced by the
employment of 4,4"-bpy-2HNO, instead of 4,4’-bpy itself or by the addition of NaNQ,
(1-5 M), and the convergence to 8 at 100°C was respectively completed within a
week or even a day. In the supramolecular self-assembly, there are few examples of
the monitoring of the assembly process because the equilibrium in the metal-directed
assembly is usually very rapid. In our experiment, however, the dynamic assembling
process was successfully observed.

Results using (en)Ni?* were quite comparable with those using (enjPd**, although
NMR daia couid not be obtained owing to the paramagnetic property of Ni{ll}
ions. Thus, treatment of [{diamine)Ni(H,0),150,2H,0 (diamine=en or 2,2-bpy)
with 4,4'-bpy {1-2 mol equiv) in methanol at room temperature afforded a pale blue
powder (86% and 90% respectively) whose elemental analysis was consistent with
the formula of 9. The structure of these products must be terminated or cyclized
because the composition of the products was reproducible regardless of the amount
of 4,4'-bpy employed in these reactions (1-2 mol equiv), implying the quantitative
self-assembly of 9,

:\i B:Mm=pPy I{‘/N = en

/| Ga: M = Ni; N/-N =en

N

'l’ ' 9b: M = Ni; Nf " =22 bpy
N

oD

N

«{NOsj,

Analogs of 3 with larger voids were accessible from ligands 10a-d. However, the
assembly of 11 was accompanied by the formation of a by-product that is most
probably assigned as cyclic trimer 12 because it also has the same composition
{(en)Pd(Il)ligand=1:1) and qualitatively showed the same NMR as 11. Though less
favored in enthalpy, trimer 12 is more favored in eniropy because it assembles from
fewer componenis. As 11 and 12 are under thermodynamic equilibration, the ratio of
11 to 12 increased with increasing concentration. For example, the ratios 11a:12a (net
PA{II) concentration (mM )} are as follows: 92: 8 (80), 85: 11 (40}, 87: 13 (20),82: 18 (8).
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2.2. Macrocyclic dinticlear Pd( 1l ) complexes

Besides tetranuclear macrocyclic complexes, a variety of mono-, di-, and trinuclear
macrocycles have been reported during the recent years [ 13]. Nevertheless, protected
transition metals such as 1 have never been examined for the assembly of these
complexes. Thus, we next examined the combination of 1 and flexible bidentate
ligands 13a—e. Contrary to our anticipation that flexible components would give
linear oligomers, we observed the self-assembly of dinuclear Pd{Il} complexes 14a,
14b and 14¢' (Eq. (2)) [9d,f]). The structures of 14a and 14¢’ (ClO, salt} were
determined by crystallography (Figs. 2 and 3) while that of 14b was deduced from
FABMS and NMR.

Ty oy \C -
e C(\C —
1 g \/l /O "= 2)

“No,

& Y = -CHGH, b Y = -CHy- €Y = -GN 14
€'Y = -C{OH)y oY = -C{=Ci}-

The structure of 14¢’ is quite unique because diaryl ketone ligand 13¢ is hydraied
on complexation. The appearance of a quaternary carbon at the expense of a carbonyl
carbon in *C NMR showed that this macrocycle also existed in solution as the
hydraied form. Thus, reduction of an sp? angle at the carbonyl to an sp® angle by
hydration is probably essential io the assembly of 14c, otherwise significant ring
strain arises in the cyclic structure. In fact, ligand 13d, whose Py-C(sp*)-Py angle

Fig. 3. Left: molecular structure of 14¢’ (CIO, salt, ClO, omitted}. Right: crystal packing of 14e’ {(ClIO4
salt). Only macrocyclic frameworks are shown.
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{Py=4-pyridyl) does not vary, gave a mixture of corresponding dimeric and trimeric
macrocycles.

Besides unusual hydration, the crystallography suggested the potential ability of
14e’ for molecular recognition of small {anionic) molecules because two CiQ, ions
are clathrated above and below the cavity. Microchannels observed in the crysial
packing are also worth noting {Fig. 3).

To expand and functionalize the cavity, ligands having fluorinated aromatic rings
15a-¢ were examined. Again, we observed the self-assembly of the dinuclear Pd{Il}
macrocycle 16a—c {16a=4) [9d,f]. The yield of 16a was quantitative. In contrast,
16b and 16¢ were shown to exist in equilibrium with linear oligomers though the
equilibrium ratio could be shifted overwhelmingly toward the macrocycles by diluting
the solution or replacing an aqueous solvent with methanol. The structures of 15
and 16 were determined based on satisfactory FABMS, NMR, and elemental analysis.

2
He ] | W e
Ny s N_ T =\ N
N O-CHYeH < N (e Pl
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2 2
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F FF F A HOH
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Macrocyclic dinuclear Pd{I1)-diphosphine complex 18 also assembled in a high
yield from diphosphine ligand 17 and NadeCl4 {Eq. (3)) f9e].

F:h

~p ~p_ Pd—P/

Q/ (3

Ph,va: Ph"’P Pd “'Ph
Ph
17 18

2.3, Ability of macrocyclic Pd(H } complexes for molecular recognition

Some of the macrocycles discussed above have voids large enough to accommodate
organic molecules therein. In fact, we observed their remarkable ability for molecular
recognition in aquecus media. Table 1 summarizes the association constants for
various neutral guests and our macrocycles [9¢,d,f]. Some binding data of other
self-assembling hosts have been reporied.
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Table 1
Association constants {I mol™') between various neutral guests and various hosts (25 °C, D,0)

Guest 3 8 11b 16a 16h i6d
1,3,5-Trmethoxybenzene 750 420 2500
p-Dimethoxybenzene 330 260 13G 2680 96 201
m-Dimethoxybenzene 580 550 1560
o-Dimethoxybenzene 30 20 1306
p-Di(methoxymethyl }benzene 10 560
p-Dicyanobenzene 80 200
p-Dinitrobenzene 0 30
1 4-Dimethoxycyciohexane 0 0
N-{2-naphthyl)acetamide 1800 5

The most significant results show specific recognition of electron-rich aromatic
guests by 16a having a fluorinated aromatic function. For example, p-dimethoxyben-
zene (17) was recognized (K, =2680 | mol™') to be more than 30 times stronger
than p-dicyanobenzene (K, =80 | mol™!). In striking contrast, the non-fluorinated
counterpart 16d did not show any specificity in the recognition of aromatic guests
17 and 18 (K, =200 and 201 1 mol ! respectively). This marked difference proved
that the specific recognition of electron-rich guesis by 16a is obviously caused by
the fluoroaromatic rings. Although strong affinity between aromatics and fluoroar-
omatics has been shown since the discovery of a stable benzene-hexafluorobenzene
{1:1) adduct in 1960 [19], molecular recognition with fuorinated cyclophanes still
remains unexplored [ 20], partly due to synthetic difficuity in linking flueroaromatic
units into a macrocyclic skeleton [21]. We could emphasize that, in addition to the
solution of the synthetic problem, the specific recognition of the electron density of
the guest aromatics is achieved through the assembly of 16a and its use as a host.

Other important aspects derived from the results of Table 1 are as follows. First,
the recognition is not ascribed to the coordination on the metal but to interaction
in the cavity because the nature of the central metals (Pd or Pt} had little influence
on the recognition (compare 3 with 8). Second, good geometrical fit of the cavity
with the guests is, of course, conditional. For example, N-{2-naphthyl)acetamide is
not associated with 16a effectively but is strongly recognized by the large cavity of
3, MM2 calculation suggested exothermic host-guest contact in the complexation
of 16a with 17 (AH{caic)=ArH g 17— {ArH ) + ArHiy= —14.7 kcal mol™!,
K,(obs)=2780 1 mol ) (Fig. 4). In addition, by having too small cavities, macro-
cycles 14a—d did not recognize any organic molecules

3. Guest-induced assembly of a 3-D Pd{11) trinuclear complex: induced-fit molecular
recegnition

Since the development of cryptands opened the door to the chemistry of 3-D
receptors, various cage-like molecules with a 3-D void have been prepared. The
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Fig. 4. An MM2 (CAChe, ver. 1.5) optimized structure of the 16a-17 complex.

concept of supramolecular seli-assembly has again realized the spontaneous genera-
tion of the 3-D systems. The strategy shown in Scheme 1 is next expanded o a 3-D
system [ 15,22]. We designed the seli-assembly of a 3-D cage-like complex 5 from 1
and tridentate ligand 19 (Eq. {4)}. Our initial result was quite disappeinting; an
intractable mixture of cligomeric products was obtained. However, we found that
appropriate guests induced the assembly of the desired cage-like complex 5.
Interestingly, this guest-induced assembly process could be monitored by a time-
dependent 'H NMR measurement (Fig. 5). Thus, after addition of sodium {(p-
methoxyphenyljacetate {20) to the reaction mixture derived from 1 and 19, the
oligomers gradually disappeared and the signals of 5 became sironger, accompanying
the upfield shifting of the guest signais (a and b). The assembly of § was completed
within several hours, and the isolated yield of the 520 complex (C1O, salt} was 94%,.

A BC
24 h
a o]
3 min
10 min A B, "
- a b
J_I_L!!_i.i”!llll'!‘((l‘Ikl’gllg|‘l]|||l|1|1
b {ppmi 20 85 80 75 70 63 :33] 55

Fig. 5. Spectroscopic observation of guest-induced assembly of 5. Spectra were coMected at 10 min, 30
tnin, and 24 b after the addition of 20-Na to an oligomeric mixture atising from 1 and 19 in DO {[1]o=
36 mM, [19],=24 mM, [20]=1.2 mM). Signals A, B, and C refer to aromatic protons of § (A: PyH,,
B: PyH,, C: ArH), while signals a and b correspond to aromatic protons of 20. Complicated signals
appearing at d 7.1-7.3 and 8.4-8.7 {indicated by asterisks) are attributed to oligomeric components.



258 M. Fujita, K Ogura/Coordination Chemistry Reviews 148 ( 1996) 249-264

The structure of 5 was deduced mainly from NMR, electrospray mass spectrum, and
elemental analysis.

H
1 Guest ,“zj
Pd
HO, rt ﬂ (4}
(3:2) :
“(NOy)y

S  (The guest is included.)

NMR titration experiments showed 1:1 host—guest complexation between 5 and
various organic carboxylates. Besides anionic hosts, a neutral hydrophobic guest
such as p-xylene was also effeciive. In contrast, the less hydrophobic neuotral guest
17 hardly induced the organization of the host. The ability of guests to induce the
organization of 5 was qualitatively evaluaied by comparing NMR yields of 5 seli-
assembling in the presence of the guests under a set of conditions ([Pd?*] =3 mM,
[guest]=1.5mM, D,0, 25 °C); the order of the efficiency is shown in Eq. {5}, where
the values in parentheses show the NMR vyields of 5. Significant upfield shifts of
guest signals up to about 3 ppm were observed when the guests effectively induced
the orgarization of 5.

CHCOONs |, > COONa ~ oM oM > TH,
AUy S g SO

(94%) (92%) {820} {81%4) {76°%6)
LHCO0NA (5)
CHCO0N
= @::r > mcocn,—@——cs,coom > m > CH,COONs
{no complexalion}
{76%} {66°%) {369%)

It is particularly interesting that the spontaneous manner in which the framework
of 5 assembles only in the presence of specific guests can be regarded as a model for
‘induced-fit".

4. Quantitative self-assembly of [ 2]catenanes
4.1. Synthesis, structure, and thermodynamic behavior of [ 2 Jcatenanes
Catenane chemistry has recently expanded rapidly, partly in expectation of serving

molecular-scale devices [23-25]. A Grignard catenane involving an Ar-Mg-Ar
linkage was reported by Bickelhaupt and co-workers in 1993 [26]. We found that
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[2]catenane 6 assembled together with monomer ring 16d from 1 and ligand 154
(Eq. (63} [16]. The structure of 6 was first deduced mainly from ESI-MS, NMR,
and elemental analysis. Quite recently, the crystallographic study of Pt(II} complex
22, which is analogous to 6, confirmed the catenated structure [27] (Fig 6). As
Pd-N bonds are reversible, a rapid equilibrium was observed between 6 and 164d.
While the equilibrium lay toward 16d at a lower concentration (less than 2 mM), 6
became an overwhelmingly dominant component at a higher concentration {greater
than 50 mM) (Table 2).

u—pu cnmo2 + rij_@\@ .
cmo2
e
HN - NH,
Pd
N\/ ;N R
— {6)
2
$ S

Pa
HN g

N,

6 16d

We suggest that the assembly of catenane 6 is promoted by ‘double molecular
recognition, ’ in which two molecules of 16d bind each other in their cavities. That
is, double molecular recognition can produce approximately double the magniiude
of AG, making the structure of 6 stable enongh to assemble guantitatively at high
concentration. Such an interpretation is consistent with a remarkable medium effect
that enables the meodulation of the equilibrium ratio 6:164d in the range >99: <1

Fig. 6. Crystal structure of catenane 22 (NO; omitted).
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Tabie 2
Concentration effects on the equilibrism ratios between catenane 6 2nd monomer 16d*

Conc. Pd{Ji} {mM} 6:16d Cone. Pd{il} (mM}) 6:164
1 <i: =99 1] 59:41
11:8% 20 T5:25
5 38:62 50 9010

* Measured in D0 at room temperature,

Table 3
Medium effects on the equilibrivm ratios between catenane 6 and monomer 16d*

Medivm Guest® 6:16d

1.0 M NaNQO,-D,O — =99: <1
0.2 M NaNQ,-D,O — 95:5
005 M NaNG,-D,0O — 86:17
D0 — 59:41
0,0 0.5¢ 27:73
DO 2.¢ 12:88
B,0-CB,0D (7:3) — 9:9i
D,0-CD,0D {5:5) — <1:>99

* Measured at 10 mM/Pd. ® Sodium {4-methoxyphenyl)acetate. © Mol equiv to Pd{il}.

to < 1:>99 {Table 3). Thus, the employment of a more polar media {D,0 solution
of NalNQ,) increased the proportion of 6 up to greater than 99%, even at a low
concentration, most probably owing to enhanced hydrophobic interaction in the
catenane formation. In contrast, the proportion of 6 diminished with a less polar
media (CD;0D-D,0). Selective stabilization of 16d by adding 28, a specific guest
for 16d, also reduced the ratio 6:16d.

Quite recently, self-assembled catenanes containing Fe(Il) and Ag{1) were reported
i 28]. Related interlocking systems are self-assembled rotaxanes containing transition
metals [29].

4.2. Irreversibie formation of catenane from two molecular rings

As discussed above, the utilization of the labile nature of a palladium(11}-pyridine
(Pd(I1}-Py) coordinate bond has realized the quantitative self-assembly of [2]cate-
nane 6 from two complete molecular rings 16d. This tricky molecular action is
ascribed to the dissociation of the PA{I1)-Py bonds that causes a rapid equilibrivgn
between 16d and 6. However, the presence of the equilibrium means that [ 2]catenane
6 once formed easily dissociates into two separate rings. If the labile coordinate
bond can be frozen after the catenane assembles, a complete catenane that never
dissociates into two rings is obtained. Such a one-way formation of a catenane was



M. Fujita, K OgurafCoordination Chemistry Reviews 148 { 1996) 249-264 261

achieved in a platinum(II) counterpart system (Eq. {7)) using the concept of ‘molecu-
lar lock’ [27].

The concept of ‘molecuiar lock’ siems from the exploitation of the ephemeral
nature of the Pt(Ii}~Py bond. This bond can be likened to a lock because it is
irreversible (‘locked’} under ordinary conditions but becomes reversible (‘released”)
in highly polar media at high concentration (Scheme 2). Thus, Fig. 7 illustrates the
overall one-way transformation of 21 inio 22 using the melecular lock. Initially, a
molecular ring is on the lock (A). The lock is then released by adding a salt {NaNQ,)
and heating at 100°C {B), allowing the self-assembly of a catenated framework
within 12 h (C). Finally, this framework is locked by removing the salt and cooling
(D). This chemical manipulation of molecular rings could be followed by 'H
NMR (Fig. 8).

=\ +saft, heating == ¢ | ==
Ot | e | Gt =
-

irreversible flocked) -salt, cooling reversible (released)

Scheme 2 Schematic presentation of the concept ‘molecular tock’,

i = release BN . self-assembly TANEAS ¥ | [acku‘]g .
24 ; (1{[ o r:’ !__7 ' D) [: 5 . E}
N S\ Qe s \:S’i%
A B C D

Fig, 7. Schemaiic presentation of the procedure for the irraversible formation of a catenrane from two
complete rings using the motecular lock.
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(a) a3
al a2
_/—L | 9 e
] ] l 1] ] N I i L L1 L I i [l i L | 'l L L H l r3 H L 1 l H H L _._l_ 1 L i Iy
B.5 8.0 7.5 7.0 6.5 6.0 5.5
ppm
(b) 03
b3
ML b2 w2
i1 l Lt .t A l A 12 l i1 1 31 i L3 4.1 l P T 4 l 2 Lt} l 31 L
. . : 6.5 6.0 55
8.5 8.0 1.5 1.0 ppm

Fig. 8. Spectroscopic observation of transfer of 21 into 22 by releasing the molecular lock. Molecular
rng 21 (10 mM) was heated at 100°C in D,0 solution of NaNQ, (5 M), {a) After § k; signals al, a2,
ard a3 are assigned as the PyHa, PyHb, CgH, protons of 21 respectively. {b) After 24 b; signals b and b’
refer to the outside and inside ligands of 22 respectively.

5. Future outlook

As discussed above, we and others have been showing the remarkable potentials
of metal directed-assembly of organic architectures—from macrocycles to [2]cate-
nanes [ 307]. It is difficult to construct these molecular structures by organic synthesis,
in which the molecules are made up atom-by-atom by chemical reactions. In this
sense, the extension of the present study could provide alternate organic synthesis.
However, the most challenging subject for us is further development of our chemistry
from ‘alternative’ to only ‘methods’ for the construction of ultimately defined architec-
tures. We coniinue to challenge curselves toward this final goal, as many chemists
are now doing with their own concepis and strategies.
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