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Abstract

Numerous molecular polygons and polyhedra, formed by metal-mediated self-assembly, have been described in the chemical
literature in recent years. This work reviews such compounds in terms of the recently described ‘assembly descriptor’ classification
which groups them according to similarity in the stoichiometry and building block topicity of their self-assembly. Relationships
between different ensemble types and the application of the new system to the controlled, rational preparation of novel assemblies

is emphasised. Published by Elsevier Science B.V.
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1. Introduction

The study of self-assembling systems in coordination
chemistry has delivered a wide variety of discrete
molecular architectures in recent years, including
twisted structures (e.g. helicates), latticed structures
(e.g. grids, racks, ladders), filamentous structures (e.g.
rods, metallodendrimers), and interlaced structures (e.g.
rotaxanes, catenanes, knots) [1,2]. Perhaps the most
interesting architectures, however, are to be found in
the closed, geometrically-shaped, 2-D and 3-D struc-
tures known as metallocyclic polygons and polyhedra
[2]. These materials have been variously termed molecu-
lar triangles, squares, hexagons, cubes, and so forth,
because of their resemblance to the corresponding geo-
metric form. Such molecules typically contain central
cavities, allowing them to act as artificial molecular-
scale containers or receptors. In doing so, they may
exhibit unusual electrochemical, magnetochemical, pho-
toluminescent, catalytic, or synthetic chemical effects.?

The classification of molecular polygons and polyhe-
dra into a useful system of understanding has proved
particularly problematic because of the large diversity

2 Examples of the possible applications of geometric metallocyclic
polygons and polyhedra are discussed in Refs. [1,2a].

of architectural forms available. However, we have
recently demonstrated that the commonality of their
self-assembly provides a helpful means of categorising
such compounds without losing sight of each one’s
distinctive overall shape [3]. The ‘assembly descriptor’
nomenclature abbreviates—uniquely—the self-assem-
bly process using a formula-like notation to indicate the
type, stoichiometry, and topicity of the building blocks
involved in the formation of a particular compound [3].
This classification allows a ready comparison with simi-
larly assembled compounds even if they have very
different overall shapes. It also: (i) facilitates the sys-
tematic identification of acceptor—donor combinations
which are suitable for the formation of a particular
product architecture, (ii) reveals useful commonalities
between compounds of different structure and mode of
assembly (e.g. the use of building blocks of identical
topicity), (iii) aids in the conceptual development and
practical preparation of novel architectures, and (iv)
provides a means to identify systematically systems
capable of being switched back-and-forth between ar-
chitectures [3].

This work aims to provide a reference source which
describes known metallocyclic polygons and polyhedra
in terms of their assembly descriptor notation. Com-
pounds have been grouped according to their descrip-
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tors in order to facilitate a comparison with newly
conceived or prepared complexes. The relationships
between different ensemble types and the application of
this system to the controlled, rational preparation of
novel assemblies have been particularly noted. The
review covers the period to September 2000.

2. The assembly descriptor notation

The assembly descriptor notation employed in this
work is a modification of that originally described by
Stang [4]. The modification is necessary to ensure the
uniqueness of each descriptor.

Each building block in an assembly is designated as
either linear (‘L’; directing angle 180°) or angular (‘A’;
directing angle < 180°). The topicity of each building
block, defined as the number of links it can form with
a complementary building block, is indicated after its
designation using a superscript which contains ‘a’s (ac-
ceptor) and/or ‘d’s (donor) to indicate the types of
binding sites present. Identical binding sites on the
same building block are combined into a single ‘a’ or
‘d” with a preceding numeral to indicate the number of
these sites. Non-identical sites are designated sepa-
rately. Thus, a tritopic angular building block contain-
ing three identical acceptor binding sites, such as that
depicted in Fig. 1, has the notation A3, The linear unit
illustrated in Fig. 1 contains two non-identical donor
binding sites and is therefore symbolised L!'4!¢,

The descriptor of an assembly is composed of the
notation for each building block, subscripted to indi-
cate its stoichiometry. Thus, an assembly consisting of
two of the A% units described above and three of the

+ —

Ade building block pldud building block

) O

—
—

A% L1919, Agsembly

== =an acceptor site (a metal ion)
where
—(

= donor sites (ligand binding sites)

Fig. 1. Schematic illustrating the formation of a hypothetical A3*L{!¢
molecular box by metal-mediated self-assembly.

L!91d ynits will have the descriptor ALY (Fig. 1).
The order in which the building blocks are listed in an
assembly descriptor is as follows: units incorporating
only acceptor binding sites are listed first followed by
hybrid building blocks which contain both acceptor
and donor sites. Units incorporating only donor sites
are listed last. Where several donor or acceptor building
blocks are present, these are listed in order of decreas-
ing topicity.

These descriptors not only succinctly describe the
self-assembly process, but also give information regard-
ing the number of links formed between the building
blocks and the presence or absence of free, unbound
linkage sites. To form species which have the greatest
enthalpic stability, the number of links formed by the
acceptor and donor sites must be equal and the maxi-
mum number possible. It should also be noted that this
notation does not necessarily describe the number of
bonds formed in the self-assembly. For example, the
link between a bidentate chelate (a donor-based binding
site) and a ditopic metal ion (an acceptor-based binding
site) is considered a single link despite the fact that it
involves two coordinate bonds. This distinction permits
a description of the widest possible variety of species,
including ones formed or partially formed by non-coor-
dinate, non-covalent interactions.

3. Classification of known coordinate polygons and
polyhedra according to their mode of self-assembly

In this section, previously reported molecular
polygons and polyhedra are grouped in terms of their
assembly descriptor notation rather than their overall
shape. To best illustrate the relationships between the
different self-assembled structures, examples having
identical descriptors have been grouped together. Each
of these collections have then been further sorted ac-
cording to the number of acceptor-based building
blocks present. It should be noted that the latter cate-
gorisation has been employed purely to facilitate a
recognition of the commonalities present; metal ion-
based units provide the best reference for coordination
chemists. Other groupings may be more suitable for
other linkage types or to illustrate other relationships.

3.1. Self-cyclised assemblies

All self-cyclised assemblies to date have produced
2-D polygons, although many of these are puckered or
not entirely planar in some way. However, there is no
reason that 3-D polyhedra should not be obtained
using hybrid building blocks.

3.1.1. AL gssemblies
Al*1d assemblies are the least complicated of self-as-
sembled coordination compounds and possibly also one
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of the most difficult to prepare. For an Al*'Y ensemble
to be cyclic, each building block must be able to enclose
an angle of 360° between its donor and acceptor bind-
ing sites. To the best of our knowledge, only two
examples of such ensembles are known; both involve
substituted porphyrins and both result in 2-D molecu-
lar squares.

The zincated porphyrin 1 spontaneously forms the
Al14 square (1), by intermolecular Zn—N coordination

at 1072-10~7 M in chloroform at room temperature
(Scheme 1) [5]. This dimer is strongly stabilised by
intramolecular hydrogen bonding within the arms of
the substituent chain. The effect of the hydrogen bond-
ing is to reduce the angle subtended by the linkers from
the 120° expected for meta-substituted pyridyls to ap-
proximately 96°. As a consequence, the squares are
somewhat tetragonally distorted.

An aniline substituent on a porphyrin skeleton is a
significantly more rigid linker than the side-chains of 1.
However, Hunter and co-workers [6] have demon-
strated that when o- or m-aniline substituents are used,
zinc aminoporphyrins like 2 form Zn—N bound dimers
in solution (Scheme 2). In these cases, free rotation
about the aniline—porphyrin bond allows the formation
of a coordinate bond roughly orthogonal to the plane
of the porphyrin, with Al*'¢ squares of type (2), gener-
ated at particular solution concentrations. When p-ani-
line is used as a substituent, the amine N-atom is
unable to coordinate, so that coordination oligomers
and polymers result [6].

3.1.2. Al gssemblies
If symmetrical, planar ligands are used with large
and sterically unhindered metal-ions, Al*!'Y assemblies

3aR=Me

3bR=Et

3¢cR=CH2D

3dR= (MCO)2C6H5CH2

O =ram

Pd(OAc) ~N_N
3a ——»2 R
R
g
6/ \Pgd """ OAc
AcO
4

OAc
[Pd(3a)(OAc)l5>*

Scheme 3.
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5 R =4-Ph-C4H,
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Scheme 4.
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can be expected to produce 2-D molecular triangles.
However, ideal ligands and metals of this type are rarely
available, so that Al*!¢ assemblies often exhibit a puck-
ered “tricorn” shape.

The tricorn complex [Pd;(3a);(OAc);]*+ depicted in
Scheme 3 is an example of an A*!¢ assembly (OAc™ =
acetate) [7]. It forms spontancously when 3a is treated
with Pd(OAc), The initial step in this reaction involves
the irreversible formation of the cylometallated Pd—bis(-
benzimidazol)benzene species 4, which then undergoes
replacement of one acetate with a N-donor on a neigh-
bouring complex [7b]. The cavity in the tricorn is chiral,
so that two mirror image enantiomers are formed; the
cavity is occupied by an acetonitrile molecule in the solid
state.

The self-cyclisation of metallated porphyrins contain-
ing pendant pyridine (5) [8] or hydroxy groups (6) [9] may
also generate Al*!9 assemblies (Schemes 4 and 5) [8,9a].
The former complex is of particular interest since 5 differs
from 1 only in the presence of a terminal 3-pyridyl, rather
than a 4-pyridyl binding site. The effect of this apparently
minor alteration is to stabilise selectively the Al!d
assembly (5); over the corresponding Al3!¢ assembly seen

in the case of 1. The assemblies (6); were obtained only
in the presence of base [9a]. As no competing oligomeric
products were observed, it is possible that a ““self-correct-
ing” thermodynamic equilibrium involving H-O-Fe co-
ordination occurred prior to formation of the
Fe-O-porphyrin bonds.

Treatment, at high pH, of the Co™ complex 7, which
contains a purine-based ligand, resulted in the partial
formation (20%) of the Al*'Y C,-symmetric triangle 8b
(Fig. 2) [10]. Despite the theoretical possibility of forming
8a and 8c—e, the only other product obtained was 8f; a
thermodynamic equilibrium or a strongly channelled,
kinetically irreversible process must be responsible. To
overcome the kinetic inertness of Co™, the self-assembly
process was initiated by the addition of NaOH to
deprotonate the purine amines. The resulting triangle
was kinetically stable, allowing it to be optically resolved
into its mirror image isomers by elution on a Sephadex
column with a chiral eluant.

3.1.3. AL gssemblies

Several Al3'd assemblies are known; all have 2-D
square structures. Zincated porphyrins substituted with
pyridine [5,8,11] groups have been employed in the
self-assembly of several such structures. For example,
Scheme 6 illustrates the formation of the A}*'Y square
(9)4, which is secured by intermolecular Zn—N(pyridyl)
coordination bonds [8]. Porphyrins substituted with
sulfoxide groups have been similarly employed; Fig. 3
depicts one such square [12]. Ruthenated Al*!Y square
assemblies of this type are also known [13].

Other A4 assemblies involve Ti—N coordinate bonds
(e.g. [(Cp,Ti),(10),]* " in Scheme 7) [14] and Cu™ bonds
with pyridyl-azine—methylimidazol type ligands [15].

7N
/N\(|: /NAN Co
T =N ~ N/ O\S \__,N
N\Cl _~N""NH  base N-7 .
N |0\s CN
a N7 oY 8a-f
N
D
7 LN’S/CO
C C C =N C » A C - C -
A A A A
Y Y \ \J
c c C A C C C®—(Cc €A A€
Cs o} C, o o} S,
8a 8b 8c 8d 8e 8f

Fig. 2. Schematic depicting the formation of, and possible geometric
isomers of the cyclic triangles and squares of purine-6-thione with
1,4,7-triazacyclonane—Co(III). The arrows depicted in 8a—f illustrate
the directionality of the linking purines. The characters at the corners
of each structure, C (clockwise) and A (anti-clockwise), denote the
chirality of each Co(IIl) unit.
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Scheme 6.

Fig. 3. Schematic depiction of a molecular square secured by SO-Zn
bonds.

3.1.4. Al gssemblies

Al*'Y assemblies generally form molecular hexagons.
When the aquated monomeric Cu™ complex
[HA1)(H,0)?* was deprotonated, it spontaneously
self-cyclised to form the hexagonal Al*'Y compound
(11)¢* (Scheme 8) [15]. While square planar Cu'! nor-
mally binds at an angle of 90°, the presence of the
bulky 2-phenyl substituent in 11 made a square struc-
ture impossible. Instead a distorted stereochemistry
formed about each Cu' ion, resulting in N-Cu-N
binding angles of between 94.7 and 173.1°. The com-
plex therefore displayed a puckered hexagonal struc-
ture. Replacement of the 2-phenyl substituent with a
less-bulky methyl substituent resulted in the formation
of the corresponding A}*'¢ square. The 2-H analogue of
11 also delivered a Al*!¢ hexagon [15b].

3.2. Multiple-component assemblies

3.2.1. A’} and L assemblies

Assemblies involving a single acceptor unit are some-
what rare because few ligands can produce a closed 2-D
structure when combined with only one acceptor build-
ing block. A few examples are known however. One
involves the reaction of the 4-pyridyl substituted por-
phyrin 12 with compound 13, which contains two,
zincated porphyrins tethered to each other by a tereph-
thaloyl diamine linker (Scheme 9). The resulting AZ*A3¢
assembly, [(12)(13)], is secured by Zn—N coordinate
bonds and is highly stable [11]. The only other known
ensemble of this type employs 12 and an analogue of 13
containing a naphthalenediimide linker [11].

The need in this class of ensemble for a ditopic donor
unit which encloses an angle of 360° upon binding is

Cl
1

=)

Ag(OSO,CF;)

@ ©j4+

@u----%i-NO ON—"ii---u@

% ;
g %

¢-1-0-e-4-0

= =

[Ti,(10),1**

.

.

Scheme 7.

/ NH \ /

N)\Ph N~cu ()
-6H" /

6 N—Cu—OH, ——» N

Y I [ >—Ph

anst  + 6H0

6 HA1H,0)*
N Cu “Cu

N |

| N
cu Cu. ¢

Scheme 8.
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reminiscent of a similar requirement in L3*°A2¢ assem-
blies (vide infra Section 3.2.2.2). In those cases how-
ever, the metal ion acceptor sites are not incorporated
into one of the building blocks as they are in 13.

The somewhat flexible A3*A3Y molecular cage
[(14)(15)] has also been recently reported (Scheme 10)
[16]. This compound is formed when a tripodal
tris(aminoethyl)amine ligand 15, which is functionalised
on its arms with pyridine (or methylimidazole), coordi-
nates apically to the trisporphyrin derivative 14 (via
Zn—N bonds).

To the best of our knowledge, examples of A72L3¢ or
L3*A2¢ and their tri- and multi-topic analogues, have
not been reported. L?*L34 assemblies involve polymeric,
not closed products.

322 A% and L assemblies

Most assemblies containing two acceptor units gener-
ate 2-D polygons, although examples of 3-D polyhedra
are also known. To the best of our knowledge, exam-
ples of only three polygon-generating descriptors are
known: (i) AZ*A3Y, (i) L3A3Y, and (iii) A3FALMYLId,
AZL3¢ assemblies are unknown, while L3*L3¢ assem-
blies cannot be closed. A3*A2¢ and A3*A2¢ assemblies
which generate 3-D polyhedra also exist.

3.2.2.1. A¥A%-based assemblies. Numerous AZ*A%¢ as-
semblies have been prepared. Most of these involve
building blocks having 90° angles so that 2-D square
structures are most prevalent. Other 2-D geometries

13 R'=34-bis(OC¢H;7)Ph

) )
@——)
[(12)(13)]

Scheme 9.

are, however, also known, as are some 3-D structures.

A variety of hetero- and homotetrametallic A3*A3¢
squares have been prepared by Stang and co-workers
[17,18]. For example, the squares [((dppp)M),(16),]* *
and [((dppp)M),(17),]** (Scheme 11) (M =Pt, Pd;
dppp = 1,3-bis(diphenylphosphino)propane) were ob-
tained when the cis-triflated complexes 18a and 18b
were treated with the kinetically stable donor units 16
and 17, respectively. In these reactions the triflate co-
ligands were coordinatively replaced by the cyano- or
pyridyl- donors of 16 and 17. The addition of silver
triflate to the ethynylpyridine linked squares resulted in
an unusual interaction; Ag' ions became coordinated in
a m-bonding mode to the two orthogonal acetylene
groups at opposite corners of the square in a so-called
“m-tweezer” effect. A square having four m-tweezers of
similar structure is depicted in Scheme 32.

A3*A3¢ squares containing T-shaped iodonium moi-
eties at one set of opposite corners and di(phosphine)-

R

N/
. l NG
d N
HN N
Z/—N %
7\ N H
N_ N/-\/
H 15

[(14)(15)]

Scheme 10.



98 G.F. Swiegers, T.J. Malefetse / Coordination Chemistry Reviews 225 (2002) 91-121

PPhy PPh,
P"ZF"Pt‘@’CEN Phop—Rt——=— ON
C 16 17
i O
N

cis-(dppp),M(OT1), 16

18a M = Pd(II)

18b M = Pt(II) i

Ph, ,;l
P—I\lll—NEC Ttﬂ:phz
PPh, Ph,P.
[(dpppIM)(16),1"*
(M =Pt, Pd)
Scheme 11.

*I—@—@N cis-(PEt3),M(OTY),
20a M = Pd(I)
20b M = Pt(I)

19
O 20a
N

98.7° PEts

\lvs&s"
v N
A’ O
112A
O N
N

EtspﬁJd—N@;@l+
| 31.3°

PEt,

[(PEt3),Pd(19),%*
Scheme 12.

bound, square planar Pt" or Pd"™ metal ions at the
other have also been prepared [19]. Scheme 12 illus-
trates one such assembly, [(PEt;),Pd(19)]$*. Similar
compounds have been obtained using cyclic diamine
co-ligands at opposite corners [20]. In the solid state
these complexes typically have rhomboidal rather than
square geometry owing to a distortion of the stereo-
chemistry about the metal ions.

The use of an enantiomerically-pure chiral di(tertiary
phosphine) (e.g. R- or S-binap; binap = 2,2'-bis(-
diphenylphosphino)-1,1’-binaphthyl) as the co-ligand
on the corner metal sites of hybrid iodonium-Pt" or
Pd" compounds resulted in the formation of optically
active squares like [((R-binap)Pd),(21),]°* depicted in
Scheme 13 [21]. When the linker ligands are free to
rotate (e.g. with 4-pyridyl binding sites on the iodonium
moieties), the optical activity of such squares is due
solely to the chirality of the metal-diphosphine auxil-
iaries. However, when linkers lacking rotational sym-
metry are used (e.g. iodonium moieties with 3-pyridyl
binding sites), a mixture of helically-twisted
diastereomers should theoretically be produced. In
practice, asymmetric induction arising from the chiral-
ity of the auxiliaries resulted in the selective formation
of only one of the six possible diastereomers [21].

Tetrametallic A3°A2¢ squares [((binap)Pd),(R*-
23),]**, which have different chiral di(tertiary phos-
phine) co-ligands on the metals at opposing sets of
corners, were also prepared (Scheme 14) [22]. These
compounds were generated by combining complex 23,
which contains R- or S-diop, with the bistriflate of (R-
or S-binap)Pt" or Pd" 22a/b (diop = 2,3-0-isopropyli-
dene-2,3-dihydroxy-1,4-bis(diphenylphosphino)butane).
Circular dichroism studies revealed that the chiroptical
properties of the resulting squares were determined
mainly by the binap rather than the diop moiety. This
is in accord with the established chirality recognition

21
N
(R-binap)M(OTH1),
22a M = Pd(II)
22b M = Pt(Il)
PhoP
+ 2+ "
N—M—P
<O~

[((R-binap)M),(21),1°*
(M =Pd, Pt)

Scheme 13.



G.F. Swiegers, T.J. Malefetse / Coordination Chemistry Reviews 225 (2002) 91-121 99

+0 and induction abilities of these auxiliaries. The addition
of two equiv. of Ag' resulted in the formation of
o Ag-—acetylene ‘n-tweezer’ complexes. A range of neutral
',Dphz mono- or bidentate guest, such as tetramethylpyrazine or
E;; P‘_:—@N phenazine, could be captured in the central cavity of the
” n-tweezer complex by simultaneous coordination of the
two Ag' ions [23].
(R*)-23 A diastereomerically pure A3*A32Y square having cis-
CN) MoO3* corners was generated by the self-assembly of a

racemic mixture of the chiral spiro-linked di(catecholate)

22a ligand 24 (Chart 1) with sodium molybdate [24]. The
configuration of the octahedral metal centres in this
molecule was controlled by the chirality of the rigid
spiro-linker. In the solid state, the two enantiomers
crystallised to form long microchannels down the axis
perpendicular to the plane of the square. Other, confor-
” mationally more flexible A3*A3¢ squares involving
N molybdenum-—catecholate binding have also been re-

ported [25].

O A cationic A3*A2¢ square assembly bearing tethered
N H fullerenes has been prepared by the reaction of a bistrifl-
thP Ph, ated Pt" complex with the dipyridylmethanofullerene

O —/Pd_N:O> = 'Tt_P ligand 25d (Chart 1) [26]. In solution, a single structure
. PPhy PhoR of D,, symmetry existed.
Q' 0 The reaction between cis-Pt(PEt,),(OTf), (20b) and a

0+ bis(4-pyridyl)carboxylate-substituted titanocene (26)

(Scheme 15), resulted in the formation of the A3*A%¢

[((R-binap)Pd),(R*-23),]** square [(PEt;),Pt(26)]3* having two titanocene and two
Pt corners (OTf = triflate) [27].

When ligand 27 (Chart 1) was treated with Ru', it
formed a kinetically stable Ru—P bound synthon having
two unbound, pendant bipyridyl binding sites [28,29].
Treatment of this complex with Cu' generated an AZ*A3¢

of

Scheme 14.
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Spectroscopic evidence suggested the formation in
low yield of the coordinatively unsaturated, porphyrin-
bearing A2*Al*%¢ square [PdCL,(28)]3" (Scheme 16)
when the L-shaped building block 28 (R =H) was
titrated with cis-[PdC1,(OTf),] 29a [30]. The AZA}**
square [PdCL,(28)]5* was the major product. Por-
phyrin-containing A3*Al**¢ squares have also been re-
ported elsewhere [31]; it is possible that their
corresponding A2*A3¢ analogues were also formed in
small quantities.

Other A2*A3¢ assemblies include (i) a variety of si-
lane-based rhomboids [32], (ii) squares having rhenium
complexes as bridging units [33], and (iii) the water-sol-
uble Pd" complex of 1,4-bis(methyl(4-pyridine)-2,3,5,6-
tetrafluorobenzene (30) (Chart 2) [34]. The Ilatter
cyclophane squares are electron-poor and therefore
able to selectively host electron-rich compounds such as
naphthalene. Rhenium-based squares typically display
luminescence properties which are dependent on the
guest present or which can be electrochemically manip-
ulated [35a].

Several 3-D polyhedral A3*A3¢ assemblies are known.
When Cu' is treated with 2-(2,2-bipyridyl)-3-(2-
pyridyl)pyrazine (31), the racemic A3*A3¢ cyclophane
box [Cu(31)3* is formed (Scheme 17) [36]. The selec-
tive formation of the racemic diastereomer, rather than
the meso compound obtained with 32 [37], may be due
to favourable stacking interactions which exist both in
the solid state or solution. The central cavity in
[Cu(B3D]Z* had a height of 3.42-3.62 A.

While not strictly a subject of this review, many
double-stranded, bimetallic helicates can also be consid-
ered to be 3-D polyhedral AZ*A3¢ assemblies.

3.2.2.2. L¥A% assemblies. L3*A3¢ assemblies are some-
what unusual since they necessarily involve ligands
which cumulatively subtend a 360° angle between their
binding sites; A7*A3Y assemblies have a similar require-
ment (Section 3.2.1). Examples of L3*A3Y ensembles
include (i) the molecular square [Fe,(33),]** (Scheme

Fe(ID) (
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N EN Y
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CScheme 18.
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0
OH
{;§—>NH3*CI'
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18) [38], (ii) squares comprising Cu'' and the ligand 34
(Chart 3) (and its naphthalene linked analogue) [39],
(ii) various transition metal metallocycles of ligand 35
(Chart 3) [40], (iv) certain Ag'-diazacycles [20], (v) the
Ag! complex of 1,4-bis(2-pyridoxy)benzene [41], and
(vi) dimeric Pd"-36 metallocycles [42]. In the molecular
squares described above, the metal ions are the linear
components and the ligands the angled components.
Ligands 33 and 34 along with 12, are rare examples of
angular building blocks which can rigidly and squarely
subtend an angle of 360°.

3.2.2.3. A3°A% assemblies. A series of novel and rather
stable 3-D A3*A2¢ cyclophane boxes have been self-as-
sembled by the reaction of a tris(Zn>* —cyclen)(Zn,L")
complex (L'=1,3,5-tris(1,4,7,10-tetraazacyclododecan-
I-ylmethyl)benzene) with di- or tri-deprotonated cya-
nuric acid (cyclen = 1,4,7,10-tetraazacyclododecane)
[43].

3224, A¥AYL assemblies. An unusual A3*Aldld
LYY molecular square(38) (Scheme 19) containing a
central cyclophane cavity was obtained by the reaction
of terpyridine ligand 37 with [Cu(MeCN),]" in acetoni-
trile [44]. Cadmium(II) and silver(I) have been success-
fully employed in similar processes [45]. The above
reaction contrasts with that of 4,4’-bipyridine, 39, and
[Cu(MeCN),]" in which the absence of an ethylene
diamine or another blocking ligand on the metal re-
sulted in the formation of polymeric arrays. The struc-
ture of 38 in solution was confirmed by mass
spectrometry, cyclic voltammetry and 'H-NMR. Poly-
mers containing cyclophane cavities of this type within
their backbone were also obtained when 37 was com-
bined with Ag' in the absence of acetonitrile.

3.2.3. A% and L assemblies

2-D Polygons involving tritopic acceptor units have
been generated in the following types of self-assembly:
(1) AF*A3Y, (i) AZ*L3Y, and (iii) L3*A3Y. Tritopic metals
have also been employed in the formation of 3-D
polyhedra having the descriptor A2*A39. Examples of
L3*A3¢ and AZL3¢ assemblies are unknown.

3.2.3.1. A¥A% assemblies. Self-assembled AZ*A3¢ com-
pounds typically adopt a 2-D triangular or hexagonal
shape; a variety of such assemblies are known. For
example, the self-assembly of three right-angled angular
units with three other angular units each subtending an
angle of 150° may give a complex closely resembling a
molecular triangle. Thus, the bowl-shaped, luminescent,
A2*A2¢ complex 40 (Chart 4) was obtained as an ap-
proximate molecular triangle in high yield from the
corresponding N-deprotonated anion of benzimidazole
[46]. Similar triangles have been formed using various
nucleobases [47].

An A3*A2¢ hexagon [(en)Pd(41b)]$* has also been
formed in the reaction of 41b with cis-(en)Pd" 44
(en = 1,2-ethylenediamine) in aqueous medium at room
temperature (Scheme 20) [48]. The product mixture
included the A2*A3¢ hexagon (27%), the A3*A3¢ square
[(en)Pd(41b)]3 " (53%), and coordination oligomers
(20%). The formation of this molecule is an interesting
example of competing effects in the self-assembly of
metallocycles. Hexagon formation is promoted by 41b
which binds at a 120° angle. However, the directing
angle of square planar Pd™ is 90°, which is better suited
to square formation. Since the square existed in greater
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proportions than the hexagon under the conditions of
the above experiment, the stereochemical preferences of
the metal complex appear to dominate those of the
ligand. Interestingly, the relative proportion of the
hexagon increased as the mixture was concentrated,
suggesting that the difference in the thermodynamic
stabilities of the square and hexagon was of the same
order as the entropic effect favouring the hexagon over
the square. The angles subtended by the methyl-bridged
bis(4-pyridyl) ligands 41 can be conveniently adjusted
by alterations to the substituents on the bridging meth-
ylene carbon. Thus, 41a exhibits a directing angle of
109° when binding, while 41b—c¢ bind at 120° [48].

A range of other A3*A3¢ hexagons have been pre-
pared [49], as have organometallic hexagons incorpo-
rating Hg" with nucleobases [50,51] and Fe™ with
triethanolamine (giving [12]metallocrown-6 structures
with occupied or unoccupied cavities) [52].

3.2.3.2. A¥L% assemblies. Because of the presence of
the three linear components, A3*L3Y assemblies are
generally triangular in shape, although examples of
A2*L2® hexagons are known.

AZL39 assemblies have been reported when: (i)
(1,4,7-triazacyclononane)Cu is treated with deproto-
nated imidazole [53], (ii) Zn" or Co" reacts with ligand
42 (Chart 4) [54], (iii) Pt or Pd™ binds 2,2'-bipyrazine
43 (Chart 4) [55], and in low yield when (iv) (ethylenedi-

Cu(l)
* I
@)
45
[Cu,(45),1** [Cuy(45)51**
[Cu,(45)1*
Scheme 21.

amine)Pd" is treated with 25a—c¢ (Chart 1) [48,56a].
While molecular triangles are obtained for (i)—(iii)
above, certain of the complexes in (iv) have an overall
hexagonal structure. Luminescent triangular A2*L3¢
complexes having Re' corner units have also been re-
ported [57].

Many AZ2L2¢ assemblies exist in a thermodynamic
equilibrium with other, competing self-assembled prod-
ucts. For example, the AZL3Y triangle [Cu;(45);]° © was
formed from Cu' and 45 as 30% of an equilibrium
mixture, which included the helicate [Cu,(45),]** and
the grid [Cu,(45),]** (Scheme 21) [58]. Other A2*L3¢
triangles exist in an equilibrium with their competing
AZL3Y squares [56a]. In these cases the triangles have
been favoured over their squares by the presence of: (a)
flexible linkers between the ligand binding sites, (b)
sterically demanding co-ligands, (c) certain guest
molecules which bring about induced-fit molecular
recognition, or (d) increased solution concentrations
[56a,59]. As the triangles contain six component build-
ing blocks (compared to the four in squares), an in-
crease in the solution concentration entropically
supplements their overall thermodynamic stability.

3.2.3.3. L¥A% assemblies. Treatment of octahedral Fe"
with the alkyne segmented octapyridino ligand 46
(Scheme 22), which has a 60° bite angle, led to the
formation in 74% yield of the L2*A39 assembly
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[Fe;(46);]°+ [60]. The composition of this triangular
complex was determined using electrospray mass spec-
trometry, which also revealed the presence of the corre-
sponding A3*A2¢ polygon in 26% yield (Section 3.2.4.1).

The L3*A2¢ hexagon [(47)(48)]S* was obtained by the
reaction of 4,7-phenanthroline 48 (directing angle: 60°)
with the linear dipalladium complex [47(MeCN),J*>*
(Scheme 23) [61]. The phenanthroline N-N distance
(7.80 A) is comparable to the Pd---Pd distance within the
organopalladium unit (6.83 A), thereby generating the
overall hexagonal shape.

3.2.34. A%A3 assemblies. Because of the mismatch
between the topicity of the acceptor-based units and that
of the donor-based units, A3*A3¢ assemblies are necessar-

ily 3-D. Several A2*A3® cyclophane boxes have been
prepared. These include [(Pd(en));((49),]° " (Scheme 24)
which was obtained by the reaction of the tridentate
ligand 1,3,5-tris(4-pyridylmethyl)benzene (49) with
(en)Pd(NO5), (44) in the presence of an aromatic guest,
such as (4-methoxyphenyl)acetic acid [62]. This reaction
involved an induced-fit molecular recognition process
since [(Pd(en));((49),]° " was obtained only in the pres-
ence of the guest. Without the guest, poorly defined
oligomeric complexes were obtained instead. These spon-
taneously converted to the cyclophane box upon addition
of the guest.

AZA34 cyclophane boxes were also obtained when
square planar Pt'' or tetrahedral Cu' metal ions were
treated with ligands containing a central benzene ring
substituted with diphenylphosphine- (50; Scheme 25) [63]
or bis(isoquinoline)- (51; Fig. 4) [64] groups, respectively.

3.24. A% and L"" assemblies

Numerous AZ* and Lj* assemblies are known. In cases
where these involve only ditopic ligands, 2-D polygonal
structures— primarily squares—are formed. Descriptors
for such procedures include L3*A3% and A3*L3¢. An
AZ2A3Y star-type assembly has also been reported. The
use of tri- or multi-topic building blocks induces the
formation of 3-D polyhedra. Known compounds of this
type involve a tetrahedron of metal ions about a central
cavity and exhibit the descriptors: (i) AJ*A2Y, (ii) AJ* L,
(iil) A3RAZY, (iv) AZRASALNYM or (v) APRAY

N @=rien

49
O=om .
[{Pd(en) }3(49),]

Scheme 24.

PPh; [PtCly(cod)]

Ph,P

PPh,

@ =rc,
50

[(PtCl,)5(50),]

Scheme 25.
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Fig. 4. Self-assembly of a cyclophane box. (Reproduced with permission; Ref. [64]. Copyright 1993 the Royal Society of Chemistry.)

3.24.1. A2A% and A2*L?*-based assemblies

A7 A7 assemblies. From electrospray mass spectro-
metric evidence, the AZ*A3¢ star assembly [Fe,(46),]* +
has been proposed to form in low yield in the reaction
of 46 with Fe'' depicted in Scheme 22 (see Section
3.2.2.1) [60]. To the best of our knowledge no other
AZA2d assemblies are known.

AXL2-based assemblies. AFL3Y molecular squares
are possibly the most well-known of the coordination
polygons. Numerous such assemblies have been pre-
pared by the combination of square planar metals with
linear bidentate ligands having donor sites at each end.

Two AZL3¢ square assemblies are illustrated in
[Pd(en)(39)]+ and [Pd(dppp)(39)]5*, respectively
(Scheme 26) [56,65]. In these cases, the rigid ditopic
ligand 4,4'-bipyridine, 39, (illustrated in Scheme 19) was
self-assembled with biphosphine- or diamine-bound
square planar Pd™ or Pt™. NMR studies confirmed the
presence of the square architectures in solution. The
biphosphine-containing square was soluble in organic
solvents, while its diamine analogue was water soluble.

As in the formation of some of the AZ*L3Y squares
described above, the chelating co-ligands on the metal
ions are required to occupy two cis-coordination sites
on the metal ions in order to ensure that a 90° angle is
formed by the metal. Monodentate co-ligands, such as
the PEt; ligands in 20, can also perform this function as
long as they remain cis-coordinated during the
reaction.

In the reaction of 1,4-dicyanobenzene 54a or 4,4'-di-
cyanobiphenyl 54b with metal ions, cationic AZL3¢
squares were self-assembled with Pd" but not with Pt"
which instead formed oligomeric products (Scheme 27)
[65]. This may have been due to the kinetic inertness of
Pt—NC bonds. However the authors suggested that the

absence of stabilising m-stacking interactions may also
have played a role. While the analogous bipyridyl
squares were kinetically inert, the cyano-squares were
labile in solution. Treatment of the cyano-squares with
39 therefore resulted in conversion to their bipyridyl
analogues. The squares formed host—guest interactions
with electron-rich molecules, such as 1,5-dihydroxy-
naphthalene, in solution.

Diastereomerically pure tetranuclear A3*L2¢ molecu-
lar squares were obtained in the reaction of the bis(trifl-
ates) of (R)-(+ )-binap Pd"™ (22a) or Pt (22b) with
2,6-diazaanthracene 55 in acetone at room temperature
(Scheme 28) [66]. *'P{'H}-NMR spectroscopy indicated
that all of the diaza ligands, which do not possess
rotational symmetry, were restricted in their rotation
within the product. Six diastereomers, involving differ-
ently twisted arrangements of 55 in the complex, were
therefore possible. However the helically-twisted anti-
diastereomer was selectively formed. When 2,6-diazaan-
thracene-9,10-dione 56 was used as the linker, small but
detectable amounts of the other diastereomers were also
obtained. The use of (S)-( — )-binap co-ligands resulted
in the formation of the mirror image products, while
achiral phosphine co-ligands produced mixtures of the
possible diastereomers [66]. In comparison to the opti-
cally active, hybrid iodonium-transition metal AZA3¢
square assemblies described earlier (Section 3.2.2.1), the
tetrametallic A2*L2¢ squares were formed in greater
diastereomeric excess and were conformationally more
rigid [66]. This was thought to be due to increased
rotational inhibition, arising from the coordination of
each linker ligand to two metal ions in the tetrametallic
squares, rather than just one in the hybrid squares.

AZ*L34 molecular squares which contain crown ethers
or calixarenes, such as 57, have been self-assembled by
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incorporation of these moieties within the biphosphine
co-ligands attached to the corner metal ions (Fig. 5)
[67]. Since crown ethers are excellent hosts for hard
metals and calixarenes have an affinity for neutral
guests, the presence of these moieties extends the possi-
ble function of molecular squares. Studies indicated
that the calixarene squares were, for example, able to
transport organic sulfonate ions from one aqueous
layer through a chloroform phase to another aqueous
layer in a U-tube apparatus [67]. The use of bis(-
diphenylphosphino)ferrocene as a co-ligand has simi-
larly permitted the inclusion of redox active
components in molecular squares of this type (e.g. 58 in
Scheme 29) [68].

A2 29-based molecular squares incorporating por-
phyrins have also been prepared. Porphyrins may act as
linear [30,31,69] building blocks when 4-pyridines,
which have been substituted onto the porphyrin scaf-
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fold, orthogonally coordinate separate metal ions in the
manner depicted in 60 (Scheme 30) [69]. When X =
2H*, 60 has the descriptor AZ*L3Y. However when
X =7Zn%*, 60 is a coordinatively unsaturated A3*L}*¢
assembly. Porphyrin-containing molecular squares of
this type which incorporate between four and eight
metal ions have been reported [31]. Several of these
were made chiral by the use of enantiomerically-pure,
chiral di(phosphine) co-ligands on the corner metal
ions.

AZL3¢ square and rectangular assemblies involving
rhenium ions as the corner components [35,57,70,71]
have also been prepared, as have grid-like squares
involving Co™™! with tetra(2-pyridyl)thiocarbazide (61)
or 1-(2-thiouracil-4-methylene)-3,6-diazahexane (62)
(Chart 5) [72,73]. As noted earlier, rhenium-based
squares may display luminescence properties which
vary depending on the guest present; their overall lu-
minescence properties may also be electrochemically
altered in a stepwise manner [35a].

3.24.2. LA% assemblies. If the ligands and metals in
AZL29 assemblies (Section 3.2.4.1) could be inter-
changed, an L3*A2¢ assembly would be generated.
L3*A29-type molecular squares have been prepared us-
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ing porphyrins orthogonally substituted with 4-pyridines
[30,31] as in the formation of 64 (Scheme 31) [30].
Molecular squares of this type can incorporate four or
eight metal ions, depending on whether the porphyrins
are metallated or not [31]. When X =2H™, 64 has the
descriptor L2*A29. However, when X =Zn’?", 64 is
coordinatively unsaturated and has the descriptor
LAZ‘aAAI‘a2d_

L22A3¢ squares of nanometer dimensions—termed
nanosquares— have been prepared in the reaction of the
cis-substituted bis(ethynylpyridine) Pt" diphophosphine
complex 17 with the triflated linear di(platinum) complex
65 (Scheme 32) [74]. T-shaped bis(4-pyridyl) iodonium
species have also been used as corner units, as have
substituted porphyrins [31]. The sides of these squares
ranged from 2.6 to 3.4 nm in length. Treatment with Ag'
resulted in the m-tweezer host—guest interactions shown
at the corners of 66 [74]. While formally classified as
L22A29, these squares contain eight or twelve metal ions.

The A7*L2® [4]metallacalixarene 68 (Scheme 33) is
formed as a kinetically stable entity by the interaction of
four uracil moieties with chelated Pt at elevated pH. It
can be considered a molecular square, although when
treated with labile transition metal ions a 3-D rectangular
box is formed (see Section 3.2.4.7) [75].

3.24.3. A7*A2% assemblies. The combination of four
tritopic A3* metal ions with six ditopic A% ligands can
only lead to coordinative saturation when a 3-D adaman-
tanoid-like structure is formed. Such structures involve
a tetrahedra of metal ions with the ligands occupying the
connecting edges (Fig. 6(a)). In the closely related A*L.24
assemblies (Section 3.2.4.4), the ligands cannot be an-
gled, so that only a true tetrahedron of the type illustrated
in Fig. 6(b) can be generated. AJ*A2¢ assemblies are also
related to AZ*A3Y assemblies (Section 3.2.5.2) by an
interconversion of the metals and ligands present; they
consequently share many symmetry properties.

Raymond and co-workers have prepared a series of
tetranuclear adamantanoids and tetrahedra using their
symmetry-interaction approach [76], which rationalises
the formation of such polyhedra by the combination of
a ligand having two-fold symmetry (such as a suitable
hydroxamate) with an octahedral metal centre having
three-fold symmetry (such as trivalent gallium or iron)
[77]. The reaction of Ga™ with the pre-designed bis(hy-
droxamate) ligand 70%>~-2H* produced the tetrahedral
adamantanoid [Ga,(70),] for example (Scheme 34) [77].
In the solid state this complex displayed S, symmetry,
however "H-NMR spectroscopy established that all the
ligands in the cluster were equivalent in solution, indicat-
ing T-symmetry. No exchange occurred on the NMR
time-scale between cluster ligands and free, unbound
ligands in solution. This suggests exceedingly slow, or
possibly even non-existent kinetics. It is possible that
these boxes may have been formed in an irreversible
kinetically-guided process. Other boxes of this type have
been prepared by the same researchers; these involved
ligand 71 with Ga'" and Fe™™ [78,79]. Polyhedra of this
type are able to selectively encapsulate small cationic
guests within the central cavity in an entropy-driven
process.

A variety of tetranuclear A3*A2¢ tetrahedra have also
been prepared by Saalfrank and co-workers; these in-
clude the neutral compound [Fe,(72b)¢] depicted in Fig.
7 which was formed in the self-assembly of the deproto-
nated bis(methyl acetoacetate) derivative 72b with Fe!!
[80]. Two enantiomeric pairs, A-/A-fac and A-/A-mer,
are theoretically possible in this complex. In this case an
exact S, symmetry was obtained in the solid state, mean-
ing that the achiral meso-diastereomer was selectively
formed (i.e. one pair of metal centres had a A-configura-
tion, while the others were A). This result contrasts with
most of the other tetrahedra and tetranuclear adaman-
tanoids prepared by these authors which were obtained
as anionic chiral T-symmetric products using Mg™!, Mn'!,
Co", Ni'!, and Fe'/Fe' [81-83]. The latter, mixed-
valence tetrahedra, (NH,)[Fes(73)s] (Scheme 35),
were particularly interesting; in the solid state their cen-
tral cavities contained an endohedrally complexed am-
monium cation for charge compensation. The other
complexes studied had exchangeable exohedral cations
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Fig. 5. A molecular square containing calixarene functionalities. (Reproduced with permission from Ref. [67]. Copyright 1997, American Chemical

Society.)

[84]. Their high symmetry and preparative yields sug-
gests that these molecules were formed via a thermody-
namic equilibrium, although their kinetic lability has
not been determined.

The reaction of the (S,S)-bis(catecholamide) ligand
74c with Ga™ also produces a T-symmetric AJ*A2
adamantanoid (Scheme 36) [85]. The specificity of this
reaction is remarkable: the observed isomer, in which
each metal displays a A-configuration, would comprise
only 1/16th of a statistical mixture. The formation of a
pair of mirror-image tetrahedral adamantanoids from
the racemic form of 74c¢, therefore occurred selectively
from 112 theoretically possible variants. The same reac-
tion with the derivative ligands 74a—b and 74d pro-
duced helicates.

Other tetranuclear boxes of these types have also been
reported [86].

3.2.4.4. AF*L% assemblies. A3*L2 assemblies are closely
related to A3*A2Y assemblies (Section 3.2.4.3) in that
they have the same combination of building blocks. In
this case however, the donor ligands are not angled, but
rigidly linear. This means they must lie on the connect-
ing edges of the tetrahedron of metal ions as depicted in
Fig. 6(b). In so doing, they preserve the overall tetrahe-
dral shape of the cluster rather than generating the
adamantanoid shape of many Aj*A2¢ assemblies (Fig.

6(a)).

The A3*L2 tetrahedron, [((triphos)Fe),(75)¢]8+
(Scheme 37), has been prepared using triphos,
Fe(BF,),, and the dicyanoethane, 75 (triphos=1,1,1-
tris(diphenylphosphinomethane)ethane) [87]. While 75
is not strictly linear, the rigidity of the central ethene
linkage ensures a near-linear bonding arrangement be-
tween the ligand and the two metal ions it connects. In
the solid state this box encapsulates a BF; anion in its
central cavity.

S N
N N
| |

58a M =Pd
58b M = Pt
Scheme 29.
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3.24.5. A3¥A3" assemblies. The highly symmetrical
compound [Ti,(76),]® ~ (Scheme 38) which was recently
prepared by Raymond and co-workers, is a face-occu-
pied A3*A3Y tetrahedron of the type illustrated in Fig.
6(c) [88a]. Electrospray mass spectrometry indicated
that [Ti,(76),]*~ also existed in solution and rapidly
exchanged NH; counter-ions [88a,88b]. The lack of
fragmentation suggested the anion to be highly stable;
this was likely due to the inert nature of the Ti'V—cate-
cholate interactions and the fact that this structure was
the only arrangement able to satisfy simultaneously the

trans-[MCl,(NCPh),]

63a M = Pd(Il)
63b M = Pt(II)

64 X = 2H", Zn>*

Scheme 31.
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z | l \ 7 | Ph2
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RsP—Pt—PRs RsP—Pt—PR,
(@)n (@)n
RsP—Pt-PR; RgP—Pt-PRy
/N /N
) ¢
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Scheme 32.
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binding demands of both the metals and the ligands.
Like A3*A2¢ adamantanoids and tetrahedra (Section
3.2.4.3) and A3*L2¢ tetrahedra (Section 3.2.4.4), AJ*A3¢
tetrahedra also display 7-molecular symmetry. One
other example of such a box is known [88c].

Scheme 33.

3.24.6. AXA% A assemblies. When NiCl, is treated
with amldmothlourea 77, the A3*A3ALYY rectangular
box 78 is self-assembled (Scheme 39) [89]. The forma-
tion of this box may be anion controlled as it contained
an encapsulated chloride ion in the solid state. Similar
boxes were not formed when nitrate, acetate or perchlo-
rate were used as anions; oligomeric products were
generated in those cases. The oligomers spontaneously

[M(acac)3]

3+ F63+

(Ef

_< >—N (0]
70% 2H*

OH

i :OH

0" NH

HO

71

u
0 \
M
’Q’No"""_/—\""

[M4(70)¢]

Scheme 34.

reverted to the rectangular box when potassium chlo-
ride was added, however.

3.24.7. AXA% assemblies. The rectangular box 69
(Scheme 33) is an example of an ensemble having an
AZ2A39 descriptor [75]. Polyhedra of this type have been
prepared using various nucleobases, including uracil
(67°~-2H™*), 1-methylcytosin and 2-aminopyridine as
linking units. All are prepared via kinetically stable A%
square intermediates like 68, which give the rectangular
boxes upon deprotonation and addition of labile diva-
lent cations like Pd™, Ni", and Cu'. The addition of
cyanide regenerates the original tetranuclear species 68
almost immediately, indicating the lability of the new
linkages. The intermediate 68 remains intact even after
stirring for extended periods in the presence of cyanide,
indicating its kinetically stable character.

3.2.4.8. A% L4 assemblies. An unusual case of a rectan-
gular molecular box having two preformed A*' metal
ion units in each corner has been obtained in the
reaction of the dirhodium(II) compound 79 with ben-

3a 42d
A 4A 6 A384L2d6

(@) (®) ©

O =metal ion = = ligand

Fig. 6. Schematic depiction of A3* clusters showing (a) an edge filled adamantanoid, (b) an edge filled tetrahedron, and (c) a face filled tetrahedron.
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72a X = single bond
72b X = 1,4-Ph
72¢ X = 4,4-biphenyl
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& [Fe4(72b)]

Fig. 7. ORTEP representation of the neutral tetranuclear adaman-
tanoid box formed in the reaction of Fe(Ill) with the depronated
bis(acetoacetate) 72b. The central cavity in this molecule is hydropho-
bic and able to host small ions. (Reproduced with permission; Ref.
[80]. Copyright 1993 Wiley-VCH.)

RO RO, C COR OR

73a R =Me
73bR =Et

(NHy) [Fe4(73)6]

Scheme 35.

zene-1,4-dicarboxylic acid (L*¢ unit) (Scheme 40) [90a].
The resulting AFL3" box 80 contained eight Rh! ions.
Similar compounds have been prepared using other
co-ligands [90b].

3.2.5. A} or L assemblies

Two ways to arrange six metal ions about a central
point is in a hexagon (2-D) or an octahedron (3-D).
Both of these structures have been reported in Ag* or
L?* assemblies. In an octahedron the metal ions may be
bridged in several ways, including on some or all of the
edges or faces of the octahedron. As depicted in Fig. 8,
AZA3Y adamantanoids or truncated tetrahedra are
formed when four faces are alternately filled about a C,
axis through two opposing metal ions [91]. An AZ2A
cylinder is generated when six of the faces are filled
leaving the unoccupied faces opposite each other. An
AZA} octahedron in which all of the faces are filled by
ligands is theoretically possible, but no example has yet
been reported. Examples of edge-occupied octahedra
have also not been described; such a cluster would have
the descriptor AZL3S. An A%*A2$ structure is likely to
have a truncated octahedron architecture [91b].

Twisting of an octahedron of metal ions leads to a
trigonal antiprismatic array about a central point [91].
Clusters of this type are known, although they are
generally too distorted to be formed using a single
ligand. Instead, the presence of two different ligands—
one to link a triangle of metal ions together and the
other to link two such triangles into a closed struc-
ture—is necessary. Trigonal antiprismatic structures
having descriptors such as AZ*L3%L3® are consequently
known. Such arrangements are common in cylindrical
arrays involving metal ions in double-decked trigonal
antiprismatic arrangements. They are also related to
multi-decked cylinders, including ones having the de-
scriptors  AZL39L39  (triple-decked) and AZEL3IL3
(quadruple-decked).

3.2.5.1. AZL2 and L2 A2 assemblies. The structurally-
related A2*L.2¢ and L2*A29 hexagons 82 and 83 shown in
Schemes 41 and 42, respectively, have been reportedly
prepared by interchanging components in the linear
and angular building blocks from which these struc-
tures were obtained [92]. In the case depicted in Scheme
41, an AZL2® hexagon was formed by the reaction of
linear 4,4"-bipyridine 39 with the di(platinum(II)) com-
plex 81 which was made angular by the presence of a
bis(benzyl)methyl ketone linker. However, when the
angular bipyridyl ketone 41¢ was treated with the linear
di(platinum(II)) complex 65 (R =Ph; n=2), a L2?AX
hexagonal assembly was obtained (Scheme 42). In both
cases the angular units exhibited directing angles of
120°. Twelve individual building blocks were sponta-
neously and cooperatively assembled to form each
hexagon. The structures of the hexagons were deduced
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74a X = -CH,CH,-

74b X = -CH,CH,CH,-

74c X = -COHMe)COHMe)-

74d X = -C®PHMe)CH,C®H(Me)-

74a  Ga(Ill)
2 Y—
74d

helicates

Ga(IIn)
Td¢ —>

[Gay(74c)e]'>

Scheme 36.
_/CN PPh
— + Fe 2
NC * PPh;  PPh,

75 l triphos

[((triphos)Fe)4(75)¢]**

Scheme 37.

from molecular mechanics calculations supported by
spectroscopic data.

3.2.52. A¥A3 assemblies. The only way in which six
ditopic metals can bind four tritopic ligands is by the
formation of an AZ*AjY adamantanoid-like structure,
with the ligands in the bridgehead positions and the
metals on the connecting vertices. Such structures may
be termed hexanuclear adamantanoid boxes although
the overall shape of the complex is that of a truncated
tetrahedron if the tritopic ligands are planar. AZA3¢
assemblies are the coordinative reverse of A3*AZ tetra-

hedron assemblies, with the donor and acceptor units
interchanged; both of these cluster types therefore ex-
hibit 7-symmetry.

The self-assembled hexanuclear A2*A3¢ truncated te-
trahedra [((en)Pd)s(84),]'>" shown in Scheme 43 were
obtained by Fujita et al. [93] from six equiv. of
(en)Pd(NO,), (44) and four equiv. of the 2,4,6-tri-4-
pyridyl-1,3,5-triazine derivatives 84. The overall archi-

)\H@

O = mav) Ti(OPr),
MeOH/Et;N

7
b
Xy

[Tiy(76),]*
Scheme 38.
55
s—NiZ—8 3
U
NH S NH (S HN'N
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/ /N
HzNJj\HJ\NH2 Nicl, Ni\ NH HN i
Ni /
NH
MeOH K\NH D
77 ks. Ni—s
S
78
where H
S—Ni H,N_ N s—Ni
A
y = N /N
Ni \{
Scheme 39.
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Scheme 40.

C; axis

@ (b) ©

)\ = ligands

Fig. 8. Schematic depiction of face-bound molecular polyhedra con-
taining six metal ions (open circles) in an octahedral arrangement
about a central cavity; (a) hexanuclear adamantanoid or truncated
tetrahedron, (b) a type of molecular cylinder, and (c) a molecular
octahedron.

O = metals

tecture of these complexes was revealed by an X-ray
crystal structure of the cluster where Ar = single bond.
Suitable crystals could only be formed in the presence
of l-adamantane carboxylate, which produced a
clathrate complex of sufficient stability. The central
nanosized cavity in this molecule contained four guest
molecules; this aggregation persisted in aqueous media
according to NMR studies. The nanometer-sized scale
of the larger derivatives, involving phenylene- or
biphenylene-bridged ligands, was confirmed by laser
scattering, particle-sizing techniques. ‘C-shaped’ com-
pounds, such as cis-azobenzene and -stilbene deriva-
tives have also been selectively clathrated [94b]. The
internal cavity of these truncated tetrahedra have been

used as reaction vessels for the selective ‘ship-in-a-bot-
tle’ formation or stabilisation of novel species [94].
Chiral A2°A3¢ truncated tetrahedra [((R-bi-
nap)M)(85),]'>" have also been self-assembled using
M (M = Pt, Pd) complexes of R-binap as shape-defin-
ing corner units and the benzene tri(ethynyl pyridyl)
ligand 85 as a connector (Scheme 44) [95]. The structure
of this complex, which exhibits 7-symmetry, was in-
ferred from mass spectrometry and molecular mechan-
ics simulations. The self-assembly proved to be highly
pathway specific; i.e. the product architecture was de-
pendent on the order in which the reagents were mixed.

x/\a

TfO”
“6,
+ \

81 R =Et)
f‘/' ~\~Q
[ o=
\‘M—/
Scheme 41.
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Truncated tetrahedra/adamantanoids have been pre-
pared using other planar [96,97] and non-planar [98]
tridentate linking ligands. A remarkable and unique
truncated tetrahedron has also been reported in which
each bridgehead position is filled by a Mo3* unit [99].

3.2.5.3. AZA3 assemblies. The first AZA3? assembly
has recently been reported by Saalfrank and Raymond
[100]. The reaction of Ga(acac); (acac = acetylaceto-
nate) with the tritopic ligand 86 resulted in the forma-
tion of the molecular cylinder [Ga4(86)¢] (Scheme 45).
While depicted as an octahedron, the arrangement of
metal ions in this molecule, in fact, lies neatly between
an octahedral and a trigonal antiprismatic structure. It
is, moreover, compressed along the pseudo C; axis
which runs through the two open faces; these are
consequently larger than the occupied faces. The
molecule has an idealised D; molecular symmetry and
was obtained as a racemic mixture of homochiral hex-
anuclear clusters in the solid state.

3.2.54. AZX A3 gssemblies. The AZA3% hexagonal
box [(CuPPh,).(87),] has been obtained in the reaction
of trithiocyanuric acid, 87° ~-3H ™", with three equiv. of
CuCl(PPh;); in the presence of triethylamine (Fig. 9)
[101]. In this species, each Cu'! ion has a distorted
three-coordinate geometry. The parallel triazine rings
are 3.07 A apart. At room temperature in the solid
state, the complex luminescences at 562 nm with an
excited state lifetime of 0.59 ps.

3.2.5.5. AZLXL" assemblies (n= 2, 3, 4). AZRL3LY
double-decker, A3*L39L3¢ triple-decker, and AZLIIL3¢
quadruple-decker cylinders like 90, 91, and 92, respec-
tively (Figs. 10 and 11), have the following relationships
in common. They all comprise metal ions in single- or

[G36(86)6]

Scheme 45.



114 G.F. Swiegers, T.J. Malefetse / Coordination Chemistry Reviews 225 (2002) 91-121

87

u
PPh,

[(CuPPh3)6(87)2]

Fig. 9. Formation of a cyclophane/hexagonal box generated by the
self assembly of trithiocyanuric acid with CuCIl(PPh;); in the presence
of Et;N.

multiply-decked trigonal prismatic arrangements and
can therefore have only 3n acceptor units present (n =
2, 3, 4). They additionally always incorporate two
different donor building blocks, a flat, cyclic ligand
having binding sites about its centre (L%), and a linear
ligand having n binding sites down its length (L™).
Stoichiometry considerations lead to the general de-
scriptor AZ2LLAY (n=2, 3, 4).

The reaction of the cyclic hexaphenylhexaazat-
riphenylene ligand 88 (L3¢ unit) and the linear bis(-
bipyridine) ligand 89a (L2 unit) with [Cu(CH,CN),]-
(BF,) (Cu' = A* unit) in a stoichiometric ratio of 2:3:6
resulted in the formation of the AZL3L3¢ cylinder 90
(Fig. 10) [102]. The cylinder—which is a thermody-

88

2 v + 3

namic product—had to be prepared in the absence of
halogen or aromatic counter-ions which inhibited the
self-assembly. An X-ray crystal structure determination
revealed 90 to be twisted about its central compartment
(cavity) in the solid state, shortening its length along
the cylindrical axis [103]. The reaction of the ligands
with silver(I) triflate produced an analogous cylinder
which was not twisted in the solid state [104].

Triple-decker (A2*L39L3¢) and quadruple-decker
(AZLIL3Y) cylinders, 91 and 92, have similarly been
prepared by combining 88 (L3¢ unit) with Cu' or Ag!
(A unit), and ligands 89b (L3¢ unit) or 89¢ (L*® unit),
respectively (Fig. 11) [105]. The resulting cylinders were
highly stable, remaining associated even at concentra-
tions as low as 10~* mol dm ~3. NMR studies showed
that the cylinders were symmetrical in solution and that
their cavities contained anions which were able to move
in and out at room temperature. As the cylinders are
twisted into triple-helical, cage-like structures in the
solid state, intramolecular ‘breathing’ of the complexes
in solution, by successive winding and unwinding of the
helix, was thought to momentarily open the faces,
allowing movement into and out of the cavities.

Several other cylindrical complexes having a similar
descriptor, but widely differing physical length have
been prepared [104]. While cylinder 90 is 20 A long,
analogous double-decker cylinders of up to 33 A in
length were obtained by using the axial ligands 93a—e
(Chart 6). The size of the compartments in these cases
was enlarged by the use of longer linkers between the
binding sites of the axial ligands.

The use of octahedrally-disposed metal ions may also
lead to cylinders. The reaction of Pb' with a tris(2-
pyrimidyl)-triazine 94 and bis- or tris(terpyridine) lig-

6Q

Fig. 10. Formation of a molecular cylinder. (Reproduced with permission; Ref. [102] Copyright 1996 the American Chemical Society.)
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92

Fig. 11. The formation of triple-decker and quadruple-decker cylin-
ders. The shaded circles represent Cu(I) or Ag(I) ions. (Reproduced
with permission; Ref. [105a]. Copyright 1999 Wiley-VCH.)

ands 95 (Chart 6) resulted in the formation of an
AZPL3L3Y double-decker and an AZL3L3Y triple-
decker cylinder, respectively [106]. In the solid state, the
Pb" ions in the double-decker complex were found to
also coordinate the oxygens of two triflate anions.

3.2.5.6. Other A} and L% assemblies. The reaction of
the tripodal ligand 96 with sodium hydride in the
presence of FeCl; led to the [12]metallacrown-6, [Na <
Fes{N(CH,CH,0);}¢]* 97a (Scheme 46) [52]. This ma-
terial, which encapsulates a sodium ion in its central
cavity, can be considered a molecular hexagon. Larger
metallacrowns are formed in the presence of larger
cations, such as Cs™* (e.g. 97b; see Section 3.2.6.1). The
use of lithium hydride instead of sodium hydride led to

small amounts of the corresponding tetranuclear
[8]metallacrown-4, [Li = Fe,{N(CH,CH,0),},]", in ad-
dition to [Li < Fe,{N(CH,CH,0),}4]*, which forms the
major product. In the presence of CaH,, the hexanu-
clear hexagon [Fe,{N(CH,CH,0);}¢]" was formed; the
central cavity in this molecule was unoccupied.

While each ligand in 97a forms four coordinate
bonds, two of these do not involve linkages essential to

93an=1;1=0;m=0
93bn=0;1=1;m=0
93cn=0;1=2;m=0
93dn=1;l1=1;m=1
93en=1;1=2;m=1
N/ \
=N
/ N N=
O
=N N—gi
NN
94

97b (M = Cs)

Scheme 46.
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99
Scheme 47.
([9]ane-S3)Ru(DMSO)Cl, —
100 39
Q = ([9]ane-S;)Ru l
- 16+

[([9]ane-S;)Ru(39)]5'¢*

Scheme 48.

the securing of the structure. The remaining two bonds
form separate linkages which bridge adjacent metal
ions. Each of the ligand building blocks therefore have
the descriptor A2%¢, The metal ions form six coordinate
bonds each, two of which are not part of the hexagonal
scaffold. The remaining four binding sites can be con-

sidered identical as far as the metal ions are concerned.
This assembly is therefore best described as an AZ2AZ¢*
hexagon.

3.2.6. A% or LY assemblies

Structures incorporating eight corners include oc-
tagons (2-D) and cubes or rectangular boxes (3-D).
Examples of these structures have been self-assembled.
Hexagons having the descriptor A$*A29?Y have been
reported, as have symmetrical cubes having the descrip-
tor A3*L#. A rectangular box involving three building
blocks is also known; it has the descriptor L3*AL#24A24,
While several other descriptors are possible for the
formation of polygons and polyhedra containing eight
acceptor units, no other examples have been reported.

3.2.6.1. A¥A% assemblies. The reaction of 96 with
FeCl; in the presence of Cs,CO; leads to the
[16]metallocrown-8, 97b, depicted in Scheme 46 [52].
This compound encapsulates a caesium ion in its cen-
tral cavity and can be considered an A#*A2%*® molecular
octagon for the reasons given in Section 3.2.5.6. The
formation of 97a—b requires the spontaneous and cor-
rect assembly of 13 or 17 components, respectively.
This system is a neat example of the effect of metal ions
in the formation of metallocycles. Anions have been
used to similar effect in the formation of circular heli-
cates [107].

3.2.6.2. L¥A% A7 assemblies. According to "H-NMR
evidence, treatment of the coordinatively unsaturated
L22A %4 molecular square 98 with 4,4'-bipyridyl 39
produces the L3*Al*29A29 rectangular box 99 which is
secured by axial coordination of pyridyl N-donor
atoms to the porphyrin Zn" ions (Scheme 47) [72]. In
this process, the four A'!'*?¢ zincated porphyrin units
became coordinatively saturated.

3.2.6.3. AL%% assemblies. The reaction over several
weeks of [([9]ane-S;) Ru(DMSO)CL,] 100 with 4,4'-
biypyridine 39 in an 8:12 molar ratio, resulted in the
formation of the A3*L3 cube [([9]ane-S;)Ru)(39)]i¢*,
which contains eight Ru' corner ions linked by twelve
of the bipyridine ligands (Scheme 48) [108]. Structures
other than a cube were inconsistent with the crystallo-
graphic, mass spectral and NMR data. Interestingly,
this box exhibited three oxidation waves in cyclic
voltammetry, rather than the one which may have been
anticipated; an interaction between the metal ions
therefore exists. Interactions of this type raise the possi-
bility of novel molecular devices, such as multiple-state
switches or tunable sensors. The host—guest chemistry
of such boxes may influence electron and energy trans-
fer processes. One other discrete, but smaller A3*L34
cube has also been reported [109].
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3.2.6.4. A¥A%4 assemblies. The neutral A3*A3S complex
[Cu,,(101)g] (Scheme 49) has been formed by treatment
of the deprotonated ligand 101 with Cu(NO;), [110].
Because the resulting complex contains eight three-
sided centres (the ligands), it conforms to the topologi-
cal structure of a truncated cube (as depicted in Scheme
49). However, if the truncation planes are considered to
include the Cu(Il) ions at their vertices, the structure

Ph
7
P O N
N"N N *
.o 0'
N:,l\l
Ph

101

\ Cu(ll) -~

Z  (oneside
shown only)

[Cuy»(101)g]

Scheme 49.

oTf
PhgP-Rt-PPhs

(one side
shown only)

[(81),,(85)s]™*"

[(103),5(102)g]**"

Scheme 50.

can also be considered a cuboctahedron (like that de-
picted in Scheme 50). The void in the centre of this
molecule was unoccupied and had a volume of ca. 816
A3,

Cubic/cuboctahedral A3*A3d compounds of near-
identical structure have also been formed in the reac-
tion of 8 equiv. 102 with 12 equiv. 103 and the reaction
of 85 with 81 (R = Ph) in similar proportions (Scheme
50) [111]. The resulting cuboctahedral capsules were the
first examples of coordination compounds having O-
symmetry. They were characterised by NMR and mass
spectrometry. According to force field simulations,
these molecules fill a spheroid of diameter ca. 5 nm.

3.2.7. A% or L assemblies

Several triple-decker cylinders having the descriptor
AZL3L3Y have been described in Section 3.2.5.5. To
the best of our knowledge no other assemblies contain-
ing nine acceptor units are known, although many are
theoretically possible.

3.2.8. A% or L% assemblies

Titration of the coordinatively unsaturated
L33Ala4dAja3dAla2d  gquare  array  [Pd;,ClL,,(28),-
(104),(105),] (Scheme 51) with 4,4'-bipyridine 39 pro-
duces a sandwich of nine bipyridyl ligands between two
nonamer zinc—porphyrin arrays [112]. Axial Zn-
N(bipyridine) coordination bonds secure this box.
While the zinc ions were not coordinated in the original
array, they became coordinated in the square box. The
L-shaped porphyrin unit, 28, which was a coordina-
tively unsaturated A!*2¢ unit becomes saturated in the
process; similar changes occurred for the T-shaped unit
104 and the X-shaped unit 105. The new assembly
therefore has the rather complicated descriptor
L33A}24dA a3 A La2d] 2d; five different building blocks are
self-assembled into a single complex. The nine L>¢ units
describe the linking bipyridine molecules.

Several quadruple-decker AZL39L3¢ cylinders have
been described in Section 3.2.5.5.

3.2.9. Larger assemblies

3.29.1. A%A% trigonal bipyramids. The hexahedron
[Pd,5(106),]°¢ " (Scheme 52) has recently been prepared
by Fujita and co-workers by combining the C;-symmet-
ric ligand 106 with (en)Pd(NO,), 44. The (en)Pd units
doubly bridge the triangular faces formed by 106. The
compound has an internal volume of ca. 900 A3 but
this is closed to all but the smallest of molecules
because all of the faces are occupied [113].

3.2.9.2. A3L% dodecahedra. The correct stoichiometric
combination of tri(4-pyridyl)methanol 107 (directing
angles 108°) (Scheme 53) with a linear bidentate unit,
such as bis[4,4'-trans-Pt(PR,),OTf]benzene 65 (directing
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[Pd,,Cly,(28),(104),(105),]

= trans-PdCl, 39
= 2H', Zn*

= 39

[Pd,,Cly5(28)5(104)5(105)5(39) 5]

Scheme 51.

angle 180°; R =Et, Ph), produced the first reported
AL molecular dodecahedra [(65):,(107)5]°* in
quantitative yield [114]. The success of this procedure
rested on the rigidity of the building blocks, which were
required to correctly transmit the directing effects over
nanometer-scale distances. Flexible linkers resulted in
the formation of defects which could not self-correct in
the thermodynamic equilibrium, so that oligomers were
instead obtained. The dodecahedra enclose spheroids of
diameter 5-8 nm. Each could be imaged by TEM
micrography. The self-assembly of each dodecahedron
involved the in-situ formation of 60 coordination bonds
between 50 individual molecules in solution.

4. Conclusion

In this work we have catalogued known molecular
polygons and polyhedra in terms of their assembly
descriptor notation. The descriptors allow known com-
pounds to be readily compared with newly prepared or
conceived compounds having self-assembly processes of
similar stoichiometry and type. Identical or near-identi-
cal self-assembly pathways and common building block
types are thereby revealed. The conceptualisation of
self-assembly processes and the selection of interacting
units for the formation of novel structural architectures
is, moreover, facilitated. Useful commonalities and re-
lationships between different polygons and polyhedra,

jg;é&

(en)Pd*= o
44

etc.

(one side
shown only)

[Pd,5(106)6]°¢*

Scheme 52.
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65 (R = Ph, Et)

|

160+

(one side
shown only)

[(65)30(107)0]%*

Scheme 53.

and their mode of self-assembly are also more clearly
illustrated.
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