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I. Introduction 

The development of new concepts in inorganic chemistry such as 
host-guest based chemistry, supramolecularity, and the building block 
approach, together with improvements in structural characterization 
techniques, has stimulated the discovery and characterization of 
sophisticated chemical objects ranging from the molecular level (few 
angstroms scale) to extended molecular arrangements (nanometer 
scale). Most of these compounds are prepared in aqueous solution or in 
inorganic solvents and are isolated by crystallization or precipitation. 
Soluble species adapt their size and shape in solution to minimize the 
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interactions that could provoke their self-aggregation and precipita- 
tion but they can also tune their contact surface with the solvent to 
achieve the ideal entropy value of solvent-interaction. The molecular 
surface which is most complementary to these two propositions is that 
of a ring or a wheel. The most beautiful example we know of this is the 
soluble “big wheel” (see below), one of the key structures to enter meso- 
scopic coordination chemistry. Some of these wheel-shaped molecules 
are at the boundary of usual coordination chemistry and nanometric 
chemistry, and thus will allow us to explore the domain where the 
macroscopic properties arise from the microscopic level. 

This review of the more recent wheels published in the literature 
covers both the molecular and nanometric domains. Our description 
will be limited to rings and disks with a minimum nuclearity of 5, the 
cavity of the wheel being empty or containing something inside, such 
as ions or ternplating groups. The review is organized in three parts: 
(i) rings of 3d-metals in moderate oxidation states (II, III) with 0, N, 
and S-donor ligands; (ii) wheel-shaped polyoxo(thio)metalates contain- 
ing metals in high oxidation states (IV, V, VI); and (iii) more sophisti- 
cated species based on Mo(VI), W(VI), and MO(V) metal ions located at 
the boundary of molecular and solid-state chemistry. Not only do some 
of them have interesting magnetic properties, but in many cases they 
have been synthesized as “objects of beauty” as Professor Achim 
Miiller first called them. 

II. Wheels with 3d Metals in Oxidation States (II, Ill) 

First of all, structures of wheels in which the metals are bridged by 
more than one atom are precluded from this section. In the latter 
category, heteroatoms, such as transition metals and nitrogen, substi- 
tute methylene carbon atoms in the ring of an organic crown ether and 
are thus often designated as metallacrown ethers. An example of a 
12-metallacrown-4 structure, with four copper atoms bound by 3-amino- 
N-hydroxypropanamide ligands and an extra Cu atom at the center of 
the ring (I), is given in Fig. 1. These molecules have been the subject of 
a recent and extensive review (2). 

We will thus consider in this section only metal wheels where the 
bridges between the M. M vectors are constituted by a single atom, 
either l+bridging anions (OH-, Cl-, F-, 02-, SzP) or uz-carbon, oxy- 
gen, nitrogen, or sulfur atoms from various organic ligands. The substi- 
tution of a transition metal atom for an ethane bridge atom (3) leads to 
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FIG 1. Schematic diagram of 12.crown-4 (12-C-4) compared with the analogous core of 
the metallacrown: metal atoms, black spheres; C atoms, light gray spheres; N atoms: med- 
ium gray spheres. 

a structural analogy with the organic crown ethers, which explains why 
these metal rings are sometimes also categorized as metallacrowns or 
metallacoronates. This structural analogy extends to comparable prop- 
erties for the metallic rings and their organic counterparts. Indeed, 
like organic crown ethers, the metal wheels can complex small cations, 
such as alkaline cations or another metal atom, and their syntheses 
are often rationalized in terms of template effects although they often 
have been synthesized, by serendipity, from one-pot reactions. Rare 
examples of metal wheels in supramolecular interaction with anions 
are also described. 

We will make a distinction between the metals with low coordination 
numbers (2, 4) and those which are surrounded by six ligands, defining 
an octahedral environment. In the first category, with the exception of 
the anecdotal mercury compound and the copper complex (see below), 
the ligands are thiolate or selenate groups; the size of the chalcogenide 
ion limits the coordination number of the metal to four while, in the 
second category, a variety of organic ligands is encountered. 

A. METALS WITH Low COORDINATION NUMBERS 

The mercury wheel {[(CF3)2CHg],C12}2- is a unique example of a 
metal ring with p2-C bridging atoms; the cyclic pentanuclear neutral 
ring [(CFa),CHg], contains five mercury atoms bridged by one carbon 
atom of a perfluoroisopropylidene ligand, in a planar ten-membered 
cycle (Fig. 2) (4). When this metal wheel is mixed with [PPh,]Cl, 
[PPh,]Br or [PPh,]I in ethanol at room temperature, it forms halide com- 
plexes (5). In the solid state, two halides are located above and below 
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FIG. 2. Ball and stick representation of { [(CF3)2CHg],ClZ}2 

the plane of the metallacycle with Hg-Cl distances (average 3.22 A) sig- 
nificantly shorter than the sum of the Van der Waals radii of the Hg 
and Cl atoms (3.9 A) and indicative of strong Hg . . Cl interactions. 
This mercury compound is the only known example of a metallic wheel 
with a di-coordinated metal. 

Metal atoms which are stable within an environment of four ligands, 
defining a building unit of formula MQ4 (Q = S, Se), are more numerous. 
They can adopt either a tetrahedral coordination (M = Fe) or a square 
planar coordination (M = Ni, Pd, Cd, Pt); the connecting scheme 
between the M,S2 rhombic units in the two kinds of coordination is 
depicted in Fig. 3. Thiolate ligands QR (Q = S, Se; R = organic chain), 
bound to the ring via the chalcogenide atoms, dangle above and below 
the molecular plane. These compounds are often easily prepared by mix- 
ing the thiol ligand, base, and the metal salt and, according to the 
nature of R, are soluble in more or less polar solvents. The nuclearity of 
the ring varies from six to eighteen. The hexanuclear rings, of general 
formula [WdQR)121, contain six edge-sharing MQ4 square coordination 
planes and display an hexagonal toroid shape, sometimes called the 
“tiara” structure. They are the most numerous, with 14 references 
found in the Cambridge structural database, with sulfur atoms and 
M = Ni, R = CHs (6,7), Et (8,9), Pr (IO), CHsCHsOH (II), CH,PhCl (12) 
CfbCH2SiMe3 U3), (CH&NH(CHd, (14, CON(C&),CHS WI, (C&), 
(16’); M = Pd, R = Pr (17), CHsCOOCH3 (18); M = Pt, R = Et or M = Cd, 
R = dimethylpyrimidine,2-thione (19). An example of an hexanuclear 
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FIG 3. Connecting scheme between MQ4 building units: M = Fe, Ni, Pd, Cd, Pt; Q = S, 
Se. 

ring is depicted in Fig. 4 (11). The inner cavity is more or less accessible 
whether the organic group R is bulky or not. 

There are fewer reported examples of structures containing 
[Ma(Q%I g rin s, namely with Q = S, M = Ni, R = CH,CO,Et (20) and 
M = Pd, R = Pr (21). In these molecules, eight MS4 rectangular coordi- 
nation planes constitute an octagonal prism. The geometry of the 
wheel is analogous to the hexanuclear [M,(SR),,] wheels with two 
extra metal atoms. A noteworthy octanuclear Cus compound has eight 
Cu(I1) ions in a square planar environment bridged by hydroxo groups 
and dimethylpyrazolato ligands (22,23). Its overall structure is reminis- 
cent of the tiara geometry of the [Ma(QR rings. 

Fe ions adopt a tetrahedral coordination, which leads to a slightly dif- 
ferent geometry of the ring. The nuclearity of the rings is either twelve 
with PhSe ligands or eighteen with sulfur ligands. In [Feiz(SePh)24] 
(24) each Fe(I1) is surrounded by four Se atoms of the ligand in a dis- 
torted tetrahedral fashion, and the edge-sharing Fe& tetrahedra con- 
nect to form a ring (Fig. 5). The phenyl groups are arranged in an 
alternating fashion above and below the plane of the Felz wheel, which 
has a diameter of about 12A. The synthesis of [Fe&SePh)sJ is quite 
straightforward, from a suspension of FeCl, and PPhs in CHzClz care- 
fully covered with a layer of PhSeSiMea. 

The [NazFelsS& ring (25,26) is distinctive at many levels. Sulfur 
ligands bridge iron atoms rather than thiolate ligands, as encountered 
in the previous examples. As the nuclearity of the ring increases, the 
complexity of the connecting scheme between the Fe& building units 
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FIG. 4. Two views of Nis(SCH2CH20H)12: in the side-on view, the carbon and oxygen 
atoms of the organic ligand have been omitted for clarity; S atoms, white crossed spheres. 

FIG. 5. Ball and stick representations of [Fq,(SePh),,]: in the side-on view, the carbon 
atoms of the phenyl rings have been omitted for clarity. 
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increases. Four Fe(II) and fourteen Fe@) ions are in a tetrahedral 
environment; 22 Fe&$ rhombs share edges and vertices to form the 
large wheel which can be described as a 14-membered ring with Fe(I1) 
ions encapsulating four other Fe1nS4 tetrahedra, although the electron 
repartition may not be as localized as suggested by this description. 
The anion of toroidal shape has two isomers, designated a and /?, differ- 
ing slightly by the atom connectivity. A view of the (Y isomer is depicted 
in Fig. 6. This view highlights the presence of two sodium atoms encap- 
sulated within the ring, stabilizing the highly charged cluster. They 
may also play the role of template ion, inducing the formation of the 
cyclic structure. 

B. METALS WITH AN OCTAHEDRAL COORDINATION 

The number of metal wheels and, more generally, polynuclear cage 
complexes of the 3d metals has increased considerably in the last 
decade because of their magnetic properties, especially their behavior 

FG. 6. Ball and stick representation of tu-[NazFelxS:jO]X : Na atoms, crosshatched 
spheres; the Na-S bonds are drawn as dotted lines. 



8 DOLBECQ AND SlkCHERESSE 

as “single-molecule” magnets. This field of research started after the 
discovery in 1991 of the dodecanuclear manganese cage [MnizOiz 
(02CMe)16(H20)4] (27) which has an S = 10 ground state. A large energy 
barrier between the M = -10 and M = $10 states leads to a slow relaxa- 
tion of their magnetization below 10 K. Therefore, after the application 
of an external magnetic field, the molecule keeps its magnetization and 
behaves as a single-molecule magnet. However, so far, it is difficult to 
predict whether a molecule will have a high energy barrier or not. This 
explains the effort of synthetic chemists to design a large stock of com- 
pounds that will allow a systematic analysis of their properties and an 
understanding of the relationships between their composition and 
their magnetic properties. A review of the families of high nuclearity 
cages has been published recently (28). We will focus in this section on 
a specific class of cages, the metal wheels, known also as metallacoro- 
nates, from a structural point of view, including the molecules that do 
not necessarily have magnetic properties, starting with the smallest 
hexanuclear wheel and reaching the largest wheel known so far which 
contains 24 nickel atoms. We will give the most striking examples for 
each category of wheels, not necessarily trying to be exhaustive as this 
class of compound is very large. 

1. Hexanuclear Wheels 

The hexanuclear rings are regular, the six metal atoms being located 
at the corners of a hexagon. Formal replacement of the six metal atoms 
by ethane bridges leads to the topologically equivalent crown ether 
[12]crown-6, thus sometimes leading to the denomination of [12]metalla- 
crown-6 for the metallic rings. The diameter of the hexanuclear rings, 
defined as the distance between two opposite metal atoms, is about 
6.5 A. 

The manganese wheels and particularly the Mn(II1) compounds 
attract much interest for single-molecule magnetism as the ferromag- 
netic coupling of Mn ions leads to ground states with high spin values. 
In {Mn c [Mns(OMe),,(dbm),]} (29) and {Na c [Mns(OMe),,(dbm),]}+ 
(30) where Hdbm is dibenzoylmethane, the six Mn ions of the wheel 
are bridged by us-OMe and us-OMe ligands and chelating dbm anions 
are found on the remaining coordination sites. In the heptanuclear com- 
plex, the metal wheel contains two Mn(I1) and four Mn(II1) ions whereas 
the central trapped Mn ion is a Mn(I1) ion. In the sodium complex, all 
the Mn ions of the metal core are Mn(II1) ions. In both manganese com- 
plexes, the Mn(II1) ions are ferromagnetically coupled to give an 
S = 12 ground state. 
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The {Mn c [MnG(OH),Cl,(hmp),]G}2+ (31) complex, where hmp is 2- 
hydroxymethylpyridine, is structurally very close to these two manga- 
nese rings. It is a mixed-valence manganese cluster with a central 
Mn2+ ion. A Cl- counterion is hydrogen-bonded to the n,?-OH- groups 
which bridge the six Mn ions. 

The Fes rings have also been extensively studied. 
[Fes(p,-OMe),,(dbm),] (32,33) is a neutral species but in the solid state 
it crystallizes with NaCl to give [Na c Fe6(pz-OMe)i2(dbm),1+. The 
NaC ion is trapped in the center of the iron wheel, which acts like a 
crown ether complexing an alkaline ion. 

Another example of a ternplated structure is given by 
{Na c Fe~[N(CH2CH20)316~f (34), h w ere a sodium cation, in a distorted 
octahedral environment of six pa-oxygen atoms, is encapsulated in the 
center of the hexanuclear iron ring. Triethanolamine acts as a tetra- 
dentate ligand, linking three Fe(II1) ions. The structure of 
W c FedWWK%I,I ’ is depicted in Fig. 7 as a representative 
member of this family of hexanuclear rings. 

The size of the sodium ion is perfectly adapted to the size of the 
cavity and probably sodium ions act as template ions for the synth- 
esis of the six-membered cyclic structure. However, most of the 
metal rings have been discovered by serendipity and their syntheses 
rationalized a posteriori. The presence of a template agent does not 
seem necessary for all the compounds, as exemplified by the synth- 
esis of (Fes[H3C-N(CH2CH20)2]6Cls} (34). In this complex, one 
CH$HzOH substituent of the ligand used for the synthesis of 
{Na c Fe6[N(CH~CH20),],}i has b een replaced by a methyl group, 
leading to a tridentate ligand instead of a tetradentate one, and a 
p,-bridging chloride ion now completes the coordination sphere of 
the Fe(II1) ions. The ring is empty. 

Titanium wheels are rare but not uncommon. Two recent examples 
are [Ti(n2-N-methyldiethoxoamine)(p2-o>ls (35) and [Ti(p-NMe2) 
(NMes)(p-F)(F)]s (36’). The latter compound is a unique example of a cyc- 
lic structure with bridging fluoride and amide groups. The hexanuclear 
structure is formed from distorted octahedrally coordinated titanium 
centers. The Ti octahedra are edge-sharing. This molecule was isolated 
as a by-product in the synthesis of titanium complexes with the penta- 
methylcyclopentadienide (Cp*) ligand. 

Finally, we also mention a cobalt ring (37), and the non-magnetic ring 
{Zn c LW-w)21s>2’ analogue (38) in which hmp is 2-hydroxymethyl- 
pyridine. A central octahedral Zn” ion is encapsulated in a hexa- 
nuclear ring. 
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FIG. 7. Ball and stick representations of (a) {Na C Fe6[N(CH2CH,0),],}’ and (b) 
(‘2s c Fe@(CHd=,O&Z ‘, showing the template effect of the alkaline cation. 
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2. Octanuclear Wheels 

A nice example of the self-assembly control of these supramolecular 
species (39) by the size of the template ion is given by the preparation 
of the octanuclear ring {Cs c Fes[N(CHZCH20)Js}+ (34). When the 
synthesis of the metallic ring is performed in the presence of sodium 
ions, the hexanuclear ring {Na c Fe6[N(CH2CH,0),],}’ is obtained, 
whereas in similar conditions but in the presence of cesium ions, instead 
of sodium ions, the octanuclear complex is formed. In this octanuclear 
ring (Fig. 7) the eight iron atoms are located at the corners of a regular 
octagon with a diameter of about 8.2A. The cesium ion is surrounded 
by eight us-O atoms in a quadratic antiprismatic coordination. 

In [V,(p-OH),@-OEt),(p-CH,COO),,] (40), the eight octahedral V(II1) 
atoms, with six oxygen atoms coming from the bridging hydroxide, eth- 
oxide and carboxylate ligands, are located in a crystallographic mirror 
plane. The molecule is neutral and the ring is empty. Interestingly, in 
the solid state, the cyclic compounds are stacked on top of each other 
to produce infinite channels. 

We also mention the octanuclear chromic wheels [CrF(02CCMe3)& 
(42) and [Crs(0H)s(02CPh)i6] (42), which contain eight Cr(II1) ions anti- 
ferromagnetically coupled. 

3. Decanuclear Wheels 

Probably the best known decanuclear ring is [Fe(OMe)z- 
(O&CHZCl)]iO (43,44), known as the molecular “ferric wheel”. In this 
molecule (Fig. S), ten Fe(II1) ions are linked by twenty bridging meth- 
oxide and ten bridging chloroacetate ligands in a similar way to the 
hexanuclear and octanuclear wheels previously described. The Fe(II1) 
ions are antiferromagnetically coupled. The ring has a small inner dia- 
meter of 2-3A because of the presence of methoxy ligands restricting 
the cavity, thus no guest is observed. The [Fe(OMe)a(OzCMe)]10 com- 
plex (45) is very similar to the “ferric wheel” reported by Lippard 
and coworkers. 

While almost all the metallic wheels are synthesized in solution in 
one-pot reactions using standard conditions, the preparation of two 
chromic wheels [Cri&-O&Me)&-OR)ss], R = Et or Me, by solvo- 
thermal reactions, on heating trinuclear chromium acetate in MeOH 
or EtOH, has recently been described (46). Interestingly, studies of mag- 
netic susceptibilities revealed two different magnetic behaviors, 
namely a ferromagnetic Cr(II1) . Cr(II1) exchange for R = Et and an 
antiferromagnetic exchange for R = Me. 
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FIG. 8. Ball and stick representation of [Fe(OMe)~(O&CH,C1)]IO. 

4. Dodecanuclear Wheels 

An example of a dodecanuclear ring is [Ni12(02CMe)12-(chp)is 
(HsO)s(THF)s] (47), where chp is the anion of 6-chloro-Zpyridone; mag- 
netic studies indicate ferromagnetic coupling between the Ni(I1) ions, 
leading to an S = 12 ground state. The isostructural cobalt wheel has 
also been synthesized (48). 

5. The Largest Wheels 

Wheels with nuclearities greater than twelve can no longer be 
described as formed from mononuclear fragments. In contrast, more 
than one type of bridging ligand is necessary to stabilize these large 
structures, and the building units are constituted of dinuclear or tri- 
nuclear fragments, as exemplified by [Fe(OH)(XDK)Fez(OCH& 
(O&CH&]s (49) where XDK is the dianion of m-xylylenediamine 
bis(Kemp’s triacid imide). This complex is designated by the authors 
as the “molecular Bwheeler” and is so far the largest cyclic iron(II1) 
cluster. The Fe(II1) centers are antiferromagnetically coupled. The 
inner diameter of the wheel is 4-5A, showing once more that the ring 
size does not necessarily determine the diameter of the inner cavity. 

The search for high nuclearity cages has led recently to the striking 
complex [Ni~~(OH)s(mpo)lG(O~CMe)z~(Hmpo)ls] (50) where mpo is 3- 
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methyl-3-pyrazolin-5-one; this ring (Fig. 9) owing to its size, is much less 
circular than smaller cyclic structures. The structure is stabilized by 
hydrogen bonding interactions between protons of the mpo ligands 
and oxygen atoms from acetate and mpo ligands. Magnetic measure- 
ments are consistent with the presence of 24 S = 1 centers, weakly anti- 
ferromagnetically coupled at low temperature. 

III. Wheel-Shaped Polyoxo(thio)metalates with Metals in High Oxidation States 
(IV, v, VI) 

Two types of compound are observed, the first one being composed of 
the Mo(V1) and W(V1) pentanuclear and hexanuclear rings as well as 
the cyclic V(IV) octanuclear ring. These rings can be described as oligo- 
mers of MO6 octahedra with oxygen atoms coming from terminal 0x0 
groups, bridging 0x0 or methoxy ligands and organic ligands. In these 
rings all the M M distances are approximately equal. In the second 
class of compounds, the common building unit is the diamagnetic 
Mz02Eie (M = MO(V), W(V); E = 0, S) moiety. Short MO-MO distances 
(2.6A for E = 0, 2.8A for E = S) are indicative of a metal-metal bond. 
Each metal atom bears one terminal 0x0 ligand and two us-0 or pZ-S 
bridges. In the resulting polyoxo(thio)metalates short MO-MO dis- 
tances, within the M202E2 units, alternate with longer non-bonding 
MO.. MO contacts (3.5A) between the building units. The various 
modes of connection of the organic or inorganic ligands to the metal 
atoms are gathered in Fig. 10. 

A. PENTANUCLEAR~HEELS 

In the pentanuclear rings [(RP0&M50i5]i4~ (M = MO, W; R = 0, 
alkyl or aryl groups), five M(V1) (Mpq = MO, W) atoms in an octahedral 
environment, bearing two terminal 0x0 ligands, are bridged by one 0x0 
group and one ~~-0 and one ~~-0 from a phosphate or a phosphonate 
group, with types 2 and 3 connecting schemes. The RPOa groups lie 
above and below the plane defined by the metal atoms. Numerous 
examples of [(RP0&M5015]14p polyoxoanions have been reported with 
M = MO, R = 0 (51,52,53), R = CH3 (54,55), R= CHaCHZNH; (54) 
R = tBu (55), R = Ph (56,57), R = CHsPh (55) R = C&Hi,NO (58), and 
R = Ci0HZ3N504 (59). An example is depicted in Fig. 11. The tungstate 
analogues are less stable in aqueous solutions; therefore fewer com- 
pounds are described in the literature (SO). 
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FIG. 9. Ball and stick representations of [Ni24(0H)8(mpo)ls(O&Me)24(Hmpo)16] and it! 
trinuclear oligomer. 
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metal atoms. 
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FIG 11. Ball and stick representation of [(CH~PO&MO~O~~]~~~. 

B. HEXANUCLEAR WHEELS 

Heteropolyanions with the Anderson structure have the general for- 
mula [XMsO,JGs (M = MO, W). The six M(V1) atoms form a nearly per- 
fect plane hexagon around the central XOs octahedron, with the 
connecting scheme of type 1 (Fig. 12). The average MO. . . MO distance 
is 3.3 A. The six distorted MO6 octahedra share edges within the hexa- 
nuclear ring. The Anderson structure has been described so far for 
X = Cr(II1) (61), Mn(IV) (62), Co(II1) (6’3), Cu(I1) (64), Zn(I1) (65), Te(V1) 
(66,67), I(1) (68), and Pt(IV) (69). In Anderson structures with central 
atoms having a +2 or $3 charge (Cr, Co, Cu, Zn), the six ~~-0 atoms of 
the XOs octahedra are protonated. 

The structure of the [(RAs)~Mo~O~~]~~ anions is similar to the 
Anderson structure except that the central XOs octahedron with six 
~~-0 atoms has been replaced by two RAsOs tetrahedra sharing three 
~~-0 atoms with the metal atoms of the ring, with types 2 and 3 connect- 
ing schemes (Fig. 13). It has been described for R = CH3 (70), R = 0, 
OH (71), R = (CHs)sCHa (72), and R = PhNHs (73). A structural analogy 
can be made between the polyoxoanion [MosOss14- and the 
[(RAs)~Mo~O~~]~~ anions. Indeed, [Mos0,s14- (74 has a structure simi- 
lar to that of the [(RAs)~Mo~O~~]~~ anions, with two {MOO,} tetrahedra 
replacing the two RAs03 tetrahedra, as shown in Fig. 13. 
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( 1 a 
FIG 12. Ball and stick (a) and polyhedral (b) representations of [TeMosO,,]’ 

FIG. 13. Representation of(a) [(CH3As)~MoGO& compared to (b) [Mo,Ozs]’ 
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( 1 a (b) 
FIG. 14. Ball and stick representation of (a) [CH3AsMo60~1(Hz0)~]2m and (b) 

[(Pz0~)Mo~0~~(H~0)~12-. 

Other examples of hexanuclear rings include [CH3AsMo60si (HsO)$. 
In this anion (75), each MO atom has two terminal oxygen atoms in cis 
position and is coordinated by one water molecule. The Moos octahedra 
form a ring by alternate corner- and edge-sharing around a central 
CHSAsOs tetrahedron, with alternate types 2 and 3 connecting schemes 
(Fig. 14). The structures of [(PRP)Mo~O~~(H~O)~]~~ (R = 0, CHs) (76,77) 
present some similarities. In these anions, four MO atoms are coordi- 
nated to terminal water molecules and one P atom of the central pyro- 
phosphate or methylenediphosphonate group while the remaining two 
are connected to both ends of the inorganic ligand. A noteworthy fea- 
ture of these two structures is that the metal ring loses its rigidity, 
owing to the presence of only one bridging atom, and is therefore much 
less circular than the hexanuclear rings previously described. 

Slight variations on these anions are also encountered in the struc- 
tures of [(RAs)~HMo~O~J-, R = NOsPh (78) and [(RAs)sHsM~sOss]~-, 
R = Ph (79), and the phosphorous analogue [(RP)sMos0sJ4-, R = tBu 
(80). 

C. 0x0 AND OXOTHIO P,Mo, ANIONS 

In the chemistry of MO(V) and phosphates, the very stable anion 
[P4MosEsOss(OH)s]g- (E = 0, S), denoted P4MosEs, is often encoun- 
tered. The fully 0x0 compound P4M0606 has often been obtained by 
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hydrothermal synthesis, starting from MOO:-, metallic MO, as reducing 
agent, and phosphate ions. The degree of protonation varies from one 
structure to the other (81). Our group has recently described the synth- 
esis of the analogous oxothioanion [P4M06Ss022(0H)3]g- (P4M06SS), 
easily prepared in solution under mild conditions starting from the 
[Mo;O&I-S),(H~O)~]~+ th’ location (82). A study of the 0 for S substitu- 
tion of P4M06SS, in solution, has led to the preparation of the half-substi- 
tuted [P4M06S3025(0H):~]g~ (P4M06S303) (83). We have shown by 31P 
NMR that the substitution is regioselective. Indeed, in P4M06SS, half 
of the sulfur bridging atoms, lying on the opposite side of the phosphate 
groups, are successively replaced by oxygen atoms. All three anions 
present the same overall structure depicted in Fig. 15. 

In P4M06ES (E = 0, S), three {MosE4) units are mutually connected 
by a peripheral phosphato ligand and by a hydroxo group. The connec- 
tions between each building unit are edge-sharing. The resulting hexa- 
nuclear ring is derived from the Anderson structure. A central 
phosphate group is encapsulated in the metal ring. The central and the 
three peripheral phosphate groups lie on the same side of the plane 
defined by the six molybdenum atoms. The connecting scheme is of 
type 5. The formation of dimeric species is often observed in this family 
of anions with an M2+ . ion (M = Cr, Mn, Fe, Co, Ni, Zn, Cd) or a sodium 
cation, in a regular octahedral coordination, linking two P4M06E6 
anions via three (u-0) atoms of the three {Mo2E4j units (Fig. 15). 

Related structures comprise the organophosphate ion [MoSO15- 
(03PC6H5)(H03PC6H5)z]5- (84) and the [AsMo~O~~(OH)~(SOJ~]~- 
anion, the analogue of the P4MoG06 anion with a central arsenite and 
three peripheral sulfate groups instead of phosphate groups (85). This 
latter compound is a rare example of a compound with {MorO,(p-0),} 
building units prepared in solution, under mild conditions, by reduction 
of a Mo(V1) solution in the presence of arsenite and sulfate groups. 

The structure of the hexanuclear oxovanadium(IV) anion 
[(VO)6(CO)4(OH)9]5- (86’) is highly reminiscent of the structure of the 
P4Mo&j anions with four CO3 groups replacing the four phosphato 
groups. The connecting scheme is of type 5. The nine 0x0 bridges are 
protonated. 

D. OCTANUCLEAR~HEELS 

In [Mo~O~~(OCH&L~] (L = pyridine, 3-methylpyridine, 3,5-lutidine) 
(87,88), the eight MO(V) atoms are linked together alternatively by pairs 
of methoxy ligands and pairs of 0x0 groups with short MoMo distances 
within the {MozOz(p-0),} building units and longer MO. . MO contacts 
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FIG. 15. Ball and stick representations of (a) [P4M060zs(OH)3]g~ (P4M0606), (b) 
[P4MosS3025(OH)3]g- (P,Mo&O& (c) [P,Mo&O~~(OH)~]~~ (P4MosSs); (d) their common 
polyhedral representation; (e) a view of the dimeric species formed by an M2+ ion 
(M = Cr, Mn, Fe, Co, Ni, Zn, Cd) or a sodium cation sandwiched by two P,MosE6 units. 

(3.5 A) between each unit, producing a “tiara” framework (Fig. 16). One 
MO atom of the dinuclear core is in a square pyramidal environment 
and the other one, to which the pyridine ligand is bound, is in a distorted 
octahedral environment. The polyhedra share edges within the ring. In 
the solid state, the rings stack on top of each other, forming channels. 

The geometry of the [MosOis(OCH3)s(PMe3)4] ring (89) is analogous to 
the structure of [MoSOi6(OCH3)sL4] (L = pyridine, 3-methylpyridine, 
3,5-lutidine). 

The geometry of the [Mo~O~~(OCH~)~(C~O~)]~- ring (90) is also quite 
comparable to the other octanuclear rings, with MO atoms alternately 
bridged by two methoxy groups and two 0x0 groups (Fig. 17). A remark- 
able feature of the structure of [Mo~O~~(OCH~)~(C~OJ]~- is the presence 
of an oxalate ligand inside the cavity. Each oxygen atom of the oxalate 
moiety bridges two MO centers with non-bonding MO. MO distances, 
thus completing the octahedral coordination sphere of each MO atom. 
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FIG. 16. Ball and stick representation of [Mos016(OCH&LJ (L = pyridine). 

The MO octahedra share edges within the ring. The molybdenum wheel 
[Mo~O~~(OCH~)~(C~O~)]~~ is the first example of a metal wheel incorpor- 
ating organic ligands. This compound was synthesized from a mixture 
of rhodizonic acid CsH20s and cu-[q-(C4H&N][Mos0s6] in CHsOH; a 
decomposition of the rhodizonic acid, concomitant with the reduction 
of Mo(V1) ions, leads to the octanuclear ring. We have recently devel- 
oped a rational synthetic approach for the preparation of oxothiomolyb- 
date rings incorporating various organic or inorganic ligands, based 
on the self-condensation of { Moy02 ( P-S)~}‘+ structural units. On addi- 
tion of hydroxide ions to a solution of [Mo~S~O~(H~O)~]~+, at pH below 
3, a yellow solid precipitates (91) and affords, after recrystallization, 
the neutral cyclic derivative [Mo~~S~~O~~(OH)~~(H~O)~] (92) the first 
member of this new family of oxothio compounds (see below). The 
crude product regenerates the thiocation in acid media and hydrolyzes 
in basic media to give the [Mo&S~O~(OH)~(H~O)~]‘- anion, and is there- 
fore a convenient precursor for further condensation reactions. The 
octanuclear ring [Mo~S~O~(OH)~(C~O~)]~~ is synthesized in good yield 
by the reaction of the crude product and a stoichiometric amount of 
oxalate ions, in water, at pH around 5. The structure of 
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w 
FIG. 17. Ball and stick representations of the octanuclear rings (a) [MosO1s(OCHs)s 

(C,O,)]‘~, (b) [Mo~S~O~~(OH)~(C~O~)]~~, (c) [VsOs(OCH ) (C 0 )I’-; 316 2 4 (d) their common 
polyhedral representation. 

[Mo~S~O~(OH)~(C~O~)]~- (Fig. 17) . is analogous to that of [MosOis 
(OCHs)s(C204)]2P with hydroxo bridges in place of methoxy groups and 
(l.t2-S) bridges instead of (~~-0) bridges. 

The structure of the V(IV) ring [VsOs(OCH3)16(Cz04)]2- (93) is similar 
to that of [Mo~O~~(OCH~)~(C~O~)]~- and [Mo~S~O~(OH)~(C~O~)]~, 
except that the vanadium analog exhibits methoxy bridges exclusively 
rather than alternating methoxy or hydroxo and 0x0 bridging pairs 
(Fig. 17). Consequently, the V.. V distances are quite similar, while in 
the MO(V) rings short and long MO. . . MO separations alternate within 
the ring. The V(IV) octanuclear ring is a unique example of a V cyclic 
compound. The polyhedral representation of the octanuclear rings 
(Fig. 17) shows the connecting schemes between the Mos octahedra, 
alternately edge-sharing and face-sharing. 

Octanuclear molybdenum wheels incorporating a Mo(V1) (94) or a 
W(VI) (95) octahedron can also be prepared from a basic solution of the 
oxothio precursor containing a stoichiometric amount of molybdate or 
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tungstate. The M(V1) (M = MO, W) atoms of the central octahedron 
bear one terminal 0x0 group, one terminal aquo ligand, and are con- 
nected to the MO(V) framework via four ~~-0 atoms (Fig. 18). The 
[M~AS~O~(OH)~{HW~~(H~~>)I~- anion crystallizes as a lithium salt, 
exhibiting a remarkable three-dimensional structure with oxothio- 
anions anchored to partially filled lithium columns interleaved by an 
intricate hydrogen-bonded network of water molecules which confer 
ionic conductivity properties (95). 

E. DECANUCLEAR AND DODECANUCLEAR WHEELS 

In DMF, the self-condensation of the {Mo,O,(~-S),}~+ precursor in 
the presence of iodide (91) or chloride (96’) led to the decanuclear anionic 
ring [X~Mo1001&s(OH)i~(H20)j12- (Fig. 19). Five units are connected 
to each other by double hydroxo bridges to form the neutral 
[Mo~~O&&~(OH)~~(H~O)~] cyclic skeleton. Two halides are symmetri- 
cally located on both sides of the planar ring. The distance between 
the two halides and the five inner water molecules is short (3.576 
3.622 A for X = I, 3.201-3.376 A for X = Cl), suggesting the stability of 
the bis-halide ring is related to strong hydrogen bonds within the cavity. 
The five X.. . H-OH.. X interactions result in a shortening of the 
X. X distance, giving a value close to the sum of the halide ionic radii. 

FIG 18. (a) Ball and stick and (b) polyhedral representation of [MosS80s(OH)s(HW05 
(Hd3]13-. 
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FIG. 19. Ball and stick (a) and polyhedral (b) representations of the decanuclear ring in 

[X2Mo,0Sl~010(OH)1~(H20)512~ (X = Cl, I) showing the two halide ions floating over the 
cavity of the Mole ring through hydrogen bonding interactions. 

Another type of decameric ring, [ClM0~~0&~(OH)~~(Hs0)313-, has 
been obtained by raising the pH of an aqueous solution of 
{Mo~O,(~-S),}~’ to about pH = 6.2 in the presence of KC1 (96). In con- 
trast to the former decanuclear wheel, the cyclic skeleton is two times 
negatively charged and only a chlorine anion is located on a side of the 
planar MO-ring which gives the -3 overall charge to the wheel. The 
increase of the negative charge is related to the loss of two protons by 
two inner water molecules of the cavity. In the solid state the anionic 
wheels arrange in a 3D framework through the three potassium ions 
balancing the charge. The resulting lattice is characteristic of a micro- 
porous solid, the pores being occupied only by free water molecules. 

In acid medium, about pH = 2.5-3, mixtures containing the 
{Mo~O,(~-S),}~+ d’ t’ lea ion and iodide ions led to a solid which, after 
recrystallization in pure water, gave crystals of the neutral dodeca- 
merit wheel [Mo~~S~~O~~(OH)~~(H~O)~] (92). The cyclic arrangement of 
the neutral Molz-ring delimits a central cavity of 12W diameter lined 
by six water molecules as represented in Fig. 20. These inner water 
molecules are labile enough to be replaced by anionic groups stabilized 
by the cationic behavior of the cavity. Acidification of the molecular 
ring gives back the starting precursor {Mo~O~(~-S),}~+, which illus- 
trates the reversibility of the condensation process. 

The dodecameric former wheel reacts with phosphates to give the two 
phosphato species, [(HPO&MO~~S~~O~~(OH)~~(H~O)~]~- and [(HZPOJ- 
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FIG. 20. Ball and stick representation of the neutral [Mo~~S~~O~~(OH)~~(H~O)~]. 

Moi,-$i0010(OH)i1(H20)~]z-, in equilibrium in solution (97). A complete 
31P NMR study, including variable concentrations in phosphate and 
variable temperature and arsenateephosphate exchanges, allowed one 
to characterize the different species in solution. The neutral cyclic 
backbones [Mo2,Sz,02,(OH),,], 71. = 5, 6, accommodate HPOi- and 
HZPOT ions respectively, resulting in the two structures given in Fig. 
21. For n = 6, four inner water molecules have been replaced in the 
Mols-ring by two HPOF- ions. The resulting wheel is strongly distorted 
from circular to elliptic due to the “pincer effect” of the chelating phos- 
phates. Two MO atoms close to the coordinated phosphates have lost 
their coordinated water, probably because of steric constraints, thus 
adopting a pyramidal geometry, see Fig. 21(a). In the solid state, the dif- 
ferent wheels are mutually connected by sodium cations forming planes 
pillared by sodium columns. For n = 5, the decameric ring is circular, 
a MO atom showing a pyramidal geometry, see Fig. 21(b). 

The Mois wheel can fully encapsulate organic anions whether or not 
the size of the anion matches the ring dimension. Thus, 
[CsH3(C00)3]3- exchanges with the five labile water molecules present 
in the cavity of Mois (98) to form {Mo1zS12012(OH)12[CsH3(COO)3]1,3~. 
In this compound a good correspondence exists between the size of the 
guest and that of the host. Based on this observation, a series of interest- 
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FIG. 21. View of the elliptical (a) [(HP04)~MoIZS12012(0H)I~(H20)214- and circular (b) 

[(HzP0~)~Mo~oS~00,,(OH),,(H,0),12~. 

ing experiments has been performed by varying the size of the guest and 
showing that the host adapts its size to accommodate the anionic tem- 
plate (99). Fig. 22 presents the ternplating effect of the size of the alkyl 
chain of carboxylates on the size of the wheels, These wheels exhibit, 
in aqueous solution, striking dynamic effects observed by ‘H NMR at 
varying temperature, see Fig. 23. The variation of the spectra was inter- 
preted by the motion, inside the cavity, of the carboxylate chain, a fro- 
zen conformation being obtained at low temperature. 

With tungsten, the large pillared wheel [W1sO1sS1s(OH)is(HsO)~- 
(C5Hs04)2]4- was obtained by reacting {WzOZ(u-S)Z}2+ as precursor 
with glutarate in DMF (100). This big wheel is flexible and was obtained 
as single crystals under two different symmetries, D2h (regular) and Cz 
(distorted) (100) (Fig. 24). 

IV. From the Molecular Level to Nanostructures 

In this section, the constituting building units are no longer simple 
mononuclear or dinuclear fragments but more complex polyanionic- 
based fragments. The main common geometrical consequence is that 
the metal atoms, which were lying approximately in a plane in simple 
molecular architectures, are arranged in a torus geometry. 

Predicted vacant polyoxometalates can be easily obtained by con- 
trolled hydrolyses, and are good reactive nucleophiles that can form a 
remarkable set of precursors for the design of large soluble molecules. 
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FIG 22. Templating effect of carboxylates: the size of the wheels is tuned by the length of 
the alkyl chain of the carboxylate: (a) (Mo,o)-glutarate, (b) (Molzl-pimelate. (c) (Mo,~)- 
trimesate, (Max)-oxalate (see Fig. 17). 

Ha, Ha, 

10 6 G/ppm 2 -2 

FIG. 23, Variable temperature ‘H NMR spectra for LiJMo,“-glutarate] in CD&N (+: 
solvent feature), Ha. Hb are protons of OH-bridges; Hw are protons of water molecules. 
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FIG. 24. Two glutarate anions acting as molecular pillars in the two conformations of 
[W16S16016(OH)16(Hz0)4(C5Hs04)214~. 

A. CROWN HETEROPOLYANIONS 

The Preyssler anion {Na[PsW300110]‘,‘4-, represented in Fig. 25, 
approximates to DBk symmetry (101,102). It formally contains five 
PWaOss units, each derived from the archetypal Keggin anion 
[PW1a0,0]3- by removal of two sets of three-corner shared WOs octa- 
hedra. The ring contains a Na+ ion statistically distributed on two 
sites located on the C, axis and separated by 2.5 A. The presence of the 
inner cation reduces the symmetry from D5 to C,. The sodium is firmly 
encapsulated in the ring and cannot be directly exchanged by protons, 
which leads to the belief that sodium is required for the stability of the 
polyanion and probably acts as a ternplating agent in the formation pro- 
cess in solution. The sodium cation can be exchanged by calcium, a 
more polarizing cation having almost the same radius (1.26A) but a 
higher charge, on heating at 120°C for several hours (101). 

The Dawson ~-[PsWisOss]~- was used as precursor since it hydrolyzes 
in a series of lacunary polyoxoanions by excision of octahedra (103) 
under controlled addition of a base. The heteropoly structure a- 
[PzW17062]10- is first formed in solution, then (u-[P,Wi505s]i2-, following 
which stable CY-[H~P~W~~O~~]~~- is readily isolated in the solid state. 
After redissolving of the solid in a lithium acetate buffer and addition 
of exclusively potassium ions, K2sLi5[H7PsW4s01s4] crystallizes. The 
crown heteropolyanion (Fig. 26) with approximate Dqh symmetry, for- 
mally results from the condensation of four P2W1z04s subunits derived 
from the a-[PsWisOs.$- Dawson structure by abstraction of six adja- 
cent octahedra. Eight potassium cations are distributed in the cavity 
at 2.74-3.1A from inner oxygen atoms. The presence of potassium 
decreases the repulsion between the negative charges on the inner cav- 
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FIG. 25. Polyhedral view of jNa[PRW300,10])‘1 

FIG. 26. Polyhedral representation of [H7PXW4X01X4]3” 
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ity surface and therefore has a key role in the stability of the {PsWis} 
ring. The remaining cations (K+ and Li’) required to balance the charge 
are distributed in the lattice. 

The molecular structure of [NH~CO~AS~W~~O~~~(H~O)~I~~-, 
{CoZAsqW4s}, represented in Fig. 27, consists of four AsWs0a3 subunits 
related through a pseudo (-4) axis (104) and linked through four extra 
additional WOs octahedra. Each AsWsOas fragment is a Keggin-type 
assemblage of three W301s groups around the trigonal As(II1). The 
lone pair is directed toward the outside of the AsWsOas group, referring 
the anion to the a-B type (105,106). Two AsWs03s units are linked to 
each extra tungsten atom by a corner-sharing process. The unshared 
oxygen atoms, and their symmetry-related positions, indicate a central 
cavity Sl occupied by an NH: cation, while two cobalt(I1) ions are 
located in the S2 sites (see Fig. 27). In the S2 sites the two Co2+ can be 
replaced by four Ag+ cations, although the two cations have quite dif- 
ferent coordination geometry. Her& and colleagues demonstrated the 
affinity of the central Sl site for alkali and rare earth and that of S2 for 

FIG. 27. Representation of the “As~W~~” polyoxoanion. 
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transition metal ions (107). Recently, Pope et al. extended these experi- 
ments showing that the cyclic wheel is versatile enough to trap Ce3+ 
cations (108): [Ce4(H~O),~,,(AsWg033)4As(W03)2+x(W0)5]25-, x < 0.5, 
has a structure reminiscent of the previously described {CoZAsqW4s). 
In recent work, lanthanide cations have been systematically added 
to jAs4W40)., resulting in the formation of the dimeric 
( [(H20)11Ln(Ln20H)(B-o-As03W9030)4(WO~)~]~~40~ (Ln = Ce, Nd, Sm, 
Gd), and discrete [(HzO)loLn(LnaOH)(B-cr-As03W9030)4(W02)4]20- 
(Ln = Ce, Sm, Gd). Other examples are given, illustrating the possibi- 
lity for lanthanide cations to occupy Sl and/or S2 sites (109). 

Thus, in the case of [Ln16AslzW14s0524(Hz0)36]7fi- (Ln = La, Ce, Nd, 
Sm), the As12W14s unit is the largest discrete heteropolytungstate so 
far reported (108). The structure of the anion represented in Fig. 28 
demonstrates that the limits of discrete, water-soluble polyoxometalate 
anions (M = 40 000) have probably not been reached and that various 
strategies of syntheses need to be developed to prepare chemical objects 
pertaining to the mesoscopic domain. The structure consists of an 
AsW~~O~~ group capped by two WOB octahedra and a CeOs square anti- 
prism. This motif is 12 times repeated to generate the geometry of the 

FIG. 28. Polyhedral representation of the giant [Ln16AS12W,4XOj24(H20)3(i]76~; Ln are 
lanthanides. 
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anion. The overall symmetry of the AsisW i4s ring is Dsd; the folding of 
the ring of linked AsWs groups means that there is no large central cav- 
ity, in contrast to the previously described cyclic polyoxometalates. 
The anion is stable in water, allowing ls3W NMR spectroscopy. 

B. “GIANT WHEELS”~~~ DERIVATIVES 

The reduction of acidified solutions of molybdates by various reduc- 
ing agents leads to the well known molybdenum blue solutions (110). 
These solutions, and their derived amorphous solids, have been widely 
studied (111); however, the constitution of these compounds remained 
unclear until Miiller and colleagues prepared and fully characterized 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (112,113), the so-called 
“big wheel”. This beautiful chemistry has been largely developed by 
the Miiller group, with some recent contributions from Chinese groups 
(214-116), and has been the subject of numerous publications and 
reviews (117-119). We have therefore chosen to limit our contribution 
to a summary of the topological features that allows an understanding 
of the shape of these sophisticated giant wheels (spheres are not consid- 
ered here). Obviously these geometrical parameters have a chemical 
origin and result from factors such as the pH of the solution, reducing 
conditions, the presence of linking species (spacers), associated cations, 
and ionic strength (120). 

1. Description of the {Mos}, (Mos] and (MO) Units 

The {Mo8} group consists of a central MOOT or Mo(NO)Os in a bipyra- 
midal arrangement with the five equatorial edges occupied by five 
Moos octahedra. Two further Moos octahedra occupy the axial posi- 
tions to give the {Mo8) unit. The {Mop} unit is made up of two edge-shar- 
ing Mo(VI)Os octahedra, and {MO) is a single Mo(VI)Os octahedron. 

The structures of [Mo~~O~~~(H~O)~~]~-, [Mo3s(N0)4010s(Hz0)1s]1z-, 
[Mo5~V~01~o(N0)~(H20)1812~-, [Mo57Fes0164(N0)6(Hz0)30115- (121-125) 
have been described recently (117) in terms of a combination of basic 
{Mos}, {MO,}, and {MO} units. Two {Mo8} units are connected to a 
{MO} center to generate a {Mo17} group which, self-assembled by two, 
gives the (Moss}-type clusters and, by three, gives the {Mo57}-type clus- 
ter represented in Fig. 29. Three {Mo8} groups are interlinked through 
three {MO} octahedra and three V or Fe atoms. The dimensions of the 
cavity are 0.9 x 0.5 run, perpendicular and parallel to the S3 axis respec- 
tively. Three rather large openings are present in the crown, represent- 
ing further coordination sites for electrophilic entering groups. 
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FeorV 

FIG 29. [Mosi) wheel with central and side-located cavities. 

2. The Big Wheels 

The geometry of [Mo~~~O~~~(NO)~~H~~(H~O)~~]~*- (112,113), {MolS4}, is 
represented in Fig. 30 and can be easily described in terms of {Mos}, 
{Mos} and {MO} units in a combination of 14 of each. An alternative 
topological description has been published recently (116), based on the 
{Moii} building unit obtained by connecting the central bipyramid to 
five MOs octahedra by edge sharing and to five other MO6 octahedra 
by corner sharing, the {Molij thus obtained having C’s symmetry. By 
changing the position of a Moos octahedron in the former {Moll} unit, 
another {Mali) unit, is generated showing Cs symmetry. The two possi- 
bilities are represented in Fig. 31. The (Molij unit of Cs symmetry 
leads to a {Moii}, framework, n = 14 (MolsJ, n = 16 (Moi&, while 
{MO,,}, with C’s symmetry leads to Kleperate type clusters (n = 12, 
(Mo1s2} sphere). The great interest of this novel description is that it 
allows preparation of either wheels or spheres if the chemist is able to 
find the chemical conditions which determine the symmetry of the 
{Moii} unit. It is clear that the Miiller group has managed to control 
this point in terms of the pH and initial reducing conditions (119). 

The big wheel is structurally complete without any defect in the 
skeleton of the crown. The cavity measures about 2OA in diameter, 
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FIG. 30. [Mo~~~O~~s(NO)~~(HzO)~~]z* , the original “big wheel” 

which places this molecule in the nanometer domain and led to the 
thought that new perspectives might exist for developing a host-guest 
chemistry in the cavity. As the MO atoms of the fourteen {MO,} units 
are reduced, the resulting excess of negative charge is partly balanced 
by a high degree of protonation. The cavity is lined by water molecules, 
which are also present at the surface of the crown. This large number 
of water molecules explains the high solubility of the wheel in water. 

cs c5 
FIG. 31. Representations of the {MoI,} fragments. 
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Based on the same principle, [Mo~~~O~~~(H~O)~~]~~~ (126) has a “satu- 
rated structure” and is made up of 16 {Mos), 16 {Meal, and 16 (MO) 
building units. Here the reduction of the {Moaj units introduces 2 x 16 
electrons into the cluster, where the charge is partly balanced by the 
protons in the ring. In the two wheels, the electrons are doubly located, 
(i) on the MO(V) atoms through a metal-metal bond in the jMos) units, 
and (ii) in selected regions of the crown where the (MO& groups are 
situated. 

The reactivity of these wheels is particularly interesting. They can be 
functionalized by ligand exchange (127) and also structurally modified 
by creating defects in the crown by abstraction of (MO) and {Mo2) 
units. In this case, the defects can be used as nucleophile regions to 
form chains or layer structures (1288130) in which wheels are covalently 
linked. For example, the replacement in (MoljqJ of Hz0 ligands located 
in the ring at the [MO,) groups by terminal oxygen atoms of a {MoZi 
group of another ring was successful. This reaction was made possible 
by increasing the nucleophile behavior of the (MO,) unit by adding a 
donating ligand such as HzPO, at appropriate neighboring sites. In 
another type of reaction, defects are also able to accommodate lantha- 
nide cations (132). 

V. Concluding Remarks 

Although further structures may still be obtained in unexpected cir- 
cumstances, efficient methods of synthesis have now been standardized, 
allowing the preparation of sophisticated “a la carte” wheels. 
Combination of hard a-bonding systems with soft hydrogen-bonding 
interactions can lead to wheels containing more and more high-spin 
ground states to open the way to molecular magnets. In POM chemistry, 
the dimensions of the objects are still increasing and designs and 
tunings of cavities of predicted size and predicted reactivity are now 
possible. Applications of the resulting cryptate properties of these 
anions are being tested in the context of the separation process of 
nuclear waste in Europe and the United States. Replacement of oxo- 
atoms in polyoxoanions by sulfide groups was recently successful, thus 
modifying the electronic properties and the archetypal geometries to 
build a new family of polyoxothioanions. 

Synthesis of the “big wheels”, in addition to the intellectual satisfac- 
tion it produces, will serve in the future as a mini-reactor to perform 
hydrolysis reactions at the molecular level. Their colloidal solutions 
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could also serve to develop inorganic reactions in poly-phased medium. 
The wheel approach might also make it possible to obtain, at the mole- 
cular level, compounds with interesting bulk physical properties (mag- 
nets, electron reservoirs, catalysts). 
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I. introduction 

The research field of transition metal organometallic chemistry was 
launched with the discovery of the compound ferrocene (1) just a half- 
century ago (l-5). Interest in ferrocene and the ferrocene family con- 
tinues to increase, primarily because of the compound’s inherent both 
organic and inorganic nature, including its high thermal stability, good 
solubility in organic media, versatility in the synthesis of derivatives 
using a reactivity similar to that of benzene, and its reversible redox abil- 
ity, leading to easy electrochemical and chemical handling of the oxida- 
tion state due to its iron center (6). Because of these advantages, 
ferrocene has been employed as a molecular sensor (9, an electrochemi- 
cal agent (8,9), a molecular ferromagnet (IO), etc. Recently, the develop- 
ment of molecular-based devices has become a realistically attractive 
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target of research (11). Ferrocene and its family are strong candidates for 
inclusion as components of molecular-based devices because of the mer- 
its noted above. In order to utilize the ferrocene family, it is important 
to understand how their electronic function can be regulated when com- 
bined with other molecular parts. In this sense, determining how to con- 
trol the electronic conjugation of ferrocene moieties with each other or 
with other functional molecular moieties is essential for the design and 
construction of intelligent molecular systems. 

The electronic structure of ferrocene includes the three metal-based, 
highest-filled levels derived from the dz2 orbital (ai,) and the c&,, dxzmy2 
orbitals, which are degenerated to give ezg in staggered D5d geometry 
(Fig. 1) (12). The led-oxidized form, the ferrocenium ion, has a similar 
electronic structure except for the energy levels of ezg and alg being 
reversed, which leads to the singly occupied molecular orbital (SOMO) 
of the ferrocenium ion being e2g. The ez, orbitals have some character of 
S-back-bonding through interaction with a combination of the cyclopen- 
tadienyl (Cp) anion lowest unoccupied molecular orbital (LUMOs), and 
the alg orbital involves some interaction of dz2 with the metal s orbital 
and with the Cp rings. The next highest orbitals, el,, of ferrocene are pri- 
marily ligand based, with some contribution from the metalp, andp, orbi- 

_ 
- azu3 eh P 

- alg s 

d 
a’lg 2 E d 

_ alg. elg3 ezg ‘..ezg - - .. - 

elg,ehz -_‘- 42.yz 4, 
_- 

... _- 
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FIG. 1. Electronic structure of ferrocene (1). 
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tals. In contrast, the LUMO of ferrocene is derived from an out-of-phase T 
interaction between the d,, /dyz and Cp orbitals and has el, symmetry. 
Bonding of the electron-donating moieties to the Cp rings raises the ener- 
gies of both the filled d-orbitals and the highest ligand-based orbitals, 
and the electron-withdrawing group does the opposite. However, due to 
the presence of the Cp rings, when a conjugated system is attached to fer- 
rocene the most significant perturbation is not. of the metal-based highest 
occupied molecular orbitals (HOMOs) but of the orbitals just below 
them. Actually, in a ferrocene derivative with a moderate electron-with- 
drawing conjugated substituent, the first ionization potential and elec- 
trochemical oxidation potential are similar to those of ferrocene (13-15). 

Among the numerous known ferrocene derivatives, ferrocene oligo- 
mers in which the ferrocene units interact with each other electroni- 
cally are part of a novel group exhibiting a formation of mixed-valence 
states where Fe(I1) (ferrocene) and Fe(II1) (ferrocenium ion) coexist 
within a molecule (1618). In general, the study of intramolecular inter- 
nuclear electron transfer in the mixed-valence complexes has provided 
insight into the factors that affect the rates of electron transfer in solu- 
tion redox processes, solid-state materials, and biological electron- 
transport chains. The mechanism and kinetics of electron transfer reac- 
tions are generally considered in terms of the Marcus-Hush theory 
(19). Electrochemical and optical properties are the most convenient 
experimental means of measuring the magnitude of internuclear elec- 
tronic interactions in the mixed-valence complexes in solution. 
Various other techniques such as Mossbauer, IR, Raman, NMR, and 
ESR as well as photoelectron spectroscopy and X-ray crystallography 
have been employed to measure the electron-exchange rate with differ- 
ent time windows from lo-” to 10-l” s in the mixed-valence complexes, 
not only in solution but in the solid state. 

In most cases of ferrocene dimers, the internuclear interaction is sup- 
ported by conjugation through the Cp rings, as expected from the elec- 
tronic structure of the ferrocene noted above. Biferrocene, 2, is the 
most representative conjugated ferrocene dimer, and its monocationic 
form has been an unremitting target molecule for the study of mixed 
valency both in solution and in the solid state. In contrast, studies on 
oligoferrocenylenes higher than terferrocene, 3-5, have been rather lim- 
ited, probably because of growing difficulties in synthesis and handling 
due to a loss of solubility with increase in the number of ferrocene 
units. A variety of other ferrocene dimers and higher oligomers with 
conjugated spacer groups have also been synthesized. Their physical 
properties indicate that the chemical structure of the conjugated spacer 
group and its length dramatically affect the electronic interaction 
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between the ferrocene moieties. Introduction of the proper bridging 
ligand between ferrocene moieties and modification of the Cp rings 
have brought about functionalities conferring unique physical and 
chemical properties. 

Another category of the conjugated ferrocene system is constructed 
by a combination with electron-accepting molecular units. As the ferro- 
cene moiety works as a good donor, these donor-acceptor conjugated 
compounds attract attention due to their fluctuating electronic struc- 
tures, which are sensitive to outer fields, and exhibit novel behavior 
such as second-order non-linear optical (NLO) properties (20) and facile 
intramolecular electron transfer, causing drastic change in structure 
and physical properties. 

In this chapter, an overview is given of recent reports concerning con- 
jugated ferrocene systems in the following three categories: (1) oligo- 
and poly-ferrocenylenes, (2) ferrocene oligomers and polymers with con- 
jugated spacers, and (3) ferrocene-acceptor conjugated compounds. 
Several reviews related to the above subjects and theoretical studies 
of mixed-valence complexes have been available (21-28); as a result, 
the redox properties and functionalities of the conjugated ferrocene sys- 
tems are a primary focus in this chapter. In particular, analysis of the 
intramolecular electronic interaction based on the neighboring-site 
interaction model, isomerization behavior of azoferrocene, and proton- 
coupled intramolecular electron transfer in ferrocene-quinone com- 
plexes are described in each category. 

II. Oligo- and Poly-Ferrocenylenes 

A. BIFERROCENE~~ERVIEW 

Biferrocene, 2, is the simplest conjugated ferrocene dimer formed by 
connecting two ferrocene moieties directly at the Cp rings (the fusion 
of two Cp rings forms the dianionic fulvalene ligand). The mixed- 
valence state formation of biferrocene by le oxidation attracted a 
great deal of interest in the 1970s (29), exhibiting various characteristic 
chemical and physical phenomena such as two-step one-electron oxida- 
tion of biferrocene corresponding to Fe(III)Fe(II)/Fe(II)Fe(II) and 
Fe(III)Fe(III)/Fe(III)Fe(II) couples and absorption in the near-IR region 
due to intervalence transfer (IT) (or metal-to-metal charge transfer 
(MMCT)). Analysis of the IT band has confirmed that the monocation 
belongs to Robin and Day class II mixed-valence complexes with med- 
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ium delocalization and a double potential minimum in the ground state 
(30). The energy of the IT band maximum (5000 cm-i) and the strong 
electronic coupling between the two mixed-valence states, which 
respectively provide the small barrier (ca. 15 kJ mol-‘) and the rela- 
tively large transparence coefficient K = 1 (31,32), suggest a large rate 
constant for intramolecular electron transfer between the Fe(I1) and 
Fe(II1) forms with lz,, > 10” s-l in solution. Quantitative measurement 
of the absolute bet values in solution has been carried out using NMR 
spin-lattice relaxation by Masuda et al. (33). The Ket value of 
biferrocenium(l+) lies in the range of (0.84-1.77) x 10i2s-i at 298K, 
depending on the solvent. 

Valence trapping and detrapping in the solid state has been an in- 
triguing target of research for the monocationic form of biferrocene 
and its derivatives, G12 (29,32,3453). Variable temperature 57Fe 
Mossbauer spectroscopy, in which quadrupole splitting is large for fer- 
rocene and small for ferrocenium, has been efficiently employed in ana- 
lyzing valence detrapping, showing the coalescence of peaks, and in 
estimating an electron transfer rate on the order of 10b7s in the solid 
state. IR spectra of the ring-metal stretch at 4OC~500 cm-’ and the C-H 
bending vibration at BOO-900 cm-’ have provided information around a 
time scale of lo-l1 s. EPR spectra and X-ray crystal structures have 
also been used to observe phase transitions by valence trapping. Some 
of the most thoroughly studied mixed-valence compounds are triiodide 
salts of biferrocenium(l+) derivatives with various substituents on Cp 
rings (7-12). It has been found that the environment surrounding a 
cation is the most important factor in determining the rate of intramole- 
cular electron transfer. Recent studies of Dong et al. on biferrocenium 
salts, involving changes in the number and type of substituents, have 
shown that the cation-anion van der Waals interactions, the ring tilt 
between two Cp rings induced by the bulkiness of ligands, and the differ- 
ence in crystal structures have marked effects on h,, (34). Nakashima 
et al. have discussed separately the effects of cation symmetry and pack- 
ing, using racemic and chiral biferrocenium derivatives (36). 

Electron transfer in the mixed-valence biferrocenium cation has been 
interpreted using PKS theory by Boukheddaden et al. (54). The HOMO 
of biferrocene is not easily estimated because the HOMO of ferrocene 
is alg and that of ferrocenium is ezg, and biferrocenium is the mixture 
of both components (Fig. 2). The molecular-orbital calculation indicates 
that the dZZ HOMO should result in a dramatic increase in the quadru- 
pole splitting of the 57Fe Mossbauer spectra; thus far, however, no exam- 
ples of a biferrocenium salt with quadrupole splitting larger than that 
of ferrocene in either the trapped or the detrapped state have been 
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FIG. 2. Electronic structure of biferrocene (2): (a) energy diagram; (b) illustration of 
large electronic interaction between dx2-y2 orbitals (ezg) of ferrocene units throughp, orbi- 
tals of Cp rings (54). 

found. This rules out the possibility of a dZz-based HOMO and indicates 
that d, and dx2-y2 should generate the HOMO of biferrocenium(l+). 
The electronic interaction for d, is larger than for dZ2-y2, and the PKS 
model for intramolecular properties, considering both limiting cases, 
has been found to be fully consistent with available experimental data, 
the distortion parameter of the crystal structure, the transfer integral 
obtained from the IT band analysis, a specific heat Schottky anomaly 
(55), and the faster electron exchange compared with the Mossbauer 
time scale. 

B. OLIGO- AND POLY-(1,l ‘-FERROCENYLENE) OVERVIEW 

Synthesis of unsubstituted oligo- and poly-(l,l’-ferrocenylene) (2-5) 
has been carried out by various methods based on the established coup- 
ling reactions of benzene derivatives (56). The highest molecular weight 
of poly(l,l’-ferrocenylene) among those reported has reached 446 kDa 
(57-59). The limitation regarding molecular weight is primarily caused 
by a rapid decrease in solubility with increase in the degree of polymer- 
ization. Because of this low solubility of higher-order oligomers, study 
of their physical properties has been limited. Introduction of hexyl 
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groups to the Cp ring gives oligomers and polymers, 13-15, with good 
solubility in regular organic solvents (60). 

The color of oligo- and poly-(l,l’-ferrocenylene) and their derivatives 
depends on the molecular weight, changing from orange to dark brown 
with increasing molecular mass (5660). The polymer is air-stable, ther- 
mostable (m.p. > 350°C when A& 2 4700 (62)) and insulating 
(~7 = lo-l2 (56), 0.4-8 x lOpi S cm-l (57) in the neutral state. An interest- 
ing question regarding the electronic structure of this polymer relates 
to how the d-electron delocalization occurs along the polymer chain. 
Experimental results concerning this question have been obtained by 
both UV-Vis and Mossbauer spectroscopy. Both the absorption max- 
ima, A,,, and molar absorption coefficients t of oligoferrocenylenes 
increase with the number of units n when n < 4, but remain almost con- 
stant when n 2 4 (60,62,63), denoting the lack of significant electronic 
delocalization along the polymer chain. This increase is also supported 
by the Mossbauer spectroscopic parameters of ferrocene, biferrocene, 
and polyferrocenylene being relatively consistent, implying little or no 
d-electron interaction between adjacent ferrocene units (56). 

Physical properties of 5 in the chemically oxidized (doped) form have 
been reported by several groups. The intervalence-transfer (IT) band of 
5 oxidized with p-benzoquinone/HBr under argon appears at 1800- 
1850nm, irrespective of the molecular weight and oxidation degree 
(56’). These values are similar to those for the mixed valence states of 
oligoferrocenylenes, 2-4, 1670-1990 nm (see below) (5664). The electri- 
cal conductivity of 5 is increased dramatically by partial oxidation 
(65,66), affording at most 1 x lop4 and 4 x lop2 S cm-’ for I3 and TCNQ 
doped forms, respectively, for polymer samples with M,, = 5 x lo3 (57). 
This result convincingly demonstrates that the through-bond electronic 
interaction in the mixed-valence state provides a better path for intra- 
chain electronic conduction, resulting in higher bulk conductivity 
than would be found in a system composed simply of non-interacting fer- 
rocene and ferrocenium units such as poly(vinylferrocene). However, 
the conductivity of poly(l,l’-ferrocenylene) is lower than that of x-con- 
jugated organic conducting polymers such as polyacetylene, polypyr- 
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role, polythiophene, and polyaniline in the doped state, because the 
charge is very localized at the metal sites in the conjugated ferrocene 
polymers in which the ferrocene units are involved in the main chain. 
This finding is supported by the results of the crystal orbital calcula- 
tion, as described below. 

Although poly(ferrocenylene) in the partially oxidized valence state 
has an intrinsic semiconducting nature, as noted above, photoconduc- 
tivity has been found for the complexes of oligo(l,l’-dihexylferro- 
cenylene)s, 132-136, and poly(dihexylferrocenylene) (15) with 
tetracyanoethylene (TCNE) (60,67). The complexes exhibit both 
charge-transfer (CT) and intervalence-transfer (IT) bands in the near- 
IR region. Mossbauer spectra of 13,-TCNE and 13,-TCNE at low tem- 
peratures (50-293 K) both give peaks due to Fe(II1) of ferrocenium and 
Fe(I1) of ferrocene, indicating that the charge is localized on the time 
scale of Mossbauer spectroscopy (10p7s). The ratio of Fe(II1) to total Fe 
estimated from the peak area and intensity of the spectra depends on 
the temperature, and is almost coincident with that theoretically deter- 
mined from the formal potentials of 13s, 134, and TCNE, and from the 
Nernst equation. Photoirradiation of the 15-TCNE CT complex with 
near-IR light gives greater electronic conductivity than does irradia- 
tion with visible light. A positive dependence is observed between the 
near-IR photoconductivity and the number of ferrocene units in oligo- 
and poly-(dihexylferrocenylene)s. These results indicate that both IT 
and CT band excitation cause photoconductivity; more specifically, 
the CT band excitation alters the charge distribution on the poly(ferro- 
cenylene) chain, and IT band excitation accelerates the intra-chain 
charge-transport rate. 

A semiempirical crystal orbital calculation of 5 using the INDO 
method was carried out by Bijhm (68). It is predicted that the highest 
filled band of polyferrocenylene is a ligand n-band and that Fe 3d 
bands are at lower energies. The calculated bandwidths for antisym- 
metric bands are narrow (< 0.6eV) and those of symmetric bands 
broaden up to 2.6 eV as a result of the stronger intercell coupling. By 
avoiding crossing regions in the reciprocal k space region, a strong 
metal-ligand intermixing in some of the outer valence bands is 
observed. The conduction band is a ligand n-band with a narrow band- 
width, 0.04 eV, and the band gap is estimated to be 7.55 eV. These results 
are in agreement with experimental results showing that 5 in the neu- 
tral form is an insulator and that its electronic spectrum is somewhat 
dependent on the molecular mass (see above). It has also been shown 
that the hole states in the partially oxidized form of 5 are probably 
unstable against the formation of a state with trapped valencies, sug- 



CONJUGATED FERROCENE SYSTEMS 51 

gesting that the conduction process of the partially oxidized polyferro- 
cenylene derivative must be described as a hopping event between two 
iron sites in different oxidation states. 

The electrochemistry of oligo- and poly-(ferrocenylene) is an intri- 
guing subject of research because this system is an ideal model for 
demonstrating how the sequence of the redox site interaction dominates 
the redox properties of the whole system. Electrochemical properties 
have been reported on oligoferrocenylenes with n 2 4 by Brown et al. 
(64). The oligomers give the same number of le- oxidation waves as the 
ferrocene units, forming mixed-valence complexes before reaching the 
fully oxidized form with all Fe(II1). In the mixed valence states of the oli- 
gomers with n > 2, there is more than one possibility for positioning 
the ferrocenium unit(s) in the chain, possibly resulting in oxidation- 
state isomerism. For example, two isomers, Fc+-Fc’-Fc+ and Fc’- 
Fc”-Fc, where Fc and Fc’ are 1-ferrocenyl and l,l’-ferrocenylene, 
respectively, exist as the dicationic form of terferrocenylene, and it 
has been estimated that the former is thermodynamically more stable 
by 11.5 kJmoll’ on the basis of a method using a potential shift para- 
meter of substituent effect. The negative shift of the first oxidation 
potential with increase in the number of ferrocene units has been 
explained as a result of the electron-withdrawing effects of the ferro- 
cenyl group. Recently, Dong et al. (69) have prepared disubstituted ter- 
ferrocenes (16) and tetraferrocenes (17) and have analyzed their redox 
properties by a method similar to that of Brown et al. 57Fe-MGssbauer 
spectra of their mixed-valence cation indicates the presence of 
valence-trapping on a time scale of 10e7s. 

There is one report of the redox properties of poly(ferrocenylene) by 
Oyama et al. noting that the cyclic voltammetry of low molecular weight 
poly(ferrocenylene) (1M, = 900) dissolved in CH&& or electrodeposited 
on Pt gives a broad redox wave with two (or three) peaks between 0.2 
and 0.8 V vs. SSCE (70). 

Contrary to the continuous advances in the study of poly(l,l’-ferroce- 
nylene), investigation of other related polymetallocenylenes has been 
retarded. Oligo(l,Z-ferrocenylene)s (18, n = 335) have been synthesized 
by the Ullmann coupling of iodoferrocene and 1,2-diiodoferrocene 
(71,72). A lesser amount of coplanarity between directly joined rings is 
inferred from NMR data for the sterically crowded 1,2-terferrocenylene. 
Mass spectra of 1,2-terferrocenylene and one of the 1,2-pentaferrocenyl- 
enes have suggested a highly probable elimination of two hydrogen 
atoms and a subsequent cyclization. Electrochemistry and physical 
data on the oxidized forms of the oligo(l,Zferrocenylene)s have not yet 
been obtained. 
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C. NEIGHBORING-SITE INTERACTION MODEL AND REDOX PROPERTIES OF 

OLIGO(FERROCENYLENE) 

In general, thermodynamic stability of a mixed-valence dinuclear 
complex, which is denoted as a combination of reduced (Red) and oxi- 
dized (Ox) sites, Red-Ox, is exhibited as a difference in redox potentials 
AE” = E’(Ox-Ox/Red-Ox) - E’(Red-Ox/Red-Red). This difference is 
related to the comproportionation constant, K,, defined in Eq. (1): 

Kc = exp(AE’F/RT) 0) 

The free energy of comproportionation, AG,, involves several factors, as 
given in Eq. (2) by Sutton et al.: 

AG, = AG, + AG, + AGi + AG, (2) 

where AG, reflects the statistical distribution of the comproportiona- 
tion equilibrium, AG, accounts for the electrostatic repulsion of the 
two like-charged metal nuclei, AG; is an inductive factor dealing with 
competitive coordination of the bridging ligand by the metal nuclei, 
and AC, is the free energy of resonance exchange-the only component 
of AG, that represents actual metal-metal coupling (73). A recent 
paper of Crutchley et al. noting the involvement of an extra parameter, 
AG,,, which concerns the stabilization of one of the reactants in AG,, 
has been presented by Sutin as a private communication (74. This 
approach has been employed for various mixed-valence complexes, but 
the analysis has been restricted to mostly dinuclear species. 

An approach that provides a general theoretical insight into the 
redox properties of a linearly combined multi-redox system has been 
presented by Aoki and Chen (75). The theory is constructed on the 
basis of interaction energies between neighboring redox sites, Uon, 
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uoo, and ZLRR, where OR, 00, and RR denote combinations of Ox and 
Red, Ox and Ox, and Red and Red, respectively. Each interaction 
energy involves all the parameters given in Eq. (Z), but we can assume 
that UoR and uoo consist primarily of resonance exchange energy 
(AG,) and electrostatic repulsion energy (AC,), respectively, when the 
internuclear electronic interaction is strong and the oxidized site is 
positively charged such as in conjugated ferrocene oligomers. More spe- 
cifically, ~0s is negative, uoo is positive, and ZLRR is less important 
than the others. An interesting forecast of the theory is that a system 
with an odd number of redox nuclei, n = 2m + 1 (m > l), gives three 
redox waves with m, 1, and m electrons, and a system with an even num- 
ber of redox nuclei, n = 2m + 2 (m >_ l), gives four redox waves with m, 
1, 1, and m electrons. Consequently, it is predicted that the number of 
waves converges to two when m approaches infinity. 

The first experimental recognition of the dependence on the number 
of redox nuclei in the linearly combined multi-redox system was 
obtained as a result of using oligo(dihexylferrocenylene)s up to a hepta- 
mer, 13i-13, and 141-145 (60,76). Their redox behavior has been sub- 
jected to study based on the neighboring-site interaction model (76,77). 
The experimentally obtained redox potentials of the oligo(dihexylferro- 
cenylene)s 13 and 14 are given in Fig. 3, where all the oligomers clearly 
exhibit one-electron oxidation processes. Simulation of the redox poten- 
tials of the oligoferrocenylenes by the theory based on the interaction 
between neighboring centers noted above has indicated that the redox- 
potential dependency of the oligomers up to the tetramer on the number 
of redox nuclei (i.e., ferrocene units) can be explained, but the separa- 
tion of redox potentials for each one-electron oxidation step for penta- 
mers, a hexamer, and a heptamer cannot be interpreted (see Fig. 3). 
The separation is reasonably interpreted by the introduction of an addi- 
tional parameter, Uoxn, denoting the donor-acceptor interaction over 
three redox centers (Table I, Fig. 3). The simulation indicates that 
ul = (uoo + uaa)/2 - UoR = 15 kJmol-‘, Uq = (Uoo - U&/2 = 4.5 kJ 
mol-l, and UoxR = -3.8 kJmol-i . Assuming URR = 0 because there is no 
electrostatic interaction or electron delocalization between Red and 
Red, it can be deduced that uoo = 9 kJ mole1 and &,a = -10.5 kJmoll’. 
With the magnitude of UoxR only one-third that of Uon, these results sug- 
gest that the positive charge in the molecule is primarily localized 
around the “Ox” sites. It should be noted that the free-energy difference 
between the isomers Ox-Red-Ox and Ox-Ox-Red is uoo - UoR + Uoxa 
= 15.7 kJmolll, larger than 11.5 kJmoll’ value reported previously 
that was estimated by a method using a substituent effect, as noted 
above (64). 
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FIG. 3. Formal potentials of oligo(dihexylferrocenylene)s 13 (0) (60,7s), those calculated 
from the first neighboring site interaction (A) with u1 = 15 kJmol-l and 
~2 = 4.5 kJ mol-‘, and those calculated from both first and second neighboring-site inter- 
action (v) with u1 = 15 kJ mol-‘, u2 = 4.5 kJ mol-I, and uoXR = -3.8 kJ mol-’ (77). 

An attempt to determine the electronic structure of the favorable 
electronic isomers in the mixed-valence states of oligoferrocenylene, 
as noted above, has been made using IR spectroscopy of the ferrocene, 
biferrocene, and terferrocene derivatives 1g1-1g3 involving an iron tri- 
carbonyl moiety (78). In this structure, the infrared absorption of CO 
can sense the oxidation state of the terminal ferrocenyl group attached 
to the (q4-cyclopentadiene)Fe(CO)a moiety, as the CO stretching vibra- 
tion of metal carbonyls responds to even slight changes in the electronic 
state of the metal centers (79-81). In 191-193, all oxidation of the ferro- 
cene units occurs at potentials more negative than that of the iron car- 
bony1 unit, so that changes in the electronic structures of ferrocene 
units are observed without oxidative decomposition of the iron carbo- 
nyl unit. 

The infrared spectra of 1g1-193 show two v(C0) absorption peaks typi- 
cal of (q4-diene)Fe(CO)a complexes; one is strong and sharp at ca. 
2040 cm-’ (A’(l)), and the other is medium and broad at ca. 1965 cm-l 
(A’(2) and A”). Table II gives the wavenumbers of the v(C0) peaks of 
1g1-1g3 in each oxidation state generated electrochemically with Auto, 
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TABLE I 

REDOX POTENTIALS E,~, OF A LINEARLY COMBINED MULTI-REDOX SYSTEM BASED ON THE 
NEIGHBORING-SITE INTERACTION MODEL 

Species P0 ENL - (Pi:: - Pi) (ENi - ENL-1 )e 

(dimer) 
RR 2cL; + URR -URR + %R 
RO /Lfi + & t U()R uoo - UOR 2u, a 
00 2& + uoo 

(trimer) 
RRR 3&+ 2URR -2URR i 2UOR 
ROR 2,& + ,I; t 2U()R 0 2Ul - 2u2 
OR0 & + 2,$ + 2UOR 2uoo - 2uon 2Ul + ha 
000 3& + 2uoo 

(tetramer) 
RRRR d/L; + 3URR -2URR +2UOR + %XR 
RORR 3/~~+&~W,+ %IR+ UOXR -URR+ UOR ~ %XR u1 ~ u, - 2u:, 

RORO 2/& + 2/L; + 3uoR -UOR +uOO +uOXR 2u, + 27-Q 
OR00 /$ + 3/L; + 2hJR + UOO t UOXR -2UOR+2UOO -uOXR U] + u2 - 2% 
0000 411; + 3uoo 

(pentamer) 
RRRRR 51”; + 4URR -2URR+2UOR+2UOXII 
RRORR 4& + j& + 2URR + 2uoR + 2UOXR -2URR + 2UOR - 2U,,XK -4u, 

ROROR 0 2Ul - 2u, + 2u, 
ORORO 

3/L; + 21’; + 4UOR 
2/r; + 3p, + 4UOK k(jO - 2uOR + 2uoxR 2Ul + 2u, + 2u, 

OOROO ,I; + 4& + 2u,,R + 2u,JC, + 2UOXR z"OO -hR -%lXR 
00000 5P:: + 4uoo 

(hexamer) 
RRRRRR 6&f5URR -2uRR + 2uoR + 2uOxR 
RRRORR 5/L; + i& + 3URR + 2UOR + 2UOXR -2URR t 2&,,R -2u:s 

RORROR “pi + 2p; t URR + 4U,)R + 2uOXR -URK + UOR - 2uOXR u, - ua - 2u3 
RORORO 3/& + 3&l + 5UOR UOO - UOR+2UOXR 2Ul + 4us 
OROORO 2&+4/$,+UO,, +4UOR+2uOXR 2&X- 2uOR u, + LL2 - 2u, 

OOOROO & + 5$, + 3&X, + 2UOR + 2uOXR 2&,0 - 2UOK - 2UOXR -2U8 

000000 61~; +5uoo 

(heptamer) 
RRRRRRR 7/& + PURR -2URR+2UOR+UOXR 
RRRORRR 6~; + /& + 4URR + 2UOR + 2uOXR -2URR + %jR t 2&3XR -4 
RORRORR 5/& Jr 2/l; + 2URR + 4UOR + 3Uoxn -2URR + 2U,,R - 3u,,XR -4U3 

ROROROR 4pcfi + 31Jpo + 6~0~ 0 2Ul ~ 2u?_ + 3u3 
ORORORO 3~: + 4~: + 6~0~ 2LLoo - 2uOR+3UOXR 2Ul + 2u2 + 3u, 

OROOROO 2& f 5/L; + 2Uoo + 4UOR + 3uOXR 2Uoo - 2UOR ~ U()XR -4u:j 

OOOROOO ,L; + 61~; t ~U,J,J + 2uOR + 2UOXR 2uOO -2uOR -2uOXR -us 
0000000 7~; +6uoo 
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H 

19, -1Q3: n = 1 - 3 

which is the shift of vco from the neutral form to a given oxidized form, 
and B(Avco), which denotes the ratio of Avco for a given oxidation 
state to Avco for a fully oxidized state. The wavenumber shift of the 
CO stretching mode to higher wavenumbers by 12-18 cm-’ is observed, 
corresponding to the le- oxidation. The direction of the wavenumber 
shift from the fully reduced form to the fully oxidized form is reasonable 
because the positively charged ferrocenium site withdraws electrons 
from Fe(I1) in the (cyclopentadiene)Fe(CO)s moiety and, consequently, 
the back-donation from Fe to CO must be lessened. 

The monocationic form of the dimer 192 gives peaks at wavenumbers 
between those for the neutral and dicationic forms, and the peak width 
is broadened, which can be attributed to the rate of electron exchange 
between two electronic isomers, Red-Ox-Fe(CO)a and Ox-Red- 
Fe(CO)a, where Fe(CO)s refers to an [(q*-cyclopentadiene)Fe(CO)J 

TABLE II 

uco AT DIFFERENT OXIDATION STATES OF 191-193 

Complex Wavenumber (cm-l) AVCO (cm-‘) ~(Avco) 

19: 
19:+ 

19; 
19;+ 
19; 

190, 
19;+ 
19; 
19; 

2039 1965 
2051 1980 

2038 1965 
2047 1976 
2051 1982 

2038 1964 
2041 1970 
2050 1979 
2052 1982 

0 
12 15 1 

0 

9 11 0.6-0.7 
4 6 1 

0 
3 6 0.2-0.3 
9 9 0.8-0.9 
2 3 1 
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moiety, being comparable to the time scale of IR (1011-1013 s-l) (80,81). 
These findings are in accordance with the value of ket obtained by 
Masuda et al. (33), assuming that the (cyclopentadiene)Fe(CO)s- 
attached ferrocene unit can be either Red or Ox if the attached and 
non-attached ferrocenes are electronically similar. 

In the case of the trimer 193, the consideration based on neighboring- 
site interactions indicates that the three-step oxidation pathway is com- 
posed of Red-Red-Red-Fe(CO), + Red-Ox-Red-Fe(CO)3 + Ox-Red- 
Ox-Fe(C0)3 4 Ox-Ox-Ox-Fe(CO)s. The (cyclopentadiene)Fe(CO)s- 
attached ferrocene site should change from Red to Ox at the second 
oxidation step from monocation to dication. This prediction is roughly 
correct, as it can be seen in the IR spectra that the most significant 
wavenumber shift occurs in the second step, although small wavenum- 
ber shifts can be observed even for the first and third oxidation 
steps. A simple interpretation is that the shifts at the first and third 
steps correspond to approximately 20% and 80% oxidation of 
the (cyclopentadiene)Fe(CO)s-attached ferrocene site if the total wave- 
number shift (14418 cm-‘) corresponds to the full change in charge den- 
sity of the ferrocene site from 0 to 1. The values of partial charge 
density can be regarded as the degree of electron delocalization. 

D. INTERVALEN~E-TRANSFERBANDSFORMIXED-VALENCE 
OLIGO(FERROCENYLENE)S 

Ever since the appearance of the pioneering theoretical work by 
Hush in the 1950s theoretical investigation of the intervalence-transfer 
(IT) band (or MMCT band) in mixed-valence complexes has been of con- 
tinuing interest (22,26). The regular method of analyzing IT bands is to 
converge their parameters into the mixing coefficient n and resonance 
energy HAn according to Eqs. (3) and (4) respectively: 

n2 = (4.2 x 10-4/1)2~371,)~,,,~1/2A~m~xr~2 (3) 

HAB = %,,Q (4) 

where ma, m,, and r are the number of donor sites, the number of accep- 
tor sites, and the donor-acceptor distance, respectively. The value of 
Aui,s for a homonuclear mixed-valence dimer at 300 K is given as Eq. (5): 

Au~,~ = (2310~,,,)~‘~ (5) 

One more recent advance is the theory of Creutz, Newton, and Sutin 
(CNS) on the relation of metal-ligand and metal-metal coupling ele- 
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ments (26). The role of the bridging ligand between the metal nuclei on 
the electron exchange process is specifically addressed in this model. 
Experimental support for the CNS model has been presented for some 
mixed-valence complexes other than ferrocene oligomers (74,82). 

Morrison and Hendrickson have reported that the IT band of biferro- 
cenium monocation has two peaks at 77 K (50), whereas the analysis of 
IT bands of biferrocene derivatives observed at room temperature is car- 
ried out assuming one broad peak, and it has been reported that Eq. (5) 
is applicable to biferrocene (41). As for the IT bands of higher unsubsti- 
tuted oligo(ferrocene-l,l’-diyl)s in the mixed-valence states, only one 
report by Brown et al. on the IT bands of the monocation and dication 
of terferrocene and the dication of quaterferrocene (tetramer) has been 
published (64). 

The first systematic study of the effects of IT bands on the number of 
nuclei and the oxidation number was carried out for oligo(dihexylferro- 
cenylene)s, 132-136 (83,84). All the oxidation states of 13g-136 were gen- 
erated by a quantitative chemical oxidation method. Table III shows 
the dependence of v,,,,,, emax, and Ayjz values of the IT band on the oxi- 
dation state and the number of ferrocene units. The Az+,~ values 

TABLE III 

PARAMETERS OF IT BANDS FOR OLIGO(DIHEXYLFERROCENYLENE)S, 13 

Substrate 4nax %mx 
(cm-‘) (Mm1 cm-l) 

AVlJZ 
(cm-l) 

Total extra energy v~~,.$$.) 

13+ 4870 1060 3740 0 
13; 4830 1490 3850 0 4830 
13; 6140 990 3910 %x 6140 
13; 4700 1730 4000 4700 
13; 5280 1500 3880 ((I+ JZ),(l + 

SJZ))U~: 
5530 

13;+ 5680 1250 3570 4X 6010 
13: 4550 1500 3750 4550 
135+ 4860 1400 3550 iJ2lP + m%: 5320 
13; 5860 1430 3550 u ex 5860 
13;+ 5860 1010 3340 U ex 5860 
13; 4410 1890 3800 0 4410 
13; 4580 1680 3940 4410 
13; 5140 1680 4010 ((3 + J2),(3 + 2J2)lue; 5480 
13: 5600 1630 3820 4X 5720 
13; 5680 1400 3570 4, 5720 
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obtained for the oligo(ferrocenylene)s are in the range of 3100- 
4000 cm-i , which is similar to the range of values calculated by Eq. (5), 
3200-3800cmP1. A characteristic feature that can be seen in the table 
is a higher energy shift in v,,,,, as the oxidation number for each oligo- 
mer increases, and a lower energy shift in u,,,,, for the monocationic 
form of the oligomers as the number of ferrocene units increases. 

The shift in v,,, of IT bands was analyzed on the basis of a model 
assuming that the mixed-valence states are a linear combination of 
Red and Ox, as follows. In the case of the biferrocenium cation, 13;, 
photoexcitation of Red-Ox yields Ox-Red, and thus no alteration in the 
internuclear distance is necessary during the relaxation process. In con- 
trast, the terferrocenium monocation, 13,t, for which the ground and 
electron-transferred excited states are Red-Ox-Red and Ox-Red-Red, 
respectively, needs a change in the internuclear distance in the relaxa- 
tion process, since the appropriate distance for Red-Ox is different to 
that for Red-Red. A similar internuclear distance alteration occurs for 
the terferrocenium dication,l3:+, for which the ground and excited 
states are Ox-Red-Ox and Red-Ox-Ox, respectively. In this case, the 
combination Red-Ox changes to Ox-Ox, resulting in the largest dis- 
tance alteration, as the Red-Ox distance is the shortest due to the 
attractive interaction resulting from electronic delocalization and the 
Ox-Ox distance is the longest due to electrostatic repulsion. 
Consequently, the photochemical intervalence transfer of Red-Ox-Red 
(or Ox-Red-Ox) requires more energy than that of biferrocene, not 
only because of the energetic difference between unequal ground states 
before and after photo-electron transfer but also because of strain 
derived from the difference in internuclear distance between Red-Ox 
and Red-Red (or Ox-Ox) combinations. As it can be deduced that the 
extra energy for the change from Red-Ox to Ox-Ox is the largest, this 
energy, uex, is employed as the factor for rationalization of the v,,, 
shift due to the change in oxidation number of the higher oligomers. 
The estimation of the v,,, shift based on u,, (= 13 kJmoll’) and the 
transition probability ratio qualitatively rationalizes the dependency 
of %mx on the number of ferrocene units and the oxidation states, as 
given in Table III. 

E. HYBRIDIZEDREDOXFUNCTIONSOFOILGOFERROCENYLENE 

Several systems have been reported regarding the connection 
between oligoferrocenylene multistep redox reactions and the func- 
tions of other molecular units. Colbert et al. have reported Mn and Ru 
complex-conjugated biferrocene derivatives, 20, showing large electron 
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delocalization between the iron atoms of the biferrocene moiety and the 
metal centers in the one-electron oxidized forms (85). In this complex, 
Mn and Ru centers donate electron density through the acetylene link- 
age to the biferrocene ligand. 

Dong et al. have reported on crown ether-bound biferrocene, 21, in 
which the redox potentials are shifted by the capture of metal ions 
within the crown ether (35). For example, the electrochemical behavior 
observed for the biferrocene derivative with Ba2+ ion is fundamentally 
different, as new redox couples are observed for 9 with Ba2+ concentra- 
tions within the range 0 < [Ba’+] < 2 eq. The peak currents for the two 
new redox couples increase with concentrations of the Ba” ion until 
a full equivalent is added: at this point, the original redox couples 
disappear and the new redox couples reach full development. 

Another example is metal clusters modified with biferrocene-termi- 
nated alkanethiol. Gold clusters stabilized with alkanethiols were pre- 
pared, and resulted in the development of a new research area at the 
metal-molecule interface (86). The redox properties of biferrocene and 
terferrocene-attached Au clusters (2.2 f 0.3 nm in diameter), 22, have 
been investigated (87,88). The modified Au clusters with biferrocene 
and terferrocene attached undergo quasi-reversible two-step and 
three-step le- oxidation reactions, respectively, in Bu4NC104-CHsCls, 
while the consecutive potential scans in the same potential range 
cause electrodeposition to give redox-active Au cluster films on the elec- 
trode surface. The X,,, value of the surface plasmon band for the Au 
cluster film is strongly dependent on the potential. The self-assembled 
monolayer of the biferrocene derivative on a bulk Au electrode has 
also been investigated (89). 

III. Ferrocene Oligomers and Polymers with Conjugated Spacers 

A. DEPENDENCE OF REDOX PROPERTIES ON THE SPACERS IN CONJUGATED 
FERROCENE OLIGOMERS 

Effects of spacer groups on the formation and properties of the mixed- 
valence states of conjugated ferrocene dimers have been extensively 
studied by both electrochemical and spectroscopic methods. It should 
be noted that a characteristic feature in the electronic spectra of ferro- 
cene dimers with conjugated spacer groups is the appearance of metal- 
to-ligand charge transfer (MLCT) bands in the neutral form as well as 
IT bands in the mixed-valence state. The dimer Fc - CH = CH - EC 
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q-O-;, 
+-CXML, -O- -$a 

qP--L 
%qa--& 

L,MCEC-& 

20a: ML, = Mn(C0)3(dppm) 
20b: ML, = Ru(dppm)&I 
(dppm = diphenylphosphinomethane) 

21 

L-S 
L q+-CHO(CH&S- 

.gp& 

& Q+-CHO(CH~)~S- 

& 

%z&iz2 

L 

22 

(23r) has an MLCT band at 458 nm with E = 1450 M-l cm-i in CHzCla 
m and Fc- C s C-Fc (24) has a band at 453 nm with 
t = 820 M-l cm-i in CHCl, (91). In the case of Fc - N= N- Fc (25) a 
band at 533nm with c = 4170M-’ cm-i in CHzC12 is obtained (92). In 
this section, only the redox properties of conjugated ferrocene dimers 
are appraised. 

Table IV lists the redox potentials of conjugated ferrocene oligomers 
(mainly dimers with a single bridge). Potential values are denoted 
against different reference electrodes as given in the references. The 
values can be primarily compared using the relationship mentioned in 
the footnote of the table, although care should be taken with some 
errors derived from junction potentials which depend on experimental 
conditions. There have been several reports on the quantitative estima- 
tion of structural factors affecting internuclear electron delocalization. 
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TABLE IV 

REDOX POTENTIALS OF CONJUGATED FERROCENE OLIGOMERS 

E”’ of 
Compound ferrocene moieties AE” 

Reference 
Electrolyte electrodem Ref. 

1 0.31, 0.65 0.34 
2 0.22, 0.44,0.82 0.22,0.38 
3 0.16,0.36,0.61, 0.89 0.20, 0.25, 0.28 
16a 0.19,0.35, 0.80 0.16,0.45 
16b 0.19, 0.35, 0.80 0.16,0.45 
16c 0.25,0.45,0.80 0.20,0.35 
17a 0.19, 0.31, 0.58, 0.86 0.12, 0.27, 0.28 
17b 0.20,0.32,0.60,0.87 0.12,0.28,0.27 
17c 0.20, 0.38,0.60, 0.83 0.16,0.22,0.23 
20a -0.20,0.05 0.25 
20b -0.37, -0.21 0.16 
231 0.290, 0.460 0.170 

232 0.294,0.423 0.129 

2% 0.366,0.460 0.094 

2% 0.405(2em) 0 
241 0.625.0.755 0.130 

242 0.58, 0.68 0.10 
25 0.106,0.316 0.210 
26 -0.11,0.03 0.14 
27 -0.15, -0.06,0.05(2e) 0.09, 0.11, 0 
28 0.40,0.55 0.15 
29 0.61,0.76 0.15 
30 0.47, 0.56 0.09 
31 0.463, 0.539 0.076 
32a 0.35, 0.47 0.12 
32b 0.34, 0.53 0.19 
33 0.55,0.74 0.19 
34a 0.08,0.37 0.29 
34b 0.01,0.33 0.32 
35 0.04, 0.26 0.22 
36a 1.480,1.545 0.065 
36b 1.475(2e-) 0 
37a 0.765,0.809 0.044 
37b 0.665(2e-) 0 
38a 0.19, 0.20 0.29 
38b -0.321, 0.152 0.473 
39 0.22,0.44 0.22 
40 0.38,0.44 0.06 
41a -0.27, -0.08 0.19 
41b -0.24,0.17 0.41 
42a 0.70,0.82 0.12 
42b 0.61,0.75 0.14 

a 
a 
a 
a 
a 
a 
a 
a 

“b 
b 
b 
b 
b 
b 
C 

: 
e 
e 
C 

i i 
f 

ET 
g 
g 
C 

C 

it 
h 
d 
d 
d 
d 
d 
C 

g 

: 
d 

SSCE 64 
SSCE 64 
SSCE 64 
SCE 69 
SCE 69 
SCE 69 
SCE 69 
SCE 69 
SCE 69 
k 85 
k 85 
SCE 90 
SCE 90 
SCE 90 
SCE 90 
SCE 93 
SCE 93 
k 92 
k 97 
k 97 
Ag/AgCl 98 
Ag/AgCl 98 
SCE 99 
SCE 100 
SCE 101 
SCE 101 
SCE 101 
k 103 
k 103 
SCE 105 
1 106 
1 106 
Ag/AgCl 107 
Ag/AgCI 107 
Ag/Ag+ 108 
MAg+ 109 
Ad-b+ 110 
SCE 112 
k 113 
k 113 
SCE 114 
SCE 114 
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Table IV continued 

E”’ of 
Compound ferrocene moieties AEe’ 

Reference 
Electrolyte electrodem Ref. 

42c 
43a 
43b 
43c 
44 
46a 
46b 
473 

473 
476 
475 
476 
48 
49 
50a2 
50a3 
50a4 

50bz 
50a3 
50a4 

54 
55a 
55b 
63 
64 

0.72,0.90 0.18 
0.59, 0.86 0.27 
0.40, 0.91 0.51 
0.30, 0.86 0.56 
-0.14, 0.00, 0.20 0.14, 0.20 
-0.04,0.05,0.44 0.09, 0.39 
-0.01, 0.09, 0.51 0.10, 0.42 
0.09, 0.26, 0.41, 0.63 0.17, 0.15, 0.22 
0.32, 0.42, 0.52(2em) 0.10, 0.10, 0 
0.25, 0.41, - 0.7(2em) 0.16, 0.3, 0 
0.45, (2e-), 0.54(2em) 0, 0.09, 0 
0.23(4eC) 0, 0, 0 
-0.03,0.15,0.29,0.39 0.18, 0.14, 0.10 
0.00, 0.22, 0.45 0.22,0.23 
0.546, 0.795 0.249 
0.548,0.703,0.876 0.165, 0.163 
0.550, 0.674, 0.797, 0.124, 0.123, 
0.889 0.092 
0.529, 0.772 0.243 
0.551,0.703,0.869 0.152, 0.166 
0.553, 0.674, 0.790, 0.121, 0.116, 
0.878 0.082 
0.13, 0.42 0.29 
-0.24, -0.07 0.17 
-0.20, PO.01 0.19 
O.l36(2e-), 0.526 0, 0.390 
-0.054,0.156,0.476 0.210, 0.370 

j 

j 

SCE 114 
SCE 115 
SCE I15 
SCE 115 
k 126 
k 127 
k 127 
SCE 128 
SCE 129 
SCE 130 
SCE 131 
SCE I32 
k 133 
k 134 
AdAgCl 
Ag/AgCl 135 
Ag/AgCl 135 

Ag/AgCl 135 
Ag/AgCl 135 
Ag/AgCl 135 

&d&c+ 138 
139 
139 

k 92 
k 92 

a Bu,NPF6&H2Cla + MeCN (1: 1 v/v). 
b Bu,NBF,-CH,C&. 
’ Bu,NPF6+H2C12. 
’ BuqNCIOI-CH&. 
’ Bu,NClO,~-PhCN. 
f Bu,NClO,&H,Cl, + MeCN (1:l v/v). 
g CH,Cl, (electrolyte salt was not specified). 
h Bu,NPF,pEtCN. 
i Bu,NPF,pPhCN. 
] Bu,NPF6-MeCN. 
k Ferrocenium/ferrocene. 
’ Cobaltoceniumjcobaltocene. 
m E”’ (ferrocenium/ferrocene) = 0.312V us. SSCE (176), 0.307V vs. SCE (176’), 0.351 V 

us. Ag/AgCl(177), 1.345V vs. cobaltocenium/cobaltocene (lo@, and 0.21 V us. Ag/Ag+ 
(10mM in MeCN) (84). 
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The dependence of internuclear electron transfer on the metal-metal 
distance for Fc(CH= CH),Fc (23, n = l-6) indicates that AE” 
decreases with increasing n, becoming almost zero when n = 4 (90). 
The AE” values of acetylene-bridged dimers, Fc(Cr C),Fc (24, 
n = 1,2) indicate the similar electronic bridging ability of the triple 
bond to the double bond (93,94). The IT band observation suggests that 
the selective encapsulation of [FCC = CFc] + into P-cyclodextrin causes 
a decrease in the self-exchange rate by increasing the thermal activa- 
tion barrier (95). The topological effects of m-phenylene-bridged ferro- 
cene dimers have shown that m-phenylene-bridged dimers exhibit 
smaller AE” , that is, a weak internuclear interaction, compared with 
o- and p-phenylene-bridged dimers (96). By introducing the electron- 
withdrawing substituents on the 5-position of m-phenylene (1,3-,,henyl- 
ene), both @ and Eg’ shift in a positive direction but the AE” values 
remain constant in the range of B&lOOmV. Face-to-face fixed diferro- 
cenyl and tetraferrocenyl-1,6-methano[lO]annulenes, 26 and 27, show 
two and three redox waves, respectively, reflecting not only the 
through-bond but also the through-space interactions of the ferrocene 
nuclei (97). The [3]- and [4]-dendrarens, 28 and 29, provide good links 
for electronic communication (98). Ferrocene dimers with N-containing 
bridges, 30 and 31, show moderate internuclear interactions (99,100). 

The electrochemistry of some single-atom bridged ferrocene dimers 
gives a separation of two le- waves. The carbon atoms in CROH and 
C=O can communicate between ferrocene units in 32 and 33 (101). 
Diferrocenyl sulfide, 34, shows significant AE” values, 0.29-0.33 V, indi- 
cating the presence of strong internuclear interactions (102,103). 

Recently, a number of systems where a transition metal is involved in 
the spacer have been reported. A Ru bis(acetylide) complex-bridged fer- 
rocene dimer, 35, shows a separation of redox potentials of two ferro- 
cene units at 0.22V (104,105). Mixed-valence complexes of relating 
acetylene-bridged Fe(III)-Ru(I1) dimers indicate strong donor-acceptor 
interactions between the two metal sites. In the trinuclear metallocenes 
that are n5-cyclopentadienyl-bridged by two adjacent MesSi groups, 36 
AE” = 65 and ca. OmV when the incorporated metals are Cr and Co, 
respectively (106). A Ni complex of S-benzyl-3-(l-ferrocenylethylidene)- 
dithiocabazate, 37a, shows a redox potential separation of 44mV, but 
no separation occurs for the Cu complex, 37b (207). These results indi- 
cate the important role of the d-orbitals of the metals involved in the 
spacer group. Ferrocene dimers with conjugated metallacyclic spacers 
such as cobaltacyclopentadiene (38) and ruthenacyclopentatriene (39) 
exhibit quite strong internuclear interactions (108-110). The AE” 
value is 0.39-0.47V, larger than the separation of biferrocene, 0.35V, 
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when cobaltacyclopentadienylene is inserted; this can be attributed to 
the strong assistance of the electron exchange between ferrocene nuclei 
via cobalt, since the cobaltacyclopentadiene unit has an aromatic 
nature and the energy level of the HOMO of cobaltacyclopentadiene is 
similar to that of ferrocene (111). The cobalt dinuclear complex assists 
in the communication between the ferrocenes in 40 (122). In bis(ferro- 
cenyl)porphyrins, 41a and 41b, the internuclear interaction increases 
when Ni(I1) is bound to the porphyrin (113). The A@ values are 0.19 
and 0.41 V, and X,,, of IT is 1080 and 946 nm for free porphyrin and Ni 
porphyrin. The small bandwidth of the IT band for Ni porphyrin 
(vilZ = 1400 cm-‘) suggests that it is a class III complex, while the free 
porphyrin shows class II complex behavior (Ay,z = 2600 cm-l. 
Ferrocenyldiazabutadiene metal carbonyl complexes (M = Cr, MO, W), 
42, exhibit an electronic interaction between the peripheral ferrocenyl 
substituents that increases upon complexation to the metal tetracarbo- 
nyl moieties (114). The diferrocenyltriphosphines undergo a single 2e- 
oxidation, whereas their Ru complexes, 43, exhibit two separated le- 
oxidations with AE” = 0.27-0.56V, classified as class II and class III 
complexes (215). 

Weak or no internuclear interaction of ferrocene dimers via a metal 
complex bridge has also been reported for Cu(I), Ag(I), and Pd(I1) com- 
plexes with Schiff base ligands (116,117), Cu(I), Ag(I), Pd(II), and Pt(I1) 
tetrathiaferrocenophane complexes (118), bis(ferrocenylvinyl)terpyri- 
dine complexes of Fe(I1) and Co(I1) (in this case, electropolymerization 
takes place) (119), an (arene)Cr(CO)a-inserted ferrocene dimer (120) 
ferrocenylpyridine complexes of Au(II1) and Ag(1) (121), l-ferrocenyl- 
1,3-butanedionate complexes (122), Fe, Co, and Ni complexes of ferroce- 
nyltris((methylthio)methyl)borate) (123) l,l’-bis(diphenylphosphino)- 
ferrocene derivatives of R2C2C02(C0)s (R = MeOsC, CFa) (124) and 
bis(ferrocenylhydrazone)PdCls (125). 

Redox potential data are limited for the ferrocene oligomers higher 
than dimers with strong electronic communication, while their redox 
properties are important in estimating the neighboring-site interaction 
energy by Aoki’s model (75). Reported examples are as follows. A single 
carbon-bridged ferrocene trimer, 44, exhibits three-step le oxidation 
at E”’ = -0.14, 0.00, and 0.2OV us. ferrocenium/ferrocene (126). This 
affords boa = -7 kJ mole1 and uoo = 3 kJmoll’, assuming ZLRR = 0, indi- 
cating a stronger delocalization in the mixed-valence state than that of 
the isostructural single silicon-bridged oligomers, oligo(ferrocenyldi- 
methylsilane)s, 45, as noted below. Bis(ferrocenylthio)ferrocene gives 
AEY’ = 0.01 and O.lOV and AEf = 0.49 and 0.42 V for unsubstituted 
and di(trimethylsilyl)-substituted derivatives, 46, respectively (127). 
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These small AEf’ values give UoR = -0.25 and -2.5kJmol-’ and 
uoo = 12 and 8 kJmolP1, assuming URR = 0. 

A series of cumulene-bound ferrocene tetramers, 47, have been 
synthesized and their electrochemical properties examined by 
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Bu” Bu” 

41a 

42a: M = Cr 
42b: M = MO 
42~: M = W 

Bu” Bu” 

41b 

43a: R = R’ = Ph 
43b: R = Ph, R’ = Pr’ 
43~: R = R’ = Pr’ 

Bildstein et al. (128-132). The redox properties are as follows: n = 2, four 
separate le oxidations; n = 3, two separate le oxidations followed 
by a further 2e- oxidation; n = 4, two 2e- oxidations separated by 
AE” = 0.16V; n = 5, two 2e- oxidations separated by AE” = 0.09 V; 
and n = 6; one 4e- oxidation. Another tetramer, SiFc* (48) is oxidized 
with le- stepwise at -0.03, 0.15, 0.29, and 0.39V US. ferrocenium/ferro- 
cene (133). Trimetallic [llsilaferrocenophene, 49, showed three oxida- 
tion waves at 0, 0.22, and 0.45V us. ferrocenium/ferrocene (134). 
Acetylene-bridged ferrocene oligomers, 50, and polymers, 51, where 
the main chain consists of 1,3cyclopentadienylene moieties so that 
iron is not involved in the main chain, were prepared, and their redox 
properties and the optical properties of their mixed valence states 
have been reported by Plenio et al. (135). The dimers to tetramers 
undergo separated le- oxidations, and the polymer affords two redox 
waves roughly coinciding with the prediction of the neighboring-site 
interaction model (75). The IT bands of the monocationic forms of the 
dimer and the trimer appear at 1330/1540 nm and 1203 nm, respectively, 
and then HAs = 4211525 and 552 cm-‘. 

Synthesis of oligomeric or low-molecular weight polymeric metallo- 
cenes (M = Fe or Ru) in which the separate metallocene units are held 
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proximate and face-to-face by the bridging peri-substituted naphtha- 
lene rings, 52, has been reported by Arnold et al. (136). Cyclic voltam- 
metry of the ferrocene oligomers gives more than one oxidation wave, 
indicating some degree of electronic interaction and charge delocaliza- 
tion between the metal centers of the partially oxidized species, either 
by direct interaction of the cofacial r-orbitals of the metallocene units 
or by through-bond interactions. Polymers containing the l,l’-ferro- 
cenylene and l’,l”‘-biferrocenylene units in a r-conjugated main chain, 
53 and 54, show broadened cyclic voltammograms, suggesting an 
exchange of electrons between the Fc units along the T-conjugated 
main chain (137,138). The polymers themselves are insulating; they are, 
however, converted into semiconducting materials with a conductivity 
of lop7 to lop4 Scm-’ by formation of adducts with iodine. Another 
series of ferrocenylene-containing polymers with arylene bridges, 55, 
shows two redox waves of ferrocene units, indicating a moderate inter- 
nuclear interaction (239). Electropolymerized film of poly(oligothio- 
phene-ferrocene), 56, on the electrode shows redox behavior of 
ferrocene coupled with that of the oligothiophene moiety (140). 

Dendrimers with multiple ferrocene moieties at the surface usually 
show one-step multielectron redox reactions due to little internuclear 
interaction (141-143), while those with locally communicating ferro- 
cenyl groups have also been reported (141). 

Ring-opening polymerization (ROP) of [llmetallocenophanes, in 
which a heteroatom such as Si, Ge, P, or S bridges two cyclopentadienyl 
rings, gives various series of conjugated metallocene polymers. 
Manners and his coworkers have been developing this system since 
their first discovery of ROP for silicon-bridged [llferrocenophane, in 
1992 (144,145). Electrochemical properties have been reported for poly- 
mers and oligomers 57 (1444146), 58 (148), 59 (147), 60 (149), 61 (103) and 
62 (150). Cyclic voltammetry of Si-, Ge-, P-, and S-bridged polymers 
with high molecular weights shows two quasi-reversible oxidation 
waves at Ey’ = -0.07-0.07V and Eg’ = 0.12-0.31 V vs. ferroceniuml 
ferrocene. The separation of the two redox potentials, which denotes 
the quantity of interaction between ferrocene sites through bonds, lies 
at 0.190.29V. Cyclic voltammograms of the oligomers 62 (n = 2-9) 
depend significantly on whether n is odd or even (150). The trimer (62s), 
pentamer (62,) heptamer (62,), and nonamer (62s) give two reversible 
oxidation waves of relative intensity 2:1, 3:2, 4:3, and 5:4, respectively. 
It is expected that the first wave involves the oxidation of two ferrocenyl 
end groups for n = 3, two end groups plus the middle repeat unit for 
n = 5, and two end groups plus two repeat units at the third and fifth 
positions for n = 7. In contrast, cyclic voltammetry of the dimer (622) 
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tetramer (62,), hexamer (62& and octamer (62s) shows two or three oxi- 
dation waves of relative intensity l:l, 2:1:1,3:1:2, and 4:1:3, respectively. 
These results may be explained by the first oxidation being due to alter- 
nating iron units, the second one to the other end group, and the third 
one to the remaining groups (e.g., the first, third, fifth, and seventh 
units at the first oxidation, the eighth unit at the second oxidation, 
and the second, fourth, and sixth units at the third oxidation when 
n = 8) (150). The results and this interpretation are closely related to 
the neighboring-site interaction model (75-77). Analysis of the redox 
potentials of 62 in the reference based on the neighboring-site inter- 
action model gives u1 = 7 kJmoll’, up = 3 kJmoll’, and UoxR, which 
can be neglected as shown in Fig. 4. These results indicate that 
uoo = 6 kJ mall’ and ZLOR = -4 kJmolli when we assume URR = 0. The 
difference in uoo between 13 and 62, 3 kJmolli, can be ascribed to the 
stronger electrostatic repulsion of the smaller internuclear distance in 
13 compared with that in 62. The significantly higher Uos value of 13 
compared with that of 62 indicates the decrease in charge delocalization 
by the insertion of dimethylsilylene between ferrocene nuclei. 

B. REDOX, OPTICAL, AND PHOTOISOMERIZATION PROPERTIES OFAZO-BRIDGED 

FERROCENE OLIGOMERS 

Azoferrocene, 25, is one of the r-conjugated ferrocene dimers dis- 
cussed in the previous section and also one of the simplest analogs of 
azobenzene, with two redox-active metal complex units. Its synthesis 
was first reported by Nesmeyanov et al. in 1961 (151,252). Although 25 
is an intriguing complex, since the azo group has been known as the 
representative photoisomerizable unit, only a few studies have been 
reported on azoferrocene in the more than forty years since its discov- 
ery. Recently, X-ray crystallography of an azoferrocene crystal obtained 
under ambient conditions has determined that the azo moiety is in the 
tram form, and that the two cyclopentadienyl rings of the two ferrocene 
units and the azo moiety are almost on the plane best for 7r-conjugation 
(Fig. 5) (92). The ferrocene moieties are on the opposite side of the 
plane, and the Fe-Fe distance is 6.80& indicating that there are few 
through-space interactions between the ferrocene nuclei. Higher azo- 
bridged ferrocene oligomers such as trimers, 63 and 64, and a polymer, 
65, have also recently been prepared (92). 

The tram-azo bridge acts as a spacer assisting in the electron 
exchange between ferrocene moieties, similar to the vinylene bridge, 
as given for AE” of azoferrocene (25) in Table IV and its IT band feature 
(92,153). The mixed-valence cation of 25 formed in benzonitrile by le- 
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FIG. 4. Formal potentials of oligo(ferrocenyldimethylsilane)s 62 (0) measured in 
Bu,NPFs-CHpCl, + CH3CN(1:1 v/v) (15/I), and those calculated from the first neighboring 
site interaction energies (A) with u1 = 7 kJmol-l and z+ = 3 kJmol-‘. 

chemical oxidation exhibits an ESR spectrum characterized by the 
superposition of narrow signals (g = 1.9) and a broad signal (gl, = 3.0, 
g, = 1.9) due to a ferrocenium Fe(II1) cation at 7.6 K (153) similar to 
the spectrum of a solid sample of [Fe2(C5H4)& at 77 K (50), indicating 
exchange narrowing and some weak hyperfine structures due to 
coupling with the ring protons. The trimer, 63, in aprotic solvents such 
as CHzClz or THF exhibits a cyclic voltammogram showing reversible 
2e- and le- oxidation waves, contrary to the behavior of terferrocene 
(three le- waves), as noted above. This behavior can be rationalized 
by the assumption that the positive charge in the monocation is 
localized primarily around the terminal ferrocene unit (correspond- 
ingly, Fcf-N,-Fc’-N,-Fc) due to a strong electron-withdrawing 
effect of the azo group (92). This charge distribution in the mixed- 
valence states of 63 is supported by the characteristics of the IT 
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bands. An asymmetrical complex, 64, undergoes a three-step le- oxida- 
tion, and the two mixed-valence forms can be roughly expressed as 
Fc+-Fc’-N2-Fc and Fe+-Fc’-Nz-Fc+. 

Azo-bridged ferrocene oligomers also show a marked dependence on 
the redox potentials and IT-band characteristics of the solvent, as is 
usual for class II mixed valence complexes (21,22). As for the conjugated 
ferrocene dimers, 2 and 24i, the effects of solvents on the electron- 
exchange rates were analyzed on the basis of the Marcus-Hush theory, 
in which the v,,, of the IT band depends on (l/D,, - l/D& where D,, 
and D, are the solvent’s optical and static dielectric constants, respec- 
tively (155-157). However, a detailed analysis of the solvent effect on 
urnax of the IT band of the azo-bridged ferrocene oligomers, 25;, 64+, 
and 642+, indicates that the v,,, shift is dependent not only on the para- 
meters in the Marcus-Hush theory but also on the nature of the solvent 
as donor or acceptor (92). 

Strong MLCT bands appear in the neutral form of azo-bridged ferro- 
cene oligomers, as noted above. The absorption of the MLCT band at 
534nm diminishes, and a new band appears and increases at 672 nm 
with the oxidation to 25+. The new band can be assigned to a ligand-to- 
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FIG. 5. ORTEP drawing of azoferrocene (25) with a probability level of 50%. Selected 
bond length (A) and angles (“): FelLCl2.039(8), FelHZ? 2.059(8), FelLC3 2.072(10), Fel- C4 
2.06(l), FelLC5 2.050(8), FelLC6 2.05(l), Fel-C7 2.06(l), FelLC8 2.041(g), FelLC9 2.031(10), 
Fe1 Cl0 2.025(10), Cl&N1 1.43(l), NlLNl* 1.27(l), CB%ClLNl 120.8(7), C5-CLNl 129.8(8), 
Cl- NlLNl* 111.4(g). Fe -Fe distance is 6.8A. (Reprinted with permission from Ref. 92.) 

metal charge transfer (LMCT) band with an electron transfer from the 7r 
orbital of the azo group to an Fe(II1) d orbital. Similar LMCT bands 
appear in the mixed valence state of trimers 63 and 64. A more donating 
solvent affords the higher IT and LMCT energies of 25, 63, and 64 in 
the mixed-valence states, indicating a hole-transfer mechanism (26’). 

Recently, a photoisomerization reaction of azoferrocene was found to 
proceed in polar solvents such as benzonitrile and DMSO through 
both a T--?T* transition of the azo-group with a UV light (365nm) and 
the MLCT transition with a green light (546nm) (Fig. 6) (Scheme 1) 
(153). The quantum yields of the photo-isomerization reaction at 
365 nm and 546 nm were estimated to be 0.002 and 0.03, respectively. 
The transformation into the cis form causes the higher field shift of Cp 
protons in the ‘H-NMR spectrum and an appearance of v(N= N) at 
1552 cm-‘. The cis form is greatly stabilized in polar media, and dilution 
of the polar solution of cis-25 with less polar solvents resulted in a 
prompt recovery of the tram form. 
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E”Ic 6. UV-Vis absorption spectral change of truns-25 (0.126mM) in acetonitrile under a 
nitrogen atmosphere upon photoirradiation with three bright lines (A,,,,, = 365, 436, and 
546, nm) of a super-high-pressure Hg lamp. The spectra are depicted at IOmin intervals of 
photoirradiation. The irradiation with each bright line was continued for 30min in 
ascending order of wavelength. (Reprinted with permission from Ref. 153.) 
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Contrary to trans-azoferrocene, the cis form exhibits one-step 2e- oxi- 
dation waves, and its oxidation potential, E”’ = 0.03V in Bu4NC104- 
benzonitrile, is more negative than that of the trans form (E” = 0.29 
and 0.50 V US. Ag/Ag+) by 0.3 V. These data imply that the 7r-conjugation 
ability and electron-withdrawing nature of the azo group is retarded in 
the cis form. 

IV. Ferrocene-Acceptor Conjugated Compounds 

One of the interesting properties of ferrocene derivatives involving 
electron-accepting moieties is their second-order optical nonlinearity 
(20). Most of the accepting moieties in such ferrocene complexes investi- 
gated for their microscopic nonlinearity are organic moieties such as 
NO,-, CN-, CHO-, or COzMe-substituted benzene, stilbene, or azoben- 
zene derivatives (158-161), and there are only a few recent reports 
describing metal complexes acting both as acceptors and donors (IGO- 
164). Here the ferrocene-acceptor complexes for which redox properties 
have been reported are discussed. 

Cationic ferrocene complexes with one, two, and four cationic 
[B(R)bpy] (bpy = 2,2’-bipyridine) acceptors such as 66 show absorption 
at X,,, = 496540 nm with the contribution of charge transfer between 
the ferrocene unit and the B(R)bpy substituent(s) (165). This is con- 
firmed by the EPR spectrum of the monoreduced neutral species, 
which features a line shape indicating a considerable admixture of the 
ligand and metal orbitals. Preparation and physical properties of the 
related polymer, 67, have also been reported (166). 

The effects of metal-to-metal electronic coupling are observed for sev- 
eral complexes where a ferrocene moiety is bound to transition-metal 
complexes with a r-conjugated chain, 68 (167), 69 (168), and 70 (169). 
Tertiary amineeferrocene conjugated molecules, 71, show two-step le- 
oxidation, and their monocationic forms exhibit strong LMCT bands 
at 600-700 nm (170). 

Proton-coupled intramolecular electron transfer has been investi- 
gated for the quinonoid compounds linked to the ferrocene moiety by a 
T-conjugated spacer, 72 (171) and 75 (172). The complex 72 undergoes 
2e- oxidation in methanol to afford 74, which consists of an unusual 
allene and a quinonoid structure, with the loss of two hydrogen atoms 
from 72 (Scheme 2). The addition of CFaSOsH to an acetonitrile solution 
of 74 results in two intense bands around 450 nm, characteristic of a semi- 
quinone radical, and a weak broad band at 1OOOnm in the electronic 
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spectrum and a well-resolved signal (811 = 3.97, g, = 1.64) due to a ferro- 
cenium cation, including paramagnetic Fe(II1) nuclei in the EPR spec- 
trum at 6.4 K. The structure of the protonated form is assignable to an 
ethylene-bridged ferrocenium cation-semiquinone, 73-1, implying that 
the diamagnetic complex 74 can be converted into the paramagnetic 
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complex 73-l by proton-coupled intramolecular electron transfer from 
the Fe(I1) center in ferrocenyl sites to the quinonoid site of 74. 

Another ferrocene-quinone conjugated compound, 75, undergoes a 
drastic structural rearrangement into the fulvene-cumulene structure 
by the proton-coupled intramolecular electron transfer from the ferro- 
cene to the anthraquinone moiety (Scheme 3) (172). The X-ray crystallo- 
graphy of 75 shows that the cyclopentadienyl rings of the ferrocene 
moiety are perpendicular to the plane of the anthraquinone moiety, 
and the UV-Vis absorption spectrum in benzonitrile exhibits a specific 
absorption band at 510 nm assignable to the MLCT transition from the 
Fe(I1) to the ethynyl-anthraquinone moiety. Addition of a stoichio- 
metric amount of CF3S03H to a benzonitrile solution of l-FcAq causes 
a spectral change in which the MLCT band increases in intensity, and 
in which a new broad band with a half-width Au~/~ = 5.2 x lo3 cm-l 
appears in visible and near-IR regions (X,,, = 939 nm). The protonated 
complex of 75 is a diamagnetic complex involving a cumulene moiety, 
76. The deprotonated form, 75, shows reversible two-step le- reduction 
at E"' = -1.26 and -1.71 V US. ferrocene/ferrocenium derived from the 
anthraquinone moiety and reversible le oxidation at E"' = 0.22 V due 
to the ferrocene moiety in Bu4NC10&H2C12. The first reduction poten- 
tial shifts dramatically in the positive direction to E"' = -O.O6V, and 
the oxidation potential shifts moderately in the positive direction to 
E"' = 0.33 V in the protonation product, 76, whereas the second reduc- 
tion potential is little changed. These results correspond to the struc- 
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tural changes in both ferrocene and anthraquinone moieties by protona- 
tion. 

The ferrocenyldiphynylpropargyl cation, 77, has an intrinsic delocali- 
zation nature exhibiting a valence tautomerization band at 856nm, 
and its nucleophilic trapping reactions give rise to the formation of 
ferrocenyldiphyenylallenes (173). The bis(acetylide) mixed-valence 
complexes of ferrocene and the Ru complex moiety, 78, also behave as 
a fulvenecumulene structure, 79, showing a v(M = C = C = C) band 
at 1985 cm-’ (I 74). Related alleylidene and cumulenylidene complexes 
of transition metals have been reviewed by Bruce (175). 
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V. Concluding Remarks 

In this review, recent studies on the fundamental properties, and 
especially redox behavior, of conjugated ferrocene systems have been 
surveyed. Various kinds of ferrocene dinuclear mixed-valence com- 
plexes have been synthesized and their physical properties investi- 
gated. To understand the intramolecular electron-transfer mechanism 
and dynamics in such complexes is important in elucidating fundamen- 
tal concepts regarding the development of redox-based molecular 
devices. The next stage of research on the conjugated ferrocene systems 
should be to identify the intramolecular electronic events between mul- 
tiple redox nuclei, to control internuclear electron transfer using exter- 
nal stimuli, and to combine the redox abilities of ferrocene. The 
studies of many researchers are advancing in these directions, as has 
been described in this review. 
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I. Introduction 

It is now almost 50 years since the structure of DNA was elucidated by 
Watson and Crick (1) (Fig. 1). Since then the double helix has become 
an icon for modern scientific achievement. With the rapid growth of 
molecular biology and the consequent success of the human genome 
project (2) we are now firmly in a post-genomic era. However, in spite 
of, or perhaps because of this, efforts to understand fundamental 
aspects of metal-ion interactions with DNA continue to be vigorously 
pursued. 

At present the best understood metal-ion interactions with DNA are 
those involving the platinum drugs, e.g., cis-[PtC12(NH&] (3-5). In 
such cases the metal-ion binding generates 1,Zintrastrand adducts 
which are formed predominantly at the N7 site of guanine in GG 
sequences (Fig. 2) (3,6,7). Research into metal-containing anti-tumor 
drugs is extremely active (a), with the synthesis of new lead compounds 
(9-11), investigations into the molecular mode of action (12-16’), and 
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Major groove 

Minor groove 

Minor groove 

FIG. 1. Duplex DNA indicating the locations of the major and minor grooves and their 
relationship to the Watson-Crick base pairs. 

new strategies for drug development such as high throughput screening 
of libraries are all being explored (17,18). The synthesis of new com- 
plexes including, e.g., polynuclear platin:m drugs [(trans- 
PtC1(NH3)2)z{@-urts-Pt(NH&(NH2(CH2)6NHz)s}] , is another expand- 
ing area (1S22). The complexes of other metals such as ruthenium 
(10,11) and titanium (23) are also being considered as alternatives to pla- 
tinum, and the first of these, as [RuC14(dmso)(Imidazole)] [ImidazoleH], 
has now entered clinical trials (24). However, since metallo-drug DNA 
chemistry is frequently reviewed and often dominated by G-N7 
interactions, only a few selected examples from this field are included 
here. 

Instead, this review seeks to cover less well-known and newly 
emerging aspects of metal-nucleobase chemistry. In addition to bio- 
medical relevancies, nucleic acid chemistry offers a paradigm for orga- 
nizing molecules via base pairing. Combining the hydrogen bonding 
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cis-(H3N)Pt 

FIG. 2. Molecular structure of the major cis-platin-DNA adduct (6). 

capabilities of nucleobases with their ability for metal-ion binding is 
increasingly exploited as a basis for building varied molecular archi- 
tectures. The plethora of binding modes for these nitrogenous hetero- 
cycles, adenine (A), guanine (G), thymine/uracil (T/U), and cytosine 
(C), gives rise to an extensive variety of complexes, including metall 
metal bonded species, and discrete macromolecules and polymers. 
Metal ions, in the form of appended complexes, have been used to 
introduce site-specific redox- and photo-active centers in DNA and 
address questions concerning charge transport (25). The possibility 
for DNA nanotechnology, including DNA-based molecular electronics, 
is frequently advocated and different strategies have emerged to take 
advantage of the molecules’ unique properties (26,27). In this area, 
too, the involvement of metal ions is important. 
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II. Metal-Nucleobase Binding 

A. METAL-NUCLEOBASE N-AND O- INTERACTIONS 

Very recently the trams-[Pt(NH&&] isomer has been shown to pro- 
mote the formation of some highly unusual multiple strand nucleic 
acid structures (28). A parallel-stranded DNA duplex, psPtDNA, has 
been prepared which incorporates a trans-Pt(NH# crosslink. The pla- 
tinated strands were synthesized through the series of reactions illu- 
strated in Fig. 3. The initial mono-functional G-N7 adduct is formed at 
pH 3.5 by addition of trans-[Pt(NH&(HzO)C1]+ to the pyrimidine-rich 
sequence 5’-d(T4CT4G). After the pH is increased, normal anti-parallel 
duplex formation occurs upon addition of the complementary purine- 
rich strand, 5’-d(A4GA4G). This intermediate anti-parallel stranded 

pH 3.5 

AT 
GCti8 
AT 
AT 

b 

A4GA4G 
- 

pti 0.5 

H:r 
AT AT GC 
AT 
AT 

T--.-~ 
T---e j, 
Cl-t--G 
T---w A 
T-v-- A 

psFtDNA 

FIG. 3. Reaction scheme for the preparation of platinated parallel DNA (psPtDNA). 
Adapted from Ref. (28). 
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DNA, apsPtDNA, contains an overhanging G-residue that undergoes 
preferential inter-duplex crosslinking (4°C over a period of 2 months) 
to form 3’-crosslinked complementary strands. Duplex melting and 
intramolecular hybridization at pH 4.2 leads to the formation of parallel 
stranded DNA, psPtDNA. 

CD spectroscopy of the psPtDNA duplex at pH 4.2 indicates the for- 
mation of Hoogsteen base pairs. For the GC pair this requires protona- 
tion of C-N3, which is consistent with the low pH conditions required. 
At higher pH (6.5) a range of different conformations is suggested. The 
parallel stranded duplex, psPtDNA, is more stable than the anti-paral- 
lel analogue (T, = 21°C us. 35°C). The Hoogsteen-paired psPtDNA 
duplex undergoes hybridization to form a triplex structure that exhibits 
unusual reversed melting behavior, with the WatsonCrick (WC) 
duplex melting before the Hoogsteen. This effect can be explained by 
the stabilizing effect of the Pt-crosslink on the latter. A further interest- 
ing property of psPtDNA is the observed concentration dependence 
that indicates the formation of a homodimer at higher concentrations 
(dimer:monomer ratios 60:40, 40:60, and O:lOO% at 2.0, 0.5, and 0.05 IAM, 
respectively). While several structural possibilities for a homodimer 
exist (Fig. 4) the most probable is a quadruple helix. Hydrogen bonding 
patterns that are compatible with quadruplex formation are available 
and are shown in Fig. 5. 

The use of metallo-based crosslinking of DNA strands is increasingly 
considered for enhancing antisense and antigene strategies whereby 
an irreversible interaction is formed following hybridization (Fig. 6) 
(29). This is aimed to address the significant problem that adducts of 
DNA probe oligomers and the target DNA or RNA do not survive repli- 
cation and transcription events. Trans-(NH&Pt”-modified DNA oligo- 
mers have been shown to be capable of forming such crosslinked DNA 
duplex with target strands (30). The platinated-labeled antisense strand 
was prepared by reaction with a pyrimidine-rich 12-mer containing a 
single terminal G residue, 5’-d(GT&T&sT&). Hybridization reactions 
with the d(GA2G2A2G2A2G) oligomer analyzed by HPLC, ESMS, and 
‘H NMR indicated three major species, all of which contained G-PttG 
interstrand crosslinks. From these studies some general principles for 
the design of Pt-based antisense molecules emerge: (i) the need for a 
minimum length of sequence for recognition; (ii) the terminal-Pt group 
seems to be superior for crosslinking; (iii) for post-synthetic platination 
of the antisense strand a sequence containing a single G-residue facili- 
tates preparation. 

The design of site-specific reagents has obvious benefits in the pre- 
paration of platinum-modified strands. The sterically crowded mono- 
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FIG. 4. Possible homo-dimers of psPtDNA: (A) antiparallel duplex, (B) parallel duplex, 
(C) quadruplex. Adapted from Ref. (28). 

H2N4;+ --____ H-v 
H’ y--------H-N. 

H 

FIG. 5. Possible base-pairing interactions for the quadruplex homodimer. Hoogsteen 
pairings of the parallel stranded PtDNA duplex requires protonation of the GC pair. 
Adapted from Ref. (28). 
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Q am P: Cl 
a,n’ 

FIG. 6. Metal-crosslinking in antisense and antigene technology. The recognition of the 
target (sense) strand by the antisense strand is rapid and is followed by a slower irrevers- 
ible metal crosslinking. 

functional complex [Pt(l-MeC-N,>,(HzO)], 1, has been shown to bind to 
N7 of terminal-G nucleotides in duplex DNA with high selectivity (31). 
This is in contrast to [Pt(dien)X]“+, which binds at the same site on G- 
bases but does so randomly in a sequence. Though 1 lacks the necessary 
reactivity for antisense applications it does illustrate that complexes 
can have specific reactivity for a particular DNA feature. Efforts to 
develop alternative methods for synthesizing DNA oligomers bearing 
reactive Pt-groups have been explored (see below). 

While the critical role of intrastrand 1,2crosslinks in the mechanism 
of action of the anti-tumor drug cis-[PtClz(NH&] is well established, 
much less is known about the few trans-analogs that exhibit similar 
efficacy. A series of 1,3-adducts has been characterized with 3-mers gen- 
erally involving purineeN7 coordination (32-34) and either mono- 
functional or interstrand adducts are formed with duplex DNA (35). 
However, one of the most active compounds, trans-[PtClz{(E)- 
HN= C(OMe)Me}s], (2) h as b een shown to form a 1,2-adduct with 2- 
mer ribonucleotide sequence r(AG) (36). Though the formation of the 
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adduct chelate ring is slow, the resulting compound is stable. ‘H NMR 
and molecular modeling indicate that binding involves G-N7 and, un- 
usually, A-N3. In duplex DNA these sites are located in the major and 
minor grooves, respectively. The importance, or otherwise, of this new 
type of adduct in the molecular mode of Pt-based drug action will 
undoubtedly be the subject of further studies. 

There has been an increasing number of reports of metal ions binding 
at less common sites on nucleobases in DNA and in model systems. 
Another site on duplex DNA to emerge as a target for binding metal 
complexes is N3 of pyrimidines, thymidine and uridine (37). This site is 
located in the center of the double helix and hence coordination must 
involve an opening up of the helical structure. Kimura and co-workers 
have established that Zn2+-cyclen, 3, and its derivatives are highly spe- 
cific in coordinating these bases (Fig. 7). 

Using DNA footprinting, it has been shown that [Zn(cyclen)12+ deri- 
vatives bearing aryl-methyl substituents selectively bind to duplex 
DNA at AT-rich regions in the minor groove (37). The stacking ability 
and number of aryl rings affect the affinity and selectivity of binding. It 
appears that Zn2’ is essential for DNA binding; cyclen derivatives 
alone, or as CL?+ or Ni2+ complexes, are ineffective. It was shown that 
the DNA binding is inhibited by the thiolate ligand captopril, suggest- 
ing the mode of interaction involves coordinate bond formation. 
Footprinting experiments using the micrococcal nuclease enzyme indi- 
cated that, in comparison with typical groove binding molecules such 
as distamycin A, the Zn2+-cyclen derivatives bind to thymidine of A-T 
base pairs (Fig. 8). The Zn2t-(4-quinolyl-methyl)-cyclen is competitive 
with Distamycin A for AT-rich regions supporting the minor groove as 
the site through which interaction occurs (Fig. 8). 

N3coordination by monomeric and dimeric Zn2+-cyclen derivatives 
has also been shown to both inhibit the photo[2+2]cycloaddition of 
thymidilyl(3’-5’)thymidine, d(TpT), and to accelerate the photosplitting 
process of the [T-cis,syn-T] dimer (78% after 1 h of UV exposure) (38). 
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i &A 
Fm. 7. A Znzt-cyclen derivative (3) with coordinated captopril, and molecular structure 

of a Zn”(cyclen)-N3 bound lPMeT. 

F1c.8. Schematic for the micrococcal nuclease attack to (a) breathing ds-DNA, (b) dista- 
mycin-bound DNA, and (c) Zn’+-cyclen derivative-bound DNA. Arrows and dashed 
arrows, respectively, indicate successful and failed enzyme hydrolysis. Reproduced with 
permission from Ref. (37). Copyright 1999, American Chemical Society. 
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The Zn-N3imide interaction has been used to selectively extract imide- 
containing nucleosides and nucleotides into lipophilic media (39). 
Hexadecyl-derivatized Zn2+ -cyclen was shown to extract dT from an 
aqueous solution containing a mixture of C, A, and G nucleobases. The 
antiviral agent AZT (3’azido-3’deoxythymidine) could also be extracted 
into CHCls from neutral aqueous solutions. Transport across a lipophi- 
lit layer was also shown, using acidic conditions, to promote the release 
of dT and AZT (Fig. 9). 

The T-N3 imido-site is also preferred for Hgn binding to hairpin 12- 
mer DNA oligomers (40). The nature of the adduct was found to be 
dependent on the number of T nucleotides in the loop. For sequences 
with runs of 2 and 3 thymidines, d(ATGGGTTCCCAT) and 
d(GCGCTTTGCGC), interstrand TN3-Hg-TN3 crosslinking was 
found. In contrast, for d(GCGCTTTTGCGC) with a T4-run, the hairpin 
was stabilized by an intramolecular crosslinking (Fig. 10). 

While often somewhat ignored by coordination chemists, the interac- 
tion of Group I ions has recently received increased attention, particu- 
larly with regard to duplex DNA. To a large extent these ions are 
involved in charge neutralization of the anionic backbone of (deoxy)- 
ribonucleotide polymers. However, more specific effects have been 

R 

FIG. 9. Transport of dT and AZT through a liquid membrane: released pyrimidine; dT 
(100%); AZT (- 21%). Reproduced with permission from Ref. (39). Copyright 1998, 
American Chemical Society. 
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FIG. 10. Intrastrand Hg”-crosslink in T,-hairpin structures. Reproduced with permission 
from Ref. (40). Copyright 1996, American Chemical Society. 

suggested, as for example in the minor groove of B-DNA. Here the so- 
called “spine of hydration” identified in the Dickerson-Drew duplex 
d(CGCGAATTCGCG)z has been reinterpreted as containing metal 
ions (41). Molecular dynamics simulations have located a Na+ ion loca- 
lized at the ApT step interacting with T-02 atoms on opposite strands 
of the duplex. Analysis of the electrostatic potential of the possible com- 
bination of base pair steps reveals the ApA, TpA, and ApT combinations 
to possess the most negative electrostatic potential which may possibly 
bind otherwise mobile cations (Fig. 11). On this basis it has been sug- 
gested that metal ion.. . DNA minor groove interactions may be a 
source of sequence-dependent effects, such as groove narrowing at A- 
tracts (42). In testing this with MD simulations, both inner- and outer- 
sphere interactions with the DNA bases were observed (Fig. 12) and a 
correlation between groove width and ion penetration was noted. 

Crystallographic data for the same d(CGCGAATTCGCG)s dodecamer 
duplex containing Rb+ showed partial occupancy of the metal ion at 
the site of the water molecule which hydrogen-bonds the T-02 atoms 
on opposite strands (43). The difficulty in locating alkali metal ions, 
especially Na+, in single-crystal X-ray structure determinations has 
been addressed by single-wavelength anomalous diffraction (44). 

Line-broadening effects have been observed in ‘H NMR studies of the 
interaction of Mnn ions with DNA oligomers d(GCA4T4GC) and 
d(CGT4A4CG) (45). Most affected were the A-H2 resonances of bases 
located centrally in the dodecamer sequences. These so-called A-tracts 
(runs of 4-6 dA bases) act to bend DNA in the direction of the minor 
groove. The authors suggested T-02 as the site for interaction, based 
on the electronegativity of oxygen. 

A dramatic illustration of the effect of metal ions on DNA structure is 
seen in the STM images of DNA circles in the presence of either MgClz 
or ZnBr2 (46). The shape of the DNA circles of 168-base-pair (bp) length 
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FIG. 11. Schematic of DNA bp steps in the minor groove, indicating possible locations of 
electrostatic pockets (shaded regions). Shading is proportional to the putative efficacy of 
the binding. Electronegative atoms are indicated by circles and hydrogen atoms by 
squares. Reproduced with permission from Ref. (41). Copyright 1997, American Chemical 
Society. 

in the presence of Mg2+ ions is smoothly curved (Fig. 13). Replacing the 
Mg2+ ions with Zn2+ induces almost linear sections joined by abrupt 
kinks. These effects were not seen in smaller circles (126-bp), which sug- 
gests that axial strain in the DNA is required for the ion-induced trans- 
formation. 

The lack of structural detail for interactions involving labile metals, 
particularly the Group I ions, is problematic and here model compounds 
are proving useful. A range of binding modes for Na+ and K+ ions invol- 
ving both T-02 and T-04 have been realized with Nl-alkylated thymi- 
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FK 12 (A) The d(CGCGAATTCGCG)a duplex with a narrow groove and a sodium ion 
coordinated at the ApT step. (I) The DNA is shown in stick representation and the ion in 
space-filling size. Left view is directly into the central minor groove. Right view: left 
view rotated 90” counterclockwise and tilted 30” to show the ion in the minor groove. (II) 
The base pair views are of the central ApT step. Top view is down the helix axis, bottom 
view is directly into the minor groove. (B) The DNA duplex with a phosphate-oxygen 
pair-sodium ion interaction and a water molecule coordinated at the ApT step. (II) 
Views as in Fig. 12A for the phosphate-ion-water-base complex at the AT site. 
Reproduced with permission from Ref. (42). Copyright 2000, American Chemical Society. 

dine (47). Such interactions are also seen in metalated nucleobases 
(48,49), such as trans-[fPt(NH3)2(1-MeU)zf2AgNa(H20>412+, which fea- 
tures Na-04 binding. 

One approach, pursued by two groups in particular, is to use model 
nucleobases that feature an additional metal-ion binding group. Gokel 
and co-workers have used this strategy with aza-crown derivatives 
(50,51). X-ray crystallography of his-(3-(1-thyminyl)propyl)-4,13-diaza- 
18-crown-6,4, reveals the Na+ is coordinated by T-02 [Na-0 distances 
2.488 and 2.468 A] (51). Aza-crown derivatives with multiple base substi- 
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FIG. 13. Images of 168-base-pair DNA minicircles in 1 mM MgClz (a) and 1 mM ZnBl 
lowing a factor of 4 increase in kink density inZn’*. Reproduced with permission 
ef. (46). Copyright 1997, Nature (London). 
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tuents have also been described. Metal-ion binding here disrupts inter- 
nucleobase hydrogen bonding due to the induced conformational 
change of the macrocycle, 5. 

In the case of the Na+ and K+ complexes of NS-ethyladenine-aza-1% 
crown-6, the metal ions exhibit different types of interaction at the 
minor groove site N3 (Fig. 14) (52). The Na+ complex, 6, shows a second- 
sphere interaction involving the coordinated HZ0 hydrogen bonding to 
N3 [Na-OH, 2.327, Ho N3 2.836 A]. In contrast, the K+ complex, 7, 

5 Na+ (5) 
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6 7 

FIG 14. Structures of (6), illustrating the second-sphere interaction with A-N3, and (7), 
showing the K+-A-N3 binding. Reproduced with permission from Ref. (52). Copyright 
2001, Royal Society of Chemistry. 

has a direct K+-N3 interaction [K+-N3 2.939 A], though here the metal 
ion lies significantly out of the nucleobase plane, suggesting the interac- 
tion has a highly ionic character. A similar interaction is seen in the 
few other X-ray structures containing K-N3A interactions (53,54). 

A series of amine-tethered nucleobases such as 8 has also been devel- 
oped. These ligand systems have allowed the interaction of d-block 
metal ions with the N3purine site to be probed and an indication of base- 
specific metal-ion binding has begun to emerge (5558). 

Titrations of Zn” ions with ethylenediamine-N,9-ethyladenine, 8, fol- 
lowed by ‘H NMR, show line broadening for H2, indicative of a ligand 
exchange at N3 (58). However, this behavior is anion dependent. Thus 
line broadening is seen with NO, and ClO, (Fig. 15), but not with Cl- 
ions. Structural data obtained on compounds isolated from these reac- 

H2N-/HN 
8 
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tion mixtures support these observations. With Zn(ClO& the complex 
[Zn(Cl)(en-Et-A-N3)HzO]+ (9) contains a trigonal bipyramidal Zn” 
which is coordinated by adenine N3 [Zn-N3 2.070 A] (Fig. 16). On addi- 
tion of ZnCls the trinuclear complex [Zn3C1s(en-Et-A-N7)2(Hzo),l is 
isolated whereby each adenine coordinates a [ZnCl$ group at N7. 
Reaction between the guanine analog, en-Et-G, and Zn(NO& yielded 
the dimer 10 in which each ligand strand bridges the two metal ions by 

2O%M 

60%M 

lOO?hM .I.; 

.,. ._;., ,^ ._. ~_. 

FIG. 15. Aromatic region of the lH NMR spectrum for Zn(ClO& and ethylenediaminee 
N,Sethyladenine hydrochloride, A-Et-enH+,Cl-, in DzO, illustrating the broadening of 
the H2 resonance of the adenine moiety. Reproduced with permission from Ref. (58). 
Copyright 2000, Wiley-VCH. 
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FIG. 16. Molecular structure of the Zn”A-N3 complex (9). Reproduced with permission 
from Ref. (58). Copyright 2000, Wiley-VCH. 

a coordinating one at N7, and chelating the second at the diamine [Zn- 
N7 2.002 A; Zn-N,, 2.079 A, Zn-N,, 2.005 A] (Fig. 17). 

Reactions of aqua Cu” ions and either G-Et-en,HCl or A-Et-en,HCl 
generate helical coordination polymers (57) (Fig. 18). In both cases the 
metal ions adopt square pyramidal coordination; however, the polymer 
topologies are quite different. In the case of [Cu(Et-N7-G- 
en)(HzO).JNOs,C1 hydrate, 11, the extended structure contains stacked 
guanine bases [Cu-N7 1.99 A; G. . .G separation 3.2 A] which are rotated 
by 90” and inclined at 9.6” with respect to the nearest neighbor. In con- 
trast, in the analogous adenine complex, [CuCl(Et-N7, N.3en)]NOs, 
HzO, 12, the bases make an angle of 74.4” with neighbors. This difference 
is due to the involvement of N3 in metal-ion binding in the case of ade- 
nine [Cu-N3 2.019 A; Cu-N7 2.064 A]. The same [A-N3 + diamine] bind- 
ing mode is observed in a Cd-coordination polymer. The greater 
tendency for coordination at A-N3 than at G-N3 is a prevalent feature 
in the chemistry of these chelate-tethered nucleobase systems. 

Another helical coordination polymer to contain binding at A-N3 is 
the product isolated from the reaction between trans-[(NH&Pt(S- 
MeA-N7)(9-MeH-N7)12+ (H = 9-methylhypoxanthine) and an excess of 
AgNOs, 13 (59). Unusually, in this material the 9MeA is bound by 
metal ions at Nl, N3, and N7 simultaneously. The chain polymer is 



FIG. 17. Molecular structure of the Zn”-guanine dimer (10). Reproduced with permission 
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from Ref. (58). Copyright 2000, Wiley-VCH. 
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FIG 18. Molecular structures of the polymeric chains in (left,) (11) and (right) (12). 
Reproduced with permission from Ref. (57). Copyright 2000, Wiley-VCH. 
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extended through Ag-Nl and Ag-N3 binding and the resulting 
Ag . Ag separation is 6.971 A, which also describes the helical pitch. 

N3coordinated complexes containing platinum group metal ions 
have also been synthesized and studied (SS,SO,Sl). Steric hindrance has 
been used to direct binding to N3 in a series of Pd- and Pt-containing 
complexes of 6,6,9-trimethyladenine (SO). Platinum modification was 
found to have a pronounced effect on the basicity of the adenine moiety. 
The protonation constants (log Kn values) for the twofold protonation 
of 6,6,9-trimethyladenine are 4.15 and -0.75, with the initial protona- 
tion occurring at Nl followed by N7. The equivalent values for the for- 
mation of [Pt(dien)TMA-N3)H13+ and [Pt(dien)TMA-N3)H,14+ are 0.3 
and -1.2, respectively. Moreover, the site of initial protonation was 
found to be N7 (Fig. 19). These observations are supported by theoreti- 
cal studies (62). 

Reaction of 6,6-dialkyladenine (alkyl = R = Me or Et) with the Rem 
complex [ReC13(MeCN)(PPh&] also yields an N3coordinated complex, 
mer,cis-[ReCla(6,6-MesAH-N3)s(PPha)] (Re-N distances 2.391, 2.392 A), 
which can be oxidized with HCl to the ReIV species [ReC14(6,6-Me2AH- 
N3)(PPh,)] (Re-N distance 2.339 A) (63). Both of these contain an intra- 
molecular Re-Cl . HNSA hydrogen bond. A similar type of interaction 
has been observed earlier in the Rh’ complex [(cod)Rh(Me,AH-N3)Cl] 
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FK;. 19. Stepwise protonation of NS-platinated 6,6$trimethyladenine. 

(64). A product, 14, was also isolated from the reaction between 6,6- 
Me2AH and cis-[ReC14(MeCN).J. X-ray crystallography identified this 
as 14 resulting from insertion of the C E N group into the adenine N9- 
H bond [Re-N3 2.351 A]. Formation of 14 is explained by activation of 
the coordinated MeCN towards intramolecular nucleophilic attack by 
the deprotonated adeninyl N9. 

The presence of a chelating tether, such as ethylenediamine or 
dithioethane, has allowed the rational synthesis of NS-bound Pd, Pt, 
and Rh complexes with NS-alkylated adenine itself (56,&Y). Bond lengths 
to the nucleobase are typical for the respective metal ions (e.g., Pd-N3 
range 2.031 to 2.047 A) (56). The molecular structure of [PdCl(A-N7-Et- 
en]+, 15, is shown in Fig. 20. A key spectroscopic feature of N3-bound 
metal complexes is the downfield shift of CH resonances attached to 
N9 due to the close proximity of the metal ion (Fig. 21) (the Pd. H dis- 
tance in 15 is 2.851 A) (56,60). This spectroscopic signature has assisted 
in the assignment of the [G-N7-Pt-A-N31 adduct formed by trans- 
[PtCl,{(E)-HN=C(OMe)Me},], 2, and may become increasingly useful 
in the assignment of this binding mode in more complex systems. 
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FE. 20. Molecular structure of the AN3-Pd complex 15. Reproduced with permission 
from Ref. (56). Copyright 2001, Wiley-VCH. 

Frc.21. lH NMR spectrum of (top) 8 and (bottom) 15, highlighting the downfield shift for 
resonances of the methylene group attached to N9. Reproduced with permission from 
Ref. (56). Copyright 2001, Wiley-VCH. 
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Of all the known sites for metal-ion binding to the heteroatoms of 
DNA bases, G-N3 is the most elusive. The adjacent 2-amino group is 
often considered to offer steric hindrance to binding at this site. 
However, while this undoubtedly influences the chemistry it does not 
preclude binding. The tri-metalated [{Pt(NR3)s)a(9-EtG-N1,N3,N7)]5t 
compound has for many years been the only structurally characterized 
example of an N3-coordinated guanine (66). A second example has now 
been reported, the tetranuclear octacation 16 (56). In this complex 
both the N7 and N3 atoms are bound to Pd” (Fig. 22). The molecule pre- 
sents an interesting new architecture for a guanine-tetramer. Such 
structures are well known in DNA chemistry and are almost inevitably 
metal-ion stabilized (67,68). 

It is interesting to speculate as to what types of DNA structure might 
be prone to coordination at G-N3. G-quartets, 17, as seen in telomeres, 
are assembled through a combination of hydrogen bonding involving 
WC + H face interactions (67,68). This arrangement presents four G- 
N3 sites pointing outwards toward potentially reactive electrophiles. 
Whether G-quartets are susceptible to coordination at N3 has not yet 
been established, but as such structural motifs are increasingly tar- 

16 

FIG. 22. Molecular structure of the tetrameric octacation 16. Reproduced with permis- 
sion from Ref. (56). Copyright 2001, Wiley-VCH. 
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geted in, e.g., drug action (6$71), this aspect of DNA coordination 
chemistry may become important. 

Interestingly, the G-N3 site has been shown to be involved in G-C 
base pairing should N7 and Nl be unavailable (72). This type of hydro- 
gen-bonding interaction is also frequently observed in the packing of 
guanine derivatives in the solid state, including metal derivatives 
(56,73). 

Recently, Switzer and co-workers have further extended the multi- 
stranded motifs for nucleic acids with the formation of a quintet assem- 
bly with oligonucleotides containing 2’deoxy-iso-guanosine (74). To 
support the quintet, metal ions larger than those appropriate for quar- 
tet stabilization were required, and Cs+ ions were found to best meet 
this requirement. From modeling studies, a structure in which a central 
Cs+ interacts with ten 02-iG atoms at a distance of N 3.5A was 
proposed. 

B. METAL-METALINTERACTIONS 

There is an extensive number of nucleobase complexes that contain 
multiple metal ions (75). In some cases the binding sites are in close 
proximity and there is the possibility for metal-metal interactions. 
Figures 23 and 24 illustrate various binding modes involving the N,O- 
donor sites which can potentially give rise to such phenomena. 

For the purines, only in the case of adenine has the [N3 + N9] bridg- 
ing mode been observed (7678). This further highlights the difference 
in binding patterns between the N3 of A and G. A recent example is 
seen in the Pds-adenine complex, 18, formed in reactions of 19 with 
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FK. 23. Metal-ion binding modes for A and G that may give rise to metal. metal inter- 
actions. Adapted from Ref. (75). 

DNA (78). The proposed mechanism of formation involves an initial 
non-covalent binding in the minor groove of duplex DNA by complex 
19. Metal-nucleobase bond formation involving the A-N3 activates 
the base towards cleavage of the glycosidic bond (depurination). A sec- 
ond complex then reacts at A-N9 to give the product, 18. However, 
this reaction was performed at low pH and high temperature for a pro- 
longed period (reaction conditions: HCl, 3 days at 95°C). Under such 
harsh conditions a more likely explanation is that acid-catalyzed depur- 
ination of the DNA liberated free adenine that subsequently reacted 
with 19. 

For the pyrimidines a range of the binding modes offers the possibility 
for metal-metal interactions (Fig. 24). Many of these combinations 
have been confirmed by X-ray crystallography, and a discussion of 
metal-metal interactions has been presented (79). The extent of interac- 
tion appears to be dependent on both the electronic configuration and 
the geometry of the metal. Short intermetallic separations (Pt- 
Pd = 2.49 A) are observed for trans-Pt(amine)s derivatives, particularly 
those in which the filled Pt dz2 orbital can donate electron density into 
the heterometal drZeYZ orbital (Fig. 25) (80). 
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FIG. 24. Metal-ion binding modes for C and T/U that may give rise to metal. metal 
interactions. Adapted from Ref. (75). 

H. NMH 

18 19 

An interesting recent example of a polymetallic complex is the trime- 
tallic Cu,Pt complex, 20, prepared by reacting [Pt(l-MeC-N3),12+ with 
CuClg under relatively basic conditions (pH = 8-12) (81). The resulting 
compound [Pt(l-MeC--N3,N4,02)4Cu&1~J undergoes substitution reac- 
tions with HsO, SCN-, or NT, with displacement of Cl-. X-ray crystallo- 
graphic studies of the Cl- and aqua derivatives reveal short Cu-Pt 
distances (range 2.519-2.531 A). Both of these compounds are diamag- 
netic owing to unusually strong antiferromagnetic coupling between 
the Cu centers (J = 980 + 30 cm-‘, Cu. . Cu distances w 5 A). The 
results suggest that novel magnetic materials based on metal-nucleo- 
base complexes may be developed in this way. 
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FIG. 25. Heterometallic complex of l-methylcytosine, highlighting the 
-metal interaction involving the filled Pt” d,, with the Pd” d,,,,.,. 

X 

nature of the 

20 

C. METAL-NUCLEOBASE CARBON BONDS 

While metal-nitrogen and metal-oxygen bonded compounds domi- 
nate nucleobase coordination chemistry, examples in which metal-car- 
bon bonds are formed have been identified. Early studies on the 
synthesis of metal-labeled DNA demonstrated that nucleotide-triphos- 
phates, UTP, CTP, dUTP, and dCTP, can undergo mercury modification 
at C5 (82,83). The UTP derivative was also shown to act as a substrate 
for RNA polymerase in the presence of mercaptans (83). Later, guano- 
sine was shown to undergo mercury modification at C8 though, in this 
case, the purine was multiply substituted, 21(84). 

The most common site for metalation of the carbon framework is C5 of 
the pyrimidines, C and U. For these reactions to occur, basic reaction 
conditions are generally required to assist in a deprotonation step. The 
first structurally characterized species was the di-PtnT complex of l- 
methyluracil, which also featured N3- and 04-binding (Pt-C5 distance 
1.9G2.01 A) (85). 
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Reactions of either trans-[Pt(MeNH,),(HzO)z]z+ or [Pt(dien)(HzO)12+ 
with 1,3-MesU yield the corresponding C5-bound complexes over a 
period of several days (Pt-C5 bond lengths 1.90-2.01 A] (86’). Reactions 
with Hg(CHaCOO)s to give Hg(l,3-MesUCs)(CHsCOO) are somewhat 
faster, N 16 h (Hg-C5 bond lengths 2.07 A). Homo- and hetero-metallic 
N3,CXGderivatives have been prepared by initial coordination of 
[Pt(dien)] 2+ at the N3-site of l-methyluracil. Subsequent reaction with 
either [Pt(dien)12+or Hg(CH&OO)s gives the corresponding N3,C5- 
bonded species (86’). More recently the 1-methylcytosine dianion (l- 
MeC2-) has been reported with an Hg-C5 bond. In this unusual cyclic 
compound six Hg and two Pt centers are bonded to four 1MeC dianions, 
22 (87). This structure contains the six Hg” in a plane with separations 
ranging from 3.540 to 5.231 A. Reactions of some of these C5substituted 
complexes have been explored, including the reaction of (1,3-dimethyl- 
uracil-C5)HgOAc with 9-MeA. This gives the mixed nucleobase com- 
plex [Hg(l,3-dimethyluracilC5)(9-MeA-N6)1+ in which the adenine is 
in the Nl-protonated imino tautomer form (88). 

The binding of Au”’ to C5 has been confirmed crystallographically for 
the 1,3-dimethyluracil anion, though the reaction is rather slow (89). 
The Au-C5 bond lengths range from 2.082 to 2.358A for trans- 
[Au(CN)&1(1,3-DiMeU-CS)]- and trans-[Au(CN)3(1,3-DiMeUCS)1~ 
with various counterions. Such species have been proposed as possible 
intermediates in the dimerization of uracil derivatives in aqueous solu- 
tion (90). Reaction of l-MeU or 1,3-MezU with AuCl, in DsO (22°C) 
over a period of hours to days gives the 5,5’diuracilyl dimer 23 as the 
major product (Fig. 26). Also characterized during the course of the 
reaction were a variety of soluble species which included [Au Cla 
(lMeU-N3)], [Au Cls (lMeUC5)~, [(AuCl&lMeU-CSJV3)3)12-, and 5- 
Cl,l-MeUH. Compound 23 does not form if l-MeU is replaced by the 5- 
chloro analog. Reductive elimination of two &-oriented uracil moieties 
bonded to Au”’ is suggested as a route to formation. 
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22 

These studies may be relevant to the proposed photosensitization of 
DNA by Au”‘. Of particular interest here, oxidative degradation of the 
9-MeG of the trivalent gold complex AuCls(9-MeG-N7) has been 
observed, though the process is slow (2 months) (91). The fragmentation 
of the purine gives rise to a mixture of compounds. N-methylparabanic 
acid is the major product if the reaction is performed under aerobic 
conditions (Fig. 27). In the absence of air the formation is minimal and 
guanidinium appears to be the predominant product. 

There have been few reports of purine derivatives’ that contain 
metal-carbon nucleobase binding (75) and those that have been 
described are often polymetalated (84). Quite recently mononuclear 
complexes of adenine and guanine have been prepared that contain 

0 0 0 

23 

FK 26. Au-promoted dimerization of uracil derivatives. (R = H, R ‘= Me: R = Me. R ‘= 
Me; R = H, R’= ribose). Adapted from Ref. (90). 

‘There are a few reports of C%metalated purine derivatives that are not 
nucleobases (92-94). 
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FIG. 27. Degradation of the 9.MeG complex of AuC13(9-MeG-N7). Adapted from Ref. (91). 

metal-C8 bonds (56,95). Reaction of the diamine-tethered adenine 8 with 
[RuCl,(dms~)s]~ gives the CSmetalated derivative 25 (Ru-C8 bond 
length 1.989 A), Fig. 28. In this case the formation of 25 is stepwise, as 
is confirmed by the isolation and structural characterization of 24 (95). 
This intermediate compound contains a pendant adenine moiety with 
binding of the diamine function alone occurring. Conversion of 24 to 
the cyclometalated 25 derivative is achieved on refluxing in MeOH, 
when loss of dmso and C8H + N7H proton transfer is observed. The 
interconversion can be judged by UV-visible spectroscopy as a new 
band is formed at X = 332 run. The analogous guanine compound 26 has 
also been described (Ru-C8 bond length 1.994 A) (56’). In the latter, the 
importance of a chelating reaction was confirmed by studies on the con- 
trol reaction with SEtG, where the N7-coordinated species [RuCl&V7- 
SEtG)(HzO)(dmso)], 27, is formed (96’). Electron-counting in both 25 
and 26 requires the nucleobase to act as a two-electron donor for the 
products to be diamagnetic 18-electron compounds. In contrast, in 28 
the guaninyl group acts as a one-electron donor for the compound to 
be 16-electron. 

IRuC~(dmso)zlIH(dmso)21 
w 

.HCI 

dmso, - He 

H 

,” 24 

kl 25 
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d 

25 

FIG. 28. Molecular structures of 24 and 25. Reproduced with permission from Ref. (95). 
Copyright 1997, Wiley-VCH. 

The reaction between [PdC12(MeCN)2] and ethylenediamine-N,9- 
ethylguanine yields the analogous C8-cyclometalated compound 
[PdCl(en-Et-A-C8)]+ 28 (Pd-C bond length 1.974A) (56) (Fig. 29). 
Again, proton transfer to the adjacent N7 accompanies C&metalation 
and this is observed downfield in the ‘H NMR spectrum 
(6N7H = 11.57ppm). While these reactions are rather unusual with 
regard to metal-nucleobase chemistry, they are in fact examples of clas- 
sical cyclometalation (97). Such reactions often involve a pre-coordina- 
tion step, as observed in the formation of 25. 
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FIG. 29. Molecular structure of the C8-palladated guanine complex, 28. Reproduced with 
permission from Ref. (56’). Copyright 2001, Wiley-VCH. 

D. RARE TAUTOMERS 

Metal-ion binding has been shown to stabilize rare tautomeric forms 
of nucleobases (88,98-102). This may be a contributing factor in the 
mutagenic effect of metal ions since changes in base-pair hydrogen- 
bonding patterns can arise (203). With Pt”, Hg”, and Rum, reagents 
binding to the exocyclic amino group of either adenine and cytosine sta- 
bilize an exo + endo proton shift to the Nl and N3 atoms respectively 
(88,98-100). The effect of possible mispairings of the imino tautomer of 
A on genetic information transfer has been illustrated (Figs. 30 and 31) 
(88). 

Quantum calculations on metal-assisted tautomerization indicate a 
substantial stabilization to protonation of the endocyclic nitrogen 
atoms (99). In the case of HgCHi, adducts are formed by binding at 
either A-N6 or C-N4, which increases the stability of the respective 
NlH+ or N3H+ protonated species by 10-14 kcal/mol. For Ptn binding 
at C-N4 the effect is much greater at N 30-34 kcal/mol. 



METALNUCLEOBASE CHEMISTRY 119 

H2N2y---~;~~ 
R’ 

N k 

G-syn A.-anti 

C-anti A’-anti 

A-syn A’-anti 

FIG. 30. Possible mispaising schemes for adenine N&metal10 imino tautomer. Adapted 
from Ref. (88). 

III. Supramolecular Aspects of Metallo-Nucleobase Chemistry 

Controlling molecular assembly is a significant challenge for syn- 
thetic chemistry, and numerous approaches have been considered 
(104). Frequently, the methods are informed by biology, and DNA-type 
assembly, more than any other, has been used to organize synthetic com- 
pounds. The hydrogen-bonding base-pair paradigm has been increas- 
ingly exploited in coordination chemistry. Numerous examples of 
metal complexes exist which use pendant nucleobases as substituents 
to bring about intermolecular interaction. These include, for example, 
metalloporphyrins (105-108) ferrocenylnucleobases (10%111), and 
pyridyl-metal chelates (112,113). Here the focus will be primarily on 
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FIG. 31. Effects of mispairing in genetic information transfer (Fig. 30). Top, transversion 
of an AT ---t CG via A*G pair. Middle, transition AT --t GC. Bottom, AT + TA transver- 
sion. Adapted from Ref. (88). 

examples that exploit both the metal-ion binding and the hydrogen- 
bonding properties of nucleobases. 

Lippert, in particular, has outlined the extensive possibilities of 
structure building using this bond-forming bifunctionality (114). Many 
of the geometric architectures that can be designed arise from the ortho- 
gonality of the principal purine binding sites Nl and N7 (see A. below). 
With tram+substituted metal ions a plethora of networks can be con- 
structed and many of these have been realized. The area has been 
reviewed quite extensively (114), and no attempt is made here to provide 
an exhaustive coverage of systems so far reported. 

Significantly, it has been shown that coordination of nucleobases can 
enhance base pairing interactions (115). These findings confirm previous 
theoretical calculations (116). The association constant for Watson- 
Crick interactions between 9-EtG and l-MeC was 6.9 M-l, determined 
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by concentration-dependent NMR studies. In comparison, pairings 
between l-MeC and the series of complexes [Pt(dien)(N7-EtG)], 29, and 
30, are K = 13.2,22, and 16.4 M-l, respectively (Fig. 32). 

A similar enhancement has been noted for the coordination of Nl 
cytosine (73,117). The order of stability for GC base pairs was found to 
be in the order III N II > I (Fig. 33) (117). X-ray studies on co-crystals of 
trans-[Pt(NI-C)s(CHsNHs)s] with 9-ethylguanine confirm WC base pair- 
ings. The stability constant for the truns-[Pt(C-N1)s(CH3NH2)s]/9-EtG 
base pairing was calculated as K = lO.OM-‘, compared to a value 
K = 6.9 M-’ for 9-EtG/l-MeC in the same solvent (ds-DMSO). These 
observations are important and show that base-pair hydrogen bonding 
can be realistically considered a design principle for assembling nucleo- 
baseemetal complexes. They also suggest the feasibility of molecular 
recognition of natural DNA targets by artificial metal-analogs. 

Multiple stranded DNA structures, such as quartets (67,68,118), that 
are observed in biological systems are increasingly matched by syn- 
thetic analogs. Figure 34 illustrates possible methods of quartet assem- 
bly based on a combination of metal-ligand and/or hydrogen-bonding 
interactions. The structures involve either 4, 6, or 8 metal-ligand inter- 
actions. 

Metal-modified base pairs have been reported some time ago for iden- 
tical (119) complementary (120) and non-complementary bases 
(59,121-126). These may assemble into a type I quartet through dimeri- 
zation, as seen for truns-[(NH3),Pt-(9-EtG-N7)(1-MeC-N3)]f which has 
an association constant of 59.1 M-l in ds-DMSO (123). Rather unusual 
is the involvement of the aromatic C-H5 proton in the hydrogen bond- 

----HN H 

FIG. 32. CG base pairing for N7-platinated guanine derivatives [Pt(dien)(S-EtG--N7)]“+, 
29, and 30. Adapted from Ref. (115). 
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FIG. 33. Watson-Crick base pairs [C-G], [C-G-N7,,,,,,J, [C-NI,,,,,PG]. Adapted from 

Ref. (117). 

ing, which was proposed initially on the basis of ‘H NMR data (1.23) and 
subsequently confirmed by X-ray diffraction (124). 

An alternative form of quartet involves a single base binding to a tri- 
base structure by hydrogen bonding alone (Type II, Fig. 34). Such an 
assembly can be considered to involve a di-metal-tri-nucleobase recep- 
tor binding a fourth base via non-covalent recognition. All four nucleo- 
bases have been incorporated into such a single compound by co- 
crystallizing l-MeC with the diplatinum complex trans-[(NH&Pt(l- 
MeU-N3)(9-EtA-N7,N1)Pt(MeNHz)2(9-EtG-N7)13+, 31 (127) (Fig. 35). 
The GC pair interact in a Watson-Crick manner. Subsequently, the 
involvement of the coordinated pyrimidine in the recognition process 
has been investigated and found to be considerable (128). Association 
constants for l-MeC with tralzs-[(NH3)2Pt(9-EtA-AV)(9-MeG-AV)]2+ 
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III IV 

FIG. 34. Schematic representation of metal-containing nucleobase quartets. 

and trans-[(NH& Pt(l-MeUN3) (9-EtA-N7,NI) Pt(MeNH& (9-EtG- 
N7)13+ are K = 11.1 + 3.2M-l and K = 24.2 5 12.4M-l respectively, 
where in the latter a large error is observed. It was found that C5-H of 
l-MeC is also involved in hydrogen-bond interactions, as is indicated 
by a downfield shift in the ‘H NMR with increased concentration. 

This same di-platinum complex 31 has generated perhaps the largest 
discrete metal-nucleobase assembly characterized to date: a sextet 

/ 

FIG. 35. Schematic of 31, highlighting the hydrogen bonding interactions. Adapted from 
Ref. (127). 
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formed by self-association (129). Semi-deprotonation at G-N1 allows 
dimerization via a complementary hydrogen-bonding interaction, invol- 
ving the Watson-Crick face of guanine, to form the sextet. The six- 
base assembly is highly co-planar, involving multiple hydrogen bonds, 
and has an exceptional stability in solution (K = 500 M-l in dmso). 

A type III quartet has been synthesized by crosslinking trans- 
[(NH&Pt(9-MeA-N7)(9-MeG-N7)12f units with trans-(NHzCH&PtC12 
via the Nl position of the adenine, 32 (130). The resulting trimetallic 
quartet features hydrogen bonding between crosslinked A . . G pairs 
[A-N6. . . G-06 range 2.77-2.901. The separation between the non-cross- 
linked 9-MeG is too large to allow such interactions. Reaction with 
Hg(NO& generates [A-N6Hg-N6A], [G-Nl-Hg-Nl-G], and [G-N2- 
Hg-NB-G] crosslinks. 

A variety of fully crosslinked quartets has been reported (type IV), 
including that derived from the uracilate anion (131-134). This complex 
may be considered a calix[J]arene analog. The compound is prepared 
by dehydration of [enPt(U-N1)HaO]+ (en = ethylenediamine) to give 
the cyclic tetranuclear [(en)Pt(uracilate)]i+ species. While in the solid 
state the molecular cation adopts a 1,3-alternate conformation 33a in 
solution, following deprotonation, a second, cone-conformer, 33b domi- 
nates (133). The two conformations exhibit different metal-ion binding 
modes involving the uracilate oxygen atoms. The 1,3-alternate arrange- 
ment binds four additional metal ions whereas the cone-conformer has 
been shown to bind either one or four. Examples of this last type of com- 
plex are with the incorporation of C# or Z# (M) and feature Pt-M 
interactions consistent with a weak a-donation by the Pt-ion (134). In 
addition to metal ions, these metallocycles also bind small molecules 
such as p-toluenesulfonate and 3-(trismethylsilyl))l-propanesulfonate 
(133). 

6+ 

32 
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The presence of a chelating flexible tether at the N9 position of gua- 
nine has given rise to some unique quartet structures (56,58). For exam- 
ple, the reaction of CdSO* with en-Et-G yields the G-quartet structure 
34, shown in Fig. 36. The G4-Cd4 squares are bridged through SOi- 
ions, generating intramolecular G. . G columns with a separation of 
6.9 A. Regular stacking distances of 3.5 A are formed through intermole- 
cular interactions (58). Such stacking is absent in the Pd-based G- 
quartet 16 due to the non-planar arrangement of the nucleobases 
(56’). An earlier Pd-tetramer, 35, was proposed on the basis of lH NMR 
studies for the species formed in equimolar solutions of [Pd- 
ethylenediamine)(NO&] and 5’GMP or 5’-IMP. In this case the binding 
sites are Nl and N7 (138. 

A unique aspect of the G-quartets 34 and 16 is that their assembly 
involves only metal-ligand bond formation. Since the sites on the 
nucleobase involved in coordination are either N7 or [N7 + N3] this 

FIG. 36. Molecular structure of 34 viewed down the channel axis of the Cd4-G4 square. 
Right, view of the sulfate bridging of individual Cd4G4 squares. Reproduced with permis- 
sion from Ref. (58). Copyright 2000, Wiley-VCH. 
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leaves the WC face available for base pairing. This feature presents 
numerous opportunities for preparing macromolecular metal-DNA 
hybrid structures, such as that shown in Fig. 37, assembled via comple- 
mentary H-bonding interactions. 

Base-pairing interactions have been realized in metal complexes by 
extending ligand functionalization to include two complementary 
nucleobases (136). Sequential alkylation of l,Z-dithioethane using 2- 
chloroethyl-9-adenine and 3-chloropropyl-1-thymine yields the AT- 

R 
; ,,o-----m--u H 

FIG. 37. Possible base-pairing scheme for 34 and four cytosine-containing derivatives. 
Reproduced with permission from Ref. (58). Copyright 2000, Wiley-VCH. 
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36 37 

containing dithioether, 36. Refluxing 36 with either [PdC12(MeCN)s] or 
Ks[PtClJ gives the isostructural complex cations (37)+ (M = Pd” or 
Pt”), in which the dithioether strand is coordinated through S-atoms 
and A-N3. In the solid state the complex cations form infinite chains of 
Hoogsteen base-pairs (T-N3. . A-N7 separation 2.886 A), Fig. 38. 

Loeb and co-workers have reported metallo-macrocycles, e.g., 38 and 
derivatives thereof, based on organopalladium chemistry (61,137). 
These complexes can recognize nucleobases via a combination of 
inner- and outer-sphere coordination. Sonication of a solution of the 
metallo-receptor with a lo-fold excess of solid nucleobase (A, C, G, or 
T) in deutero-acetone or deutero-acetonitrile highlighted the relative 
affinities of the various receptors for the four nucleobases (Fig. 39). 
None of the receptors extract T to any appreciable extent, while C is 
bound by all receptors in acetone. Crystal structure data confirm the 
inner- and outer-sphere binding involved. Cytosine binds through N3 
to the metal ion (Pd-N3 bond length 2.171A) and forms a hydrogen 
bond between N4H2 and an ether oxygen of the macrocycle (137). 
Examples containing guanine feature Pd-N7 coordination, X-T aro- 
matic stacking, and hydrogen bonding involving the N2 amino group 
and the polyether chain. The two adenine-bound derivatives character- 
ized to date involve NS-coordination of the nucleobase (Pd-N3 bond 
lengths 2.129 and 2.128& respectively). As all the potential binding 
sites, Nl, N3, N7, and, after deprotonation, N9, are available, this is a 

FIG 38. Solid-state interactions of 37 involving Hoogsteen base-pairing of the coordi- 
nated adenine and the pendant thymine. 
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surprising result. It suggests that the hydrogen bonding between the 
nucleobase and the organic framework has a considerable influence, and 
directs the metal-nucleobase interaction (61). 

A series of adenine-derived cyclic trimers has been prepared and the 
ability to bind guest molecules explored (138). The trimer motif 39 is pre- 
pared by reaction of [Cp*RhCl,], (Cp* = pentamethylcyclopentadienyl) 
with an adenine derivative (9-methyladenine, adenosine, B’deoxyadeno- 
sine, 2’, 3’-dideoxyadenosine, 5-adenosine-monophosphate) after initial 
metathesis with AgOTf (Fig. 40). The resulting trimers contain 
Cp*Rhnl fragments coordinated by bridging adenines. The binding 
involves a monodentate interaction with Nl and a chelating interaction 
involving N7 and the singly deprotonated N6. An X-ray structure of 
one of the enantiomers of the adenine trimer shows that the molecule 
has a C3 axis, and that the cavity for binding guest molecules is about 
7.5 A wide and 4 li deep (Fig. 40). Perhaps of most interest is the ability 
of these molecules to preferentially bind small biomolecules, such as 
amino acids, in aqueous solution at neutral pH. For comparison, the 
association constants for GTrp and L-Phe binding to [Cp*Rh- 
(2’deoxyadenosine)13(OTf13 are 607 and < 10 M-l, respectively. 

A series of ferrocenylmethyl nucleobases has been synthesized and 
the interactions with DNA in aqueous solution have been studied by 
electrochemistry (109,110). The neutral (v5-CgH5)Fe(q5- C5H4CH2-) 
derivatives were prepared by alkylation of the corresponding base 
with (q5 - C5H5)Fe(q5 - C5H4CH2N(CH& (110). For thymine and cyto- 
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Frc.39. Plot of the amount extracted (o/o) of solid nucleobase (C, A, G, T) into solutions of 
receptors of type 38 in (I) CD&N and (II) (CD&CO. Reproduced with permission from 
Ref. (136’). Copyright 1993, American Chemical Society. 

sine alkylation at Nl was preferential while for uracil the major pro- 
duct was the N3-isomer. Guanine is too insoluble to use directly; how- 
ever, 2-acetylguanine gave the N7 and N9 isomers in approximately 3:l 
ratio. Multiple alkylation involving N9 and the exocyclic amino group 
is observed with both adenine and 6-chloro-2-amino-purine (110,139). 
The electrode potentials of the compounds lie in the range +135 to 
-8 mV (vs. the ferrocenium-ferrocene couple). Electrochemical studies 
of the interaction of 40 (Fig. 41) with ds-DNA showed that the incorpora- 
tion of the single T enhances the binding compared to the similarly 
charged [FcCH,N(CHs)s]+ control. 
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FIG. 40. Schematic and CPK model of the host compound 39. 
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40 

FIG 41. Schematic and molecular structure of 40. Adapted from Ref. (109) 

IV. Metal-Modified DNA Using Solid-Phase Methods 

Metal-ion complexes linked to DNA strands are of interest as artifi- 
cial nucleases (14&143), hybridization probes (144,145) and for investi- 
gating DNA-mediated charge transport processes (25). Typically, the 
synthesis of such molecules has relied upon either post-synthetic conju- 
gation of a preformed complex at the terminal position of an oligo- 
nucleotide (25,146-150), or addition of metal ions to oligonucleotides 
containing a multidentate ligand (141,142,151,152). In some cases, 
advantage has been taken of the phosphoramidite chemistry used in 
automated solid-phase oligonucleotide synthesis to prepare 5’-terminal 
labeled strands (146,147,149,150,153). More recently, this approach has 
been extended to metallo-crosslinking reagents (154-156) and to base- 
modified derivatives (157-164). The approach is well developed in 
organic chemistry but has been little considered for metal-modified 
nucleosides. The chemistry for automated solid-phase DNA synthesis 
is shown in Fig. 42. 

The critical chain-extension reaction involves the nucleophilic 
attack at the Pm phosphoramidite by the 5’-hydroxyl group to form a 
phosphite. This is subsequently oxidized to the more stable phosphate. 
Removal of the base-protecting groups and cleavage from the solid sup- 
port generally involves treatment in strong base, such as aqueous NH:+ 
Clearly, to use this approach for incorporating metal-containing groups 
the complexes must be sufficiently stable to repeated cycles of oxidation 
and strong base. This presents a considerable challenge for reactive 
metal groups, such as Pt-reagents, designed to undergo subsequent 
ligand substitution with DNA itself. However, the synthesis of 
Pt-labelled oligonucleotides for in vitro studies of metal-DNA 
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FIG. 42. Solid-phase synthesis of DNA oligomers, using phosphoramidites 

adducts has been realized (154). The N7-monofunctional complex 
cis-[Pt(NH,)2(5’DMT~deoxyguanosine-N7-3’phosphoramidite)C1]’ is 
unstable under the reaction conditions; however, the fully pro- 
tected deoxyguanosine 3’-H-phosphonate proved suitable (Fig. 43). 
This reagent was used to form the 1,2-intrastrand crosslinked 20-mer 
oligonucleotide 5/-T, Cs A G G T A G* G* Alo Cii Tis Tis Gi4 Gis T1s 3456789 

Gi7 Tis C1s Tsa-3’ (where * denotes the site of platinum attachment). The 
synthetic protocol involved standard automated oligonucleotide synth- 
esis to the point in the sequence prior to the 3’-target dG base. The plati- 
num-modified H-phosphonate was then introduced manually and the 
automated synthesis continued. The monofunctional adduct was con- 
verted to the 1,2-intrastrand dGdG crosslink oligomer by incubation in 
deionized water at 37°C prior to cleavage from the solid support. 

Current limitations in antisense and antigene technology have also 
inspired interest in P&based reagents compatible with solid-phase 
DNA synthesis (155,156). Studies on nucleobase models have for some 
time indicated that trans-metal-complexes may act as effective cross- 
linking agents. However, the development of reagents for these applica- 
tions has been non-trivial. Initial attempts to develop reactive trans- 
(amine)sPt-labeled oligonucleotides were only partially successful 
owing to problems of ligand substitution (155). More recently, these 
problems have been overcome and a short homo-pyrimidine oligonu- 
cleotide bearing a tethered trans-Pt-Cl unit has been prepared (156). 
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FIG 43. Site-specific platination of oligonucleotides. Reproduced with permission from 
Ref. (152). Cop”yright 1996, American Chemical Society. 

Critical to the success of this procedure was the development of a suit- 
able temporary ligand that is sufficiently inert to conditions of oligo- 
nucleotide deprotection (typically aqueous ammonia, 6 h at 50°C) and 
can subsequently be replaced by chloride. The nucleobase derivative 
1-cyclohexamethyl-thymine 41 was found to satisfy these criteria 
and can be converted to the trans-Pt-Cl species by treatment with 
dilute HCl (pH 2.3, 4O”C, 48h). This last step restricts the range of 
possible oligonucleotide sequences to those that are not susceptible 
to depurination, but clearly establishes a prototype system for future 
development. 

Substitution-inert complexes have also recently been introduced into 
DNA as modified-base phosphoramidites. Interest here is generally 
focused on photo- and redox-active metal species for use as probes for 
sensing applications (165) and in studies on DNA-mediated electron + 
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transfer (25). The generally preferred sites for nucleobase modification 
are C5-pyrimidine and C7-deaza-purine, as used in the fluorescent- 
labeled derivatives for sequencing, or the C%purine site (Fig. 44). To 
date, metal-modified examples have been derived predominantly from 
uridine. 

Hurley and Tor (157) have used Pd(0) cross-coupling reactions to pre- 
pare [M(phen)(bipy),]‘+ (M = OS, Ru), a C5-uridine derivative (Fig. 
45a), which can be incorporated into 20-mer oligomers. Extended coup- 
ling times were required to optimize the incorporation (5 min > 90% 
efficiency), which was presumed to be due to the steric bulk of the 
metal complex. Thermal denaturation curves indicated that the metal- 
modified oligonucleotides had little effect on the stability of duplex 
structures, with a reduction of N 3°C for duplex structures containing 
the modified base in the middle of the sequence. In the case of 20-mer 
duplexes containing both Run and 08 attached complex separated by 
one natural AT base pair, a large (7(X35%) reduction in the intensity 
of the Ru-centered 630nm emission is observed compared to a duplex 
containing Ru alone (Fig. 45b). The quenching was dependent on dis- 
tance and reduced to 40% for a 7-base-pair separation between two mod- 
ified base pairs, suggesting intramolecular quenching of the excited 
state of the Ruby the OS. 

An interesting alternative strategy for preparing base-modified oligo- 
nucleotides has been reported by Grinstaff (159,161). Alkynyl-deriva- 
tized metal complexes, based on Ru(bipy)s-42 and ferrocenyl-43, were 
attached to oligonucleotides containing a 2’deoxy-5iodouridine using 
the Sonogashira Pd(0) cross-coupling reaction (Fig. 46). Regular auto- 
mated solid-phase synthesis was interrupted after incorporation of the 
reactive iodo-nucleoside and the protected, supported, growing oligo- 
nucleotide was reacted with the alkynyl-derivatized metal complex 
under conditions to effect C-C coupling, Pd(PPh&, CuI, DMF:Et8N, 

FIG. 44. Common sites for attaching redox- and photo-active groups to nucleosides C5- 
pyrimidine, C7-deaza-purine, and CEGpurine. 
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FIG. 45. (a) Introduction of M(phen)i’ complex into DNA oligomers. (b). Steady-state 
emission spectra of modified oligonucleotides in 0.01 M sodium phosphate buffer, pH 7.0, 
0.1 NaCl. Top: Ru(phen)‘+ a -modified 20-mer duplex (solid line), a 1:I mixture of non-comple- 
mentary Ru(phen)i+- and Os(phen)i’-modified 20.mers (- -) and a 20-mer duplex contain- 
ing Ru(phen)i and Ps(phen)i+groups on different strands separated by one base pair 
(---). Bottom: 20-m?; duplex with s/-terminal Ru(phen)i’ (solid line), and 
Ru(phen)i+/Os(phen)i - containing analog (- - -). Reproduced with permission from Ref. 
(157). Copyright 1998, American Chemical Society. 

reaction time 3 h. Normal synthesis was then resumed. Performing the 
coupling reaction immediately following the incorporation of the 
2’deoxy-5-iodouridine significantly improved the yield compared to 
reactions with the completed oligonucleotide (50%, cf. 8%) (161). Such 
an on-column method has several advantages, including a reduction in 
the number of synthetic steps involved, and makes possible the intro- 
duction of a wide range of functional groups. 
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FIG 46. On-column attachment of redox- and photo-active groups to DNA oligomers. 
Reproduced with permission from Ref. (159). Copyright 1999, American Chemical Society. 
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The ferrocenyl group appears to be well suited for the development of 
redox-active oligonucleotides given its stability, diverse substitution 
chemistry, and its amenable stereochemistry. There have been reports 
of the terminal attachment of ferrocenyl groups to oligonucleotides 
using simple derivatives, including ferrocenylhexanol as a phosphor- 
amidite (165,166). Ferrocenyl-nucleosides were first synthesized by 
Gautheron and co-workers (167) as possible antitumour agents, and 
more recently attempts have been made to incorporate this type of com- 
pound directly into DNA strands using automated methods (163,164). 
Oligonucleotides containing C5-ethynylferrocene-dT 44 were found to 
undergo cyclization during deprotection and cleavage from the solid 
support in aqueous NH3 to form the ferrocenyl-furanopyrimidone, 45, 
Fig. 47 (163). Such cyclization reactions are known for alkynyl-thymi- 
dine derivatives and have previously been reported for C5-ethynylferro- 
cene-dT (167). The reaction is base catalyzed, and generally strong 
base has been used. However, this is not necessary as the ferrocenyl 
group activates the C G C bond towards nucleophilic attack. 

The crystal and molecular structure of the 44,45, and C55vinylferro- 
cenyl-thymidine show that the substituted cyclopentadienyl ring is 
essentially co-planar with the nucleobase (164). DFT calculations indi- 
cate that, irrespective of the extent of saturation in the bridging Cs- 
unit in ethynyl-, vinyl- or ethyl-ferrocenyl-C5-thymidine, a similar 
amount of spin density is transferred to the nucleobase (Fig. 48). The 
reduction potentials for these compounds are shifted little compared 
to the parent ferrocenyl derivatives. 

44 

45 

FIG. 47. Mechanism for the base-catalyzed cyclization of 44 + 45. Adapted from Ref. (163). 
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FIG. 48. Calculated structures for one-electron oxidized CX--ferrocenyl-modified dT deri- 
vatives, illustrating distribution of spin-density as a function of linkage. Ref. (I&). 
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Fc Fc 

FIG. 49. Base-pairing of 45 with G and A. The former is preferred, as reported in Ref. (163). 

Thermal denaturation studies on 15mer oligomers indicated that 45 
has a preference for base-pairing with dG compared to dA (Fig. 49) 
(163). Subsequently, it has been found that 44 can be incorporated into 
DNA oligomers intact using alternative reagents and work-up proce- 
dures. However, the oligomers produced contain a 1:l mixture of 44:45 
(164). 

V. DNA and Nanotechnology 

The use of DNA as a material for nanotechnology applications 
(27,168) is an increasingly considered option, owing to several factors. 
Foremost are the well-established rules for building molecular architec- 
tures using the complementary base-pairing principles (26). In addition, 
the polymeric nature, ease of synthesis (chemical or biological), and 
possible biological manipulation of DNA further enhance its suitability 
for new technological applications. Also, the increasing evidence for 
DNA-mediated charge transfer has increased interest in the possibility 
of a DNA-based molecular electronics. 

Several reports have sought to explore the suitability of DNA as the 
conduit of charge transfer by direct measurement of its electrical con- 
ductivity across an electrode junction. Porath et al. (169) have reported 
large-bandgap semiconducting behavior for poly(dGtpoly(dC) 
(30 bp - 10.4 nm long) spanning an 8 nm gap between two Pt electrodes. 
In contrast, conductivity measurements performed on 16 pm long ds-X- 
DNA connecting two superconducting Re/C electrodes found conduc- 
tion over a wide temperature range (RT and 1K) with a low resistance 
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per molecule (< 1OOkR (170). Furthermore, the observed proximity- 
induced superconductivity below the transition temperature of the con- 
tacts (1 K) indicated the molecules to be conducting. It was, however, 
emphasized that the role of the contact between the electrode and 
DNA may be crucial to the measured properties, but that these are 
poorly defined in this and other systems (170). 

A rather better defined electrode-DNA interface is seen in the ele- 
gant approach to making DNA-based metallic interconnects of Braun 
et al. (271). Here the structural and molecular recognition properties of 
DNA are used to template a silver wire between two gold electrodes. 
Figure 50 outlines the procedure. To each electrode surface is chemi- 
sorbed a thiol-modified 12-mer oligonucleotide (Electrode A-oligoA: 
Electrode Boligo B). To this X-DNA, containing “sticky-ends” comple- 
mentary to the sequences A and B, is added which spans the 12-16pm 
gap. A 0.1 M AgN03 basic aqueous solution (0.05 M, ammonium hydro- 
xide, pH = 10.5) is then added to ion-exchange the Nat ions. Then the 
Ag’/DNA complex is reduced, using basic hydroquinone, to form small 
metallic silver aggregates bound to the DNA. Further treatment with 
acidic solution of hydroquinone and Ag’ ions yields a silver wire 
-12 jl,rn long and 100 nm wide. 

The choice of metal ion in this work is interesting since it has been 
known for a considerable time that Ag’ is a rare example of a d-block 
metal ion that does not disrupt the duplex DNA structure (272,173). 
Rationalization of this effect has tended to focus on the possible base- 
pair crosslinking due to the preferred linear coordination geometry of 
Ag’ ions (174). The importance of Ag’ . . DNA coordination chemistry 
to the procedure described is not clear. However, reports that other 
metal ions, e.g., Pd” (175), can be plated to DNA to fabricate metallic 
wires (Fig. 51) suggests that this may not be essential. 

The possibility for a truly molecular DNA-based device is illustrated 
by the intriguing, so-called, metal- or M-DNA. This form of DNA was 
reported by Lee et al. in 1993 and is formed at pH > 8 (typically 
pH = 8.5) in the presence of various species of divalent metal ion, e.g., 
Zn”, Ni”, and Co”, but not Mg” or Can (176). The B-DNA -M-DNA 
transition occurs with the release of protons, and titration with NiC12 
indicates one proton is released per metal ion per base pair. On the 
basis of ‘H NMR studies the imino T-H3 and G-H1 protons are lost, 
accounting for the need for basic conditions. Electronic absorption 
and CD spectra are relatively unperturbed in the transformation, sug- 
gesting a B-type structure is retained. The authors report that all bac- 
terial and synthetic DNA, with the exception of perhaps poly[d(AT)], 
undergo this interconversion, which is reversible on addition of ethyl- 
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FIG 50. Construction of a silver wire connecting two gold electrodes. The top left image 
shows the electrode pattern (0.5 x 0.5 mm) used in the experiments. The two 50 km long, 
parallel electrodes are connected to four (100 x 100pm) bonding pads. (a) 
Oligonucleotides with two different sequences attached to the electrodes. (b) X-DNA 
bridge connecting the two electrodes. (c) Silver-ion-loaded DNA bridge. (d) Metallic silver 
aggregates bound to the DNA skeleton. (e) Fully developed silver wire. Reproduced with 
permission from Ref. (171). Copyright 1998, Nature (London). 

enediaminetetraacetic acid (EDTA). On the basis of these data, the 
Nl purinemetal-N3pyrimidine metal-modified base-pairing scheme has 
been proposed for the structure of M-DNA (Fig. 52). 

Recent investigations into the charge-transport properties of M-DNA 
have indicated highly conducting behavior (177). Fluorescence lifetime 
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FK 51. Scanning electron microscope image of different stages of metalization of DNA. 
(a) Linear chain of separated palladium clusters connecting two gold contacts; (b) magni- 
fication of (a) showing clusters with diameter > 40nm; (c) continuous coated DNA strand 
after one development step with a diameter larger than 40nm. Reproduced with permis- 
sion from Ref. (175). Copyright 2001, American Institute of Physics. 

measurements indicated a very rapid component (T 2 10 ps) to the decay 
kinetics for 20-mer duplexes containing terminal fluorescein donor and 
rhodamine acceptor groups; a feature characteristic of rapid charge 
transfer. Longer, 54-base-pair, duplexes showed similar behavior. 
Interestingly, the addition of the sequence-specific DNA-binding pro- 
tein re-established much of the fluorescence in these longer oligomers, 
suggesting attenuation of the charge transfer. 

FIG. 52. Suggested base-pairing scheme for metal derivatized M-DNA where the imino 
protons of N33T and Nl-G are replaced by a divalent metal ion. Adapted from Ref. (177). 
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Subsequent conductivity measurements have been made on bundles 
of phage X-DNA spanning a 10km spacing between gold electrodes 
(178). For regular B-DNA, semiconductor-like behavior was observed 
in the current-voltage curves with a band gap of approx. 200meV. For 
M-DNA metallic-like conduction was apparent with no observable 
plateau region in the I-V curve (Fig. 53). 

No satisfactory explanation for the mechanism of charge transfer 
through M-DNA has yet been put forward. The lack of accessible redox 
chemistry for Z# argues against a metal-based pathway. Furthermore, 
while the suggested coordination modes are plausible there is little pre- 
cedent. The work of Kimura and Kikuto (179) has demonstrated that 
Znn in cyclen complexes has a highly specific interaction with N3T 
sites even in duplex DNA. However, the similar ability to form M-DNA 
with Nin and Con raises some interesting questions regarding the 
metal-ion binding. Crystallographically characterized complexes (180) 
of Ni” and Con indicate typical binding patterns, e.g., G-N7, A-N7, 
and hence binding at the center of the duplex would be surprising. 

FIG. 53. Current-voltage curves measured in vacuum at RT on M-DNA (open circles) and 
B-DNA (closed circles). The former indicates semiconductor-like behavior and the latter 
metal-like. Reproduced with permission from Ref. (178). Copyright 2001, American 
Physics Society. 
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Further work will be required to clarify the structural details of this 
interesting new form of DNA. 

The attachment of DNA to inorganic substrates is a key aspect of 
many anticipated (nano)technological applications. Both in fundamen- 
tal measurements, as mentioned above, and in future device applica- 
tions the benefits of a well-defined interface between DNA and an 
electrode material are important. Methods for immobilizing DNA oligo- 
nucleotides to metallic substrates such as Au and Pt are now straight- 
forward and use thiol-terminated oligomers (181). The thiol groups 
anchor the DNA spontaneously to the metal surface and either single- 
or double-stranded DNA can be assembled in this way (Fig. 54). 

This has been exploited in the elegant work of Alivisatos et al. (182) and 
Mirkin and co-workers (168,183-l&$) who have used DNA-recognition 
processes to organize Au nanoparticles into structured assemblies. The 

I 
SH 

i 
SH 

FIG. 54. Schematic illustrating the formation of DNA-monolayers by Au-thiol inter- 
act,ions. 
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latter group has used sticky-end duplex DNA as a crosslinkage via hybri- 
dization with complementary sequences (Fig. 55). The resulting assembly 
of the gold particles induces a red -+ blue color change due to perturba- 
tions of the plasmon band, and this has been used to develop a highly sen- 
sitive calorimetric test for DNA sequences (183). The assembly process 
generates an ABAB periodicity that can be seen in assemblies of nano- 
particles of different sizes (Fig. 56). This building process has also been 
performed at surfaces to build up multilayered structures (184). 

A similar approach to building DNA-nanoparticle networks has been 
reported by Niemeyer (186,187). Here biotinylated duplex DNA is used 
as a spacer and the binding event for self-assembly involves the highly 
specific biotin-streptavidin interaction. A range of discrete aggregates 
and extended networks has been prepared (Fig. 57). While these DNA- 
protein conjugates lie outside the scope of this review, one aspect is 
especially relevant. Divalent ions, in the form of Mg2+, have been used 
to induce structural changes of these assemblies (186). Explanations 
are based upon supercoiling between DNA molecules bound to adjacent 
streptavidin binding sites (Fig. 58). This raises the possibility of using 
metal ion. . . DNA interactions to control, or switch, DNA-based assem- 
blies. 

In comparision with metal or insulating oxides, the attachment of oli- 
gonucleotides to semiconductor surfaces has been little considered. 
One such example of DNA-modified semiconductor materials is metal 
sulfide/selenide nanoparticles (188) which were functionalized with 
DNA in a similar manner to the gold particles. For silicon substrates 
the lack of suitable chemistries for covalent modification of the semi- 
conductor surface has limited development. However, the molecular 
chemistry at semiconductor solids has been significantly advanced by 
the pioneering work of Chidsey on the reactivity of hydrogen-termi- 
nated silicon (189, 190). Hydrogen-terminated silicon surfaces are 
formed on etching with aqueous ammonium fluoride or hydrofluoric 
acid and are an integral step in the fabrication of semiconductor 
devices. The surface generated by this treatment can react with a 
range of molecular functional groups, such as alkene (191,192) alkyne 
(191) and alcohols (193) to form covalently-modified surfaces (Fig. 59). 
This chemistry differs fundamentally from typical methods used for deriua- 
tizing silicon that rely on reaction with the insulating native oxide. 

Smith and co-workers (194) have used this chemistry to prepare 
carboxyl-modified Si(ll1) surfaces at which polylysine-tethered DNA 
is electrostatically adsorbed (Fig. 60). An alternative approach involved 
covalent attachment of a pre-synthesized oligonucleotide bearing a 
terminal carboxyl group to an amine-modified Si(OO1) surface (19Q. 
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LinkDng DNA strands 

FIG 55. DNA assembly of gold nanoparticles. Different sized particles (typically, 8 and 
30nm) are assembled alternately through DNA sequence specificity. Reproduced with 
permission from Ref. (185). Copyright 2000, American Chemical Society. 



FIG. 56. TEM images of DNA-linked gold network: (a) an assembly of 8 and 30 nm gold 
particles; (b) higher resolution image of (a); (c) control experiment without DNA; (d) HR- 
TEM image of a portion of a hybrid Au/quantum dot (QD) assembly. The lattice fringes of 
the QDs, which resemble fingerprints, appear near each Au nanoparticle. (e) A satellite 
structure formed using a 60-fold excess of the 8 nm particles. Reproduced with permission 
from Ref. (185). Copyright 2000, American Chemical Society. 

More recently, it has been shown that DNA oligomers can be synthe- 
sized directly on modified semiconductor surfaces using automated 
methods (196). The silicon surfaces are first modified to give a terminal, 
protected, hydroxyl group at which automated phosphoramidite chem- 
istry can be performed (Fig. 61). Semiconductor processing methods 
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FIG. 57. DNA-nanoparticle assembly based on biotin-streptavidin binding. Discrete, A 
and B, and extended, C, networks have been constructed. Adapted from Ref. (186). 

2a 3a 4a 
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fit. 58. Metal ion modulation of DNA-nanoparticle constructs based upon supercoil- 
ing. Adapted from Ref (186). Structures labelled (a) and (b) are before and after metal ion 
addition, respectively. 



FIG. 59. Molecular modification of semiconductor silicon surfaces. Removal of the oxide 
generates a hydrogen-terminated layer that reacts with a range of molecular functional 
groups including alkenes. 
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FIG. 60. Schematic illustrating electrostatic immobilization of DNA to a carboxyl- 
modified Si(ll1) surface. Reproduced with permission from Ref. (194). Copyright 2000, 
American Chemical Society. 
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FIG. 61. Schematic illustrating the on-chip synthesis of DNA oligomers at silicon 
surfaces. Reproduced with permission from Ref. (196). Copyright 2001, Wiley-VCH. 

FIG. 62. A DNA-patterned Si surface formed by photolithography and anodic etching to 
form porous silicon regions. The surface was functionalized with a 17-mer oligonucleotide 
according to Fig. 61. Left, the mask; center, Si wafer after on-chip DNA synthesis; right, 
a phosphorimage after hybridization with a complementary “‘P-labelled oligonucleotide. 
The light regions (in the center image) are porous silicon and these correspond with the 
dark regions of ds-DNA (right). Reproduced with permission from Ref. (196). Copyright 
2001, Wiley VCH. 
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can be exploited, such as photolithography to generate patterned DNA 
surfaces (Fig. 62). The silicon-bound oligonucleotides have a surface 
coverage similar to thiol-derivatized oligomers on gold surfaces and 
can act as substrates for T4 polynucleotide kinase. DNA-mediated 
charge transfer was observed, binding the redox-active intercalator 
methylene blue to the silicon-bound duplex DNA. 

VI. Conclusion 

This review has aimed to bring into focus a variety of DNA-related 
chemistries that have an inorganic perspective. The coordination chem- 
istry of DNA is well established but continues to expand and be better 
understood in both real and model systems. The use of DNA in nano- 
technology applications, including its use as a template for forming 
metallic connections, will benefit from the detailed understanding that 
such studies provide. The controversial topic of DNA-mediated charge 
transport will also benefit from the availability of better defined sys- 
tems. These are now appearing through a combination of metallo- 
nucleosides and solid-phase automated synthesis. In fact, redox-labeled 
oligonucleotides on Au electrodes are now available commercially as 
gene-sensing technology (eSensorTM ) (197). The recent inclusion of 
semiconductor silicon as a material at which DNA oligomers can be 
automatically synthesized (196) creates numerous new possibilities for 
the design of molecular devices. From the breadth of topics considered 
herein, spanning supramolecular chemistry, biological chemistry, 
drug design, and nanotechnology, it is obvious that metal ion. . . DNA 
interactions will continue to warrant investigation for many years to 
come. 
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0 Introduction 

Cyclophosphazenes are a fascinating group of inorganic heterocyclic 
compounds whose chemistry is multi-faceted, well developed and 
reasonably well understood. They are closely related to the linear poly- 
phosphazenes; this relationship is unlike any other existing between 
ring-polymer systems. Although cyclic siloxanes and polysiloxanes 
have a close interrelationship, the number and types of cyclophospha- 
zene derivatives that are known, together with their exact counterparts 
in polyphosphazenes, underscore the utility of cyclophosphazenes as 
models for the more complex polyphosphazenes. The literature on cyclo- 
phosphazenes has appeared earlier in the form of books (I$?), chapters 
of books (3-5) authoritative compilations of data (6,7), and several 
reviews (8-21). The current literature on this subject is reported 
annually in the Specialist Periodic Reports published by the Royal 
Society of chemistry (22). This review deals mostly with chlorocyclo- 
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phosphazenes and their reactions. Aspects relating to the structure and 
bonding of these compounds are not dealt with here. 

Cyclophosphazenes are inorganic heterocyclic ring compounds con- 
taining an [N= PXs] repeat unit in a valence-unsaturated skeleton 
that are isoelectronic with the corresponding siloxanes which contain 
the [OSiXs] repeat unit. Within these compounds phosphorus is penta- 
valent and tetracoordinate while nitrogen is trivalent and dicoordinate. 
While phosphorus has two exocyclic substituents, nitrogen has none. 
The most common members of this family of compounds are the chloro- 
cyclophosphazenes, N3P&ls 1 and N4P,Cls 2. These compounds are 
also commercially available and serve as the starting materials for the 
rich and diverse chemistry of cyclophosphazenes. Fluorocyclophos- 
phazenes have received less attention than the chloro analogs, although 
in recent years there has been an interest in this class of compound 
and in the differences in reactivity between the P-Cl and P-F bonds, 
due to the unique character of the latter bond type. The chemistry of 
fluorocyclophosphazenes has been a subject of a recent critical review 
(23). The bromocyclophosphazenes, although known, have been even 
less studied than the fluoro derivatives (24,25). This is probably because 
of the cumbersome preparative procedures involved in the synthesis of 
these compounds. 

The cyclophosphazene ring systems constitute a regular and homolo- 
gous series and the ring size varies considerably. For the series 
WF21., compounds from IZ = 3 to 40 are known (23). The cyclophos- 
phazene with the smallest ring size is the four-membered cyclodiphosph- 
azene PJWRdh, R = i-Pr, 3 (26’). The largest structurally 
characterized ring system is the 24-membered permethyl ring 
[NP(Me)2],2 4 (27). This variation in ring size is quite remarkable for a 
homologous series of inorganic rings. Figure 1 shows some typical 
examples of cyclophosphazene derivatives. 

Although cyclophosphazenes are among the oldest inorganic rings to 
be known (along with S,N,), having been prepared by Liebig and 
Wohler as early as 1834 and studied in detail by Stokes in 1895597 (28- 
32), it is only since the 1960s that the chemistry of these ring systems 
has been explored in great detail. Interest in the chemistry of cyclo- 
phosphazenes comes from different directions. Firstly, the replacement 
of halogens on halogenocyclophosphazenes by a variety of nucleophiles 
has been a fertile area of research fraught with many interesting prob- 
lems connected with the question of regio- and stereo-selectivity of the 
substitution reaction, the kinetics of the reactions involved, and the 
structural elucidation of the products formed (14,18). Secondly, substi- 
tuted cyclophosphazenes can serve as excellent ligands for a number of 
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FIG. 1. Representative examples of cyclophosphazenes. 

transition metal ions. Unlike the other ubiquitous inorganic heterocyc- 
lit ring (cage), S4N4, that loses the integrity of its cage structure in 
many of its reactions with metal ions, cyclophosphazene ligands are 
quite robust and display interesting coordination behavior. The use of 
cyclophosphazenes as scaffolds for the construction of new ligand 
systems has been an active area of research in recent times (19,33). A 
third, and perhaps the most important, reason for the sustained interest 
in these inorganic rings stems from the discovery that N3P&ls 1 can be 
polymerized to the linear polymer [NPCls], 5. Although the polymer 5 
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is itself not very useful, owing to the hydrolytic sensitivity of the P-Cl 
bonds, several hundred stable polymers have been prepared by the 
replacement of chlorine atoms on 5 by a variety of substituents (34) 
(Fig. 2). 

The nomenclature and numbering system adopted in this article is the 
one currently widely used in the literature and corresponds closely to 
the one suggested by Shaw (13,17). Only the chemistry of chlorocyclo- 
phosphazenes is dealt with in this review. The structural and bonding 
aspects are not considered here. 

II. Preparative Methods 

The traditional and most extensively used method of synthesis of 
chlorocyclophosphazenes [NPCls], involves the reaction of finely 
ground ammonium chloride with phosphorus pentachloride in a high 
boiling solvent such as sym-tetrachloroethane. This reaction affords a 
mixture of cyclic and linear products from which the individual pro- 
ducts have to be separated, usually by fractional distillation in high 
vacuum (1, 5,17,18,35-39), (Eq. 1): 

250°c > 

105 Torr 
Cl 

5 

v v v 
NHR 

+i=N+ +FN+ +f& 

NHR NRz OR 

FIG. 2. Synthesis of polyorganophosphazenes. 
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r2PC15 + nNH&l 7 [PNCl,], + 4nHCl 

An alternative method of synthesis of NsP&ls has been developed 
recently, based on the reaction of tris (trimethylsilyl) amine and phos- 
phorus pentachloride (40). This reaction either preferentially leads to 
the formation of N3P3C16 or to an N-silylated phosphoranimine inter- 
mediate ClaP=NSiMes, depending on the reaction conditions used. 
Thus the reaction between tris (trimethylsilylamine) and PCIB in 
methylene chloride at 40°C affords a mixture of cycle and linear 
phosphazenes, which has been shown by an NMR analysis to contain 
up to 76% of NsP&ls (Eq. 2). 

CH,Cl, 
nN(SiMeg)R + nPC1, d 40”c [PNCl,], + 3nMe3SiC1 

(2) 

Yields : n = 3 (76%); n = 4 (4%); n = 5 (5%); n = 6 (3%); others 12% 

If this procedure could be adapted for large-scale preparations it 
would be an attractive alternative to the NHdC1/PCIB reaction. The pro- 
posed mechanism of this reaction is given in Fig. 3. The first step in the 
reaction is the formation of the phosphoranimine 6 which further reacts 
with PCIE, to generate the linear molecule [ClsPNPCls]+[PClJ. Chain 
growth takes place by the reaction of the latter with 6. Although this 
mechanism is very similar to that proposed for the PC15/NH4C1 reaction 
by Emsley (38) Allcock (40) suggests that the chain closure reaction 
proceeds by an intermolecular process rather than an intramolecular 
one. The chain termination is believed to be assisted by N(SiMe&. The 
evidence for this proposal is from the observations that (a) the linear 
fragment [C1aPNPC1sNPC13]+[PC1s]- affords, upon reaction with 
N(SiMe&, mainly N3PsC!1s and (b) oligomeric linear chain compounds 
such as [ClaP[NPCls],NPCl~~]+[PCls]-, n = 0, 1, or 2, do not undergo 
cyclization on their own in boiling methylene chloride in the absence 
of the added amine. The phosphoranimine 6 and its fluoroalkoxy analog 
(CFsCHsO)aP=NSiMes 7 are valuable intermediates for the prepara- 
tion of polyphosphazenes. Thus Allcock and co-workers have shown 
that 6 can be polymerized by PCIB to afford polydichlorophosphazene 
[NPClp],, with a low poly dispersity index (41). Also, new telechelic poly- 
phosphazenes have been prepared by the use of this monomer (42). 
Matyajaszewski has shown that 7 can be polymerized using a fluoride 
initiator such as n-Bu4NF(43) (Fig. 4). 
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Cl 

FIG. 3. Mechanism of the N(SiMe3),/PC15 reaction. 

The most convenient method of synthesis of fluorocyclophosphazenes 
consists of metathetical halogen exchange reactions of the chloro ana- 
logs, effected by an appropriate fluorinating agent. Thus the synthesis 
of N3P3F6 is carried out by the reaction of NaP&ls with sodium fluoride 
in acetonitrile (44). Many other fluorinating agents are known (23). 
Bromocyclophosphazenes have been commonly prepared by the 
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PCI, 
C13P=NSiMe3 -w 

6 

?CH,CF, 
n-Bu,NF 

(CF$H,O),P=NSiMe, - 
-Me$iF 

7 OCH,CF, 

FIG. 4. Preparation of polyphosphazenes from acyclic phosphoranimines. 

reaction of NH*Br with a mixture of PBra and Br2 (24,25). 
Cyclophosphazenes containing a P-I bond have been synthesized by 
the reaction of hydrido phosphazenes with iodine in carbon tetrachlor- 
ide (45). On the other hand, cyclophosphazenes containing isothi- 
cyanato groups (4648) and cyano groups (49) have been synthesized 
from the corresponding chlorocyclophosphazenes by a metathesis reac- 
tion involving the reagent KNCS or KCN. The use of 1%crown-6-ether 
or a phase-transfer catalyst greatly facilitates the reaction. The isothio- 
cyanato derivative could be converted to the corresponding thiour- 
ethane or thiourea derivative by reaction with alcohols or amines 
respectively. Figure 5 summarizes these reactions. 

Azido cyclophosphazenes are also known (50-56). The hexaazido deri- 
vative N3P3(N& is extremely shock sensitive and has been known to 
explode (50). However, with other appropriate substituents present on 
the cyclophosphazene skeleton, if azido substituents are also intro- 
duced on the cyclophosphazene such compounds seem to be more stable. 
These types of mixed substituent cyclophosphazene, containing the 
azido group as one type of substituent, can be prepared by the reaction 
of the corresponding chlorocyclophosphazene with sodium azide in pre- 
sence of the phase-transfer catalyst n-Bu4NBr (55,56) (Fig. 6). Such 
azidocyclophosphazenes are of interest because they can be further ela- 
borated by utilizing the nitrene generation type of reactivity of the 
azido functionality. Nitrene insertion products were observed with 
some of these aryloxy derivatives such as N3P3(OC6H&N3. Also, some 
of the aryloxy and alkoxy azides undergo a Staudinger reaction with 
several phosphorus (III) compounds to afford phosphinimines (56’). 
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Fluoro cyclophosphazene 
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KNCS, (XCI) ROH 
N3P3C16 - N3P3(NCS)6 __t 
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THF 

Cyano cyclophosphazene 

KCN 
N3P,(OPh)&I 

Bu 
N3P3(OPh)sCN 

CH;CN 

FIG. 5. Preparation of halogen0 and pseudohalogeno cyclophosphazenes. 

. 

Although the most widely studied examples of cyclophosphazenes 
are the six- and eight-membered rings, four membered rings containing 
a PzNz framework can be synthesized. This may be contrasted with 
the instability of cyclobutadiene in organic systems. The strategy for 
the synthesis of the four-membered P-N rings is the in situ generation 
of the phosphonitrile R2P= N by the decomposition of the phosphorus 
azide R2PNa [R = (i-Pr),N]. The di-isopropylamino substituents on 
phosphorus serve as ideal sterically suited substituents for the isola- 
tion of the four-membered rings. In the absence of other trapping 
agents the phosphonitrile dimerizes to afford the cyclodiphosphazene 
3 (Eq. 3) (26): 
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FIG. 6. Formation of stable azido phosphazenes and some of their reactions 

R--P-N 
R,PN, A [R,P f N] h I I 

N=P-R (3) 

it 
R = N(i-Pr), 

A related synthesis involves the decomposition of [(NR&P(S)CHN,- 
WWzl (57,581. 

III. Chlorine Replacement Reactions 

Nucleophilic substitution reactions involving the replacement of 
chlorine (or bromine or fluorine) atoms on the phosphorus have been 
among the most well studied reactions of cyclophosphazenes 
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(8,14,17,18). These reactions constitute the core of cyclophosphazene 
chemistry and serve as the principal method for increasing the number 
and types of cyclophosphazenes. By means of these reactions a large 
number of other cyclophosphazenes containing P-N, P-O, P-S, P-C 
and even P-M bonds can be prepared from halogenocyclophosphazenes. 
Such reactions are also important from the point of view of pre- 
paring polyorganophosphazenes. Since the dichloropolyphosphazene 
[NPCls], is unstable with respect to the hydrolysis of P-Cl bonds, the 
chlorine atoms must be replaced by other substituents in order to confer 
stability to the polymer. This is accomplished by the nucleophilic sub- 
stitution reactions involving the replacement of chlorine atoms on the 
polymer (Fig. 2). Therefore an understanding of the potential and limita- 
tions of the reactions of various nucleophilic reagents with halogeno- 
cyclophosphazenes is beneficial for their application in polymeric 
systems. Often it is easier to carry out the reactions on the rings 
N3PsCls and N4P4Cls as model systems before reactions are attempted, 
adapted and applied to the polymeric system (9,18). 

An additional academic curiosity has also driven the study of 
these reactions in great detail by various research groups all over 
the world. It can be readily seen that the sequential replacement of 
halogens from NaPaCls and N4P4C18 introduces a number of different 
possibilities in terms of regio- and stereoisomer formation and selec- 
tion. This can be easily understood by looking at the halogen repla- 
cement reactions of NsP&ls. Since all the phosphorus centers are 
equivalent in this compound, replacement of the first chlorine atom 
by a nucleophile affords a single isomer N3P3C15R. However, when 
a second molecule of the nucleophile reacts with this compound it 
has the option of reacting at a PCls center or a P(Cl)(NHR) center. 
This can lead to the formation of geminal or non-geminal isomers 
(Fig. 7). It can also be seen that for the non-geminal compound a 
further elaboration in terms of cis and trczns stereoisomers is possi- 
ble. This situation is also found for the tris and tetrakis substituted 
derivatives, N3P3C13R3 and N3P3C12R4. The pentakis and hexakis 
products do not have the possibility of isomer formation. Allen has 
made a comprehensive survey on the regio- and stereochemical con- 
trol that is observed in the substitution reactions of halogeno- 
cyclophosphazenes (14). In addition to the regio- and stereoisomers 
that are possible, it may also be noted that the stereoisomers trans- 
N3P3X4R2, trans-NsPsXsRs, and tram-N3P3X2R4 would also have the 
possibility of optical isomerism as the enantiomers of these com- 
pounds would be non-superimposable. 
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The complexity of the substitution reaction pathway intensifies in the 
replacement reactions of the tetrameric halides N4P4X8. A total of 33 
isomers is possible (17,18). 

Although replacement reactions of the pentameric system are also 
known, these have not been as well studied (14). The following account 
gives a description of some of the different types of nucleophilic substi- 
tution reactions that have been well studied. The sequential replace- 
ment of chloride substituents by fluoride has been studied, and is 
discussed elsewhere (14,23). 

A. REACTIONSOFAMINESWITH NsPsCls AND N4P4C18 

1. N3P3C16 

The reactions of N3PsCls, NsPsBrs, and N3P3Fs with a number of pri- 
mary and secondary amines have been well studied (14,18). The reactiv- 
ity follows the order P-Br > P-Cl > P-F which also reflects the ease of 
the P-X bond cleavage. Representative examples of the reactions of 
NsPsCls and the products isolated are given in Table I (5g-83). Among 
the three halides, the reactions of the trimeric chloride have been most 
well studied. This is because, while N3P3F6 is relatively sluggish in its 
reactions with amines (because of the strong P-F bond, the poor leaving 
ability of F-, and the highly planar nature of the NzPsFs ring) (84), the 
tedious and complicated synthesis of NsPaBrs has prevented its wide- 
spread use and stunted its chemistry (85). However, the paucity of data 
on the fluorides and the bromides is more than made up by the wealth 
of information known about the replacement reactions of the amines 
with N3P3C16. 

The details of the kinetics of the reactions and the reaction mechan- 
isms are dealt with elsewhere (14). Some of the general trends of the 
above reactions are: 

(1) 

(2) 

There is a reasonably good stoichiometric control observed in 
these aminolysis reactions. Therefore, in principle, the extent of 
chlorine replacement can be regulated by the ratio of the reac- 
tants. If mixtures of products are formed, these are generally 
amenable to separation by column chromatography. Separation 
of individual stereoisomers is often accomplished by procedures 
such as fractional crystallization. 
In most cases, pentasubstituted products have not been obtained. 
Also, with primary amines, the actual isolation of the tris- substi- 
tuted derivatives has remained rare. 
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TABLE I 

REACTIONS OF SELECTED AMINES WITH N3P3C16 a.b (REPRODUCED WITH PERMISSION FROM 
REF. (14). COPYRIGHT: AMERICAN CHEMICAL SOCIETY) 

No. Amine HNRR’ Products N3P3(NRR’),Cls~,1 Ref. 

R R’ n=2 n=3 n=4 

1 H H g ni ni 59,60 
2’ H Me ng(t > c) > g ni ni 61,62 
3 H Et w(t) n&r) g(tr) 63 
4 H CH2CH2Cl g Mu) g 64 
5 H CHzCHzOMe ng tr(u) g 64 
6 H CH,CH&OOEt g ni g 65 
7 H CHsPh g > w ni g 66 
8 H i-Pr ng(t > c) > g ni g 63,67 
9 H Ph g, w s g 68,69 

lo”.” H CsH4-p-X ndc = 0, g = ng(c = t) g 68,69 
(X = OCHs, CHy) g 

11 H t-Bu g ni g 70 
12 H C&II, ‘G&r Wb g ni g 71 
13 H Adamantyl g ni 72 
14 Me Me wdt > cl (w t > cl. g &(c) 7S76 
15 Et Et ndt > cl ndt > cl, g ng(t > c) 77 
16 NC2H4 (aziridine) g = ng(c < t) g = ng(c < t) g = ng(c = t) 78-79 
17 NC&H,s(piperidine) ndt > cl wit) > g w(c) 80 
18 NC4H8 (pyrrolidine) t>c w, g c>t 81 
19 Morpholine t>c tr tr 81 
20 Me Ph ng(c = t) rig(c) = g ni 82 
21 C&I, C&II ng 83 
22 C,H,CH2 CsHjCHa ng 66 

‘g = geminal, ng = non-geminal, t = truns, c = cis, tr = trace amounts, ni = not 
isolated (or identified), s = identified spectroscopically, u = isomers isolated, 
configuration not assigned. 

’ In most cases mono- and per-substituted derivatives are isolated; pentakis derivatives 
are rare. 

’ Hexakis derivative not isolated. 
d Use of triethyl amine affords exclusively geminal product. 
’ Pentakis product isolated. 

(3) Although complete replacement of chlorine atoms can be accom- 
plished with most kinds of amines, this becomes difficult in the 
reactions with sterically hindered amines. Thus in the reactions 
of N3P3C1s with cyclohexylamine (71) and adamantyl amine (72), 
the yields of fully substituted products are low. In the reactions 
of N3P&la with further sterically encumbered amines such as 
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dicyclohexylamine (83) and dibenzylamine (66’), the substitution of 
chlorine atoms does not proceed beyond the bis stage. 

The regio and stereo selectivity observed in the reactions of N3P3C16 
with various amines presents a complicated picture, and the complica- 
tions are exacerbated by the finding that amine hydrochlorides formed 
as side products in the reactions may actually be involved in cis-trans 
isomerization of the aminocyclophosphazene products (14). Secondly, 
nucleophilic solvents such as acetonitrile have also been implicated in 
such isomerizations. Additionally, there are clear solvent effects in cer- 
tain reactions in determining the nature of the regioisomer formed 
(14). Notwithstanding these complications, it is still possible to infer 
some general patterns in the aminolysis reactions. These are summar- 
ized below: 

Substitution reactions of NaP,C& with secondary amines produce 
mainly non-geminal products with usually trans products predomi- 
nating. The only exception to this trend is aziridine, which reacts 
to give both the geminal and the non-geminal products in approxi- 
mately equal amounts (7&79). Solvent effects are seen; e.g., the 
use of acetonitrile in many reactions (except with N-methyl ani- 
line) seems to promote the formation of non-geminal products at 
the tris stage of substitution while the use of aromatic solvents 
seems to increase the amount of geminal isomer formed (14). 
The reactions of N3P,C16 with primary amines is much more 
complex. As one proceeds from ammonia to progressively more 
sterically hindered amines the situation becomes interesting. 
Ammonia reacts with N3P3C16 to give exclusively a geminal pro- 
duct, N3P3C14(NH2)z (59,SO). In contrast the reactions with methyl 
(61,62) and ethyl amines (63) proceed to give the non-geminal pro- 
ducts NaP&&(NHR)z. However, as the steric bulk of the amine is 
further increased, as happens with t-butyl amine, a geminal pro- 
duct is formed, which is contrary to the expectations based on 
steric grounds (70). In addition to the above steric effect there 
also appears to be an electronic effect operating as well. Thus p- 
haloethyl amines react with N3P&1e in diethylether to give gem- 
inal products (in this reaction, again, a solvent effect is seen; 
thus, changing the solvent to acetonitrile leads to the formation 
of the non-geminal product, also, albeit in lower yield than the 
geminal product) (64). Reactions of anilines afford non-geminal 
products at the bis stage. However, use of a trialkylamine as 
the base leads to the formation of geminal products (68,89). As 
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mentioned earlier, tris products have rarely been isolated. As the 
reactions proceed to the tetrakis stage, most of the primary 
amines afford only geminal products. 

(c) In addition to the above, an interesting observation has been made 
by Shaw in one of the early experiments to determine the role of 
the incoming nucleophile on the regioselection of the product 
formed. Thus, while t-butylamine as an incoming nucleophile 
favors the formation of a geminal product in its reaction with 
NnP&l,(NHEt), ethylamine directs the formation of a non-gem- 
inal product in its reaction with N3P$15(t-BuNH) (86’). The rea- 
sons for these reactivity differences are now understood and are 
discussed below. 

Detailed kinetic investigations on several systems have been carried 
out and have helped to unravel many of the factors involved in the diver- 
gent reaction pathways discussed above (14,87-93). The mechanistic 
pathways involved in the aminolysis reactions of chlorocyclophospha- 
zenes are summarized in Fig. 8. 

In the SN2 pathway two types of transition states have been proposed: 

(a) Formation of a neutral five-coordinate phosphorus intermediate 
followed by the expulsion of the leaving group. This transition 
state is non-polar [Fig. 8(A)]. 

(b) A concerted L&2 mechanism similar to that found in the carbon 
system, involving a polar transition state [Fig. 8(B)]. 

Analysis of the kinetic parameters has shown that SN2 reactions are 
characterized by a AH’ term associated with the ease of formation of 
the neutral five-coordinate intermediate (87-93). Thus, in the first 
stage of chlorine substitution in N3P3C16 with an amine, this factor 
should be related to the steric bulk of the amine. The more hindered 
the amine, the higher this value should be. Thus the AH* obtained in 
the reaction of NaP&lG with methylamine is lower than that obtained 
in a similar reaction involving t-butylamine (Table 11). Also, the ease of 
five-coordinate intermediate formation can be related to the rigidity of 
the cyclotriphosphazene involved. Thus a perfectly planar N3P3F6 
would be expected to form this five-coordinate intermediate with 
greater difficulty than NaPaCls and hence AH’ would be expected to be 
higher for the former than for the latter in a reaction where the nucleo- 
phile and other conditions are constant (Table II). Similarly, since 
N,PdC1s is puckered and not planar, it would be expected to form the 
five-coordinate intermediate with greater ease, as relatively less geo- 
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TABLE II 

SELECTED ACTIVATION PARAMETERS FOR CYCLOPHOSPHAZENE AMINOLYSIS REACTIONS 
(REPRODUCED WITH PERMISSION FROM REF. (14). COPYRIGHT: AMERICAN CHEMICAL 

SOCIETY) 

Phosphazene” Solvent Product 

AH’, kJ 
mo1-’ 

AS+, J K--l 
mol. 1 

Ref. 

N3P,Cl,NHMe thf 2.9 
N3PsC15NMea thf 7.1 
N,PSCISNMeZ CH$N 20.7 
W’3FW’b CH&N 53.1 

W’~C&NWIO thf 12.1 
N:,PSCljNHCMe3 thf 47.6 
N3P3CI,NHCMe:, CH,CN 20.3 
N,P4Cl,NHCMey CH,CN 8.2 
NBP3C1,NHPh CH&N 29.1h 
NsP3C15NHCsHq-p-OMe thf 21.gh 
N,PRCISNHCGH,-p-OMe CH&N 25.2” 
cis-N,PxC1,(NMez), thf 8.8 
trans-N3P3C1,(NMe.L), thf 28.5 
trans.NSPSC1,(NMe2), CH:$N 10.6 
2,4-N,PSC14(NHCsH,-p-OMe), thf 29.1* 
truns-2,4,6-N,P3Clg(NMe2):~ CHsCN 14.0 
cis-2,2,4,6-NSP3C12(NMeZ)b CH&N 21.0 

-205 87 
-197 73 
-128.0 73 
-128.7 73 
-188 88 
-125.9 89 
-205.7 89 
-201.6 89 
-203.gh 90 
-261.7h 90 
-189.5h 90 
-238.0 91 
-159.0 91 
-189.7 92 
-278.2h 90 
-196.4 92 
-217.2 92 

a Obtained in the reaction of the amine and the parent phosphazene. 
’ Error estimated as < 5%. 

metric adjustments would have to be made. This is reflected not only in 
the fact that N4P4Cls reacts much faster with amines in comparison 
with N3P&ls (see above) but also that the AH’ term is lower when one 
compares analogous reactions in the same reaction conditions (89) 
(Table II). 

A detailed examination of the kinetics of dimethylaminolysis of 
N3P3C16 by Krishnamurthy and co-workers has revealed that there is a 
gradual and subtle mechanistic change that occurs as the degree of 
replacement of chlorines increases (92). While the first chlorine replace- 
ment follows an &2 pathway involving the formation of a neutral five- 
coordinate intermediate [Fig. 8(A)], at the second stage the mechanism 
can be induced to follow a concerted path [Fig. 8(B)] by using acetoni- 
trile as the solvent. The polar transition state of the concerted path 
reaction pathway is stabilized in acetonitrile. This postulate has sup- 
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port from the following observation. In comparison with the formation 
of N3P3C15(NMe2) (AH*, 20.7 kJmoll’), the formation of trans- 
N3P3C1,(NMe2)s in acetonitrile is accompanied by a decrease in AH* 
(10.6 kJ mall’). This indicates that the neutral five-coordinate inter- 
mediate formation is not in operation. If it were the case, the AH* 
would be expected to increase in view of the increased steric constraint 
in forming the transition state leading to the bis product. Additionally, 
the AS” term has been found to become more negative in the latter 
case; this suggests that a polar transition state is involved, which is 
favored in polar solvents like acetonitrile and is reflected in large nega- 
tive values of AS*. This trend continues up to the tris stage. However, 
the replacement of a chlorine atom from trans-N3P3C13(NMe2)3 involves 
a sudden mechanistic change to a dissociative &l pathway involving 
the heterolytic cleavage of the P-Cl bond [Fig. S(C)]. It has been pro- 
posed that the combined mesomeric electron release by all of the NMes 
groups leads to the dissociation of the P-Cl bond. Interestingly, the X- 
ray structure of trans-N3P3C13(NMe& shows that one of the P-Cl 
bonds is longer than the others. It is the preferential dissociation of 
this bond that results in the predominant cis-stereoselectivity in the tet- 
rakis product cis-N3P3C12(NMe&. Further evidence of the existence of 
this pathway is obtained in the dimethylaminolysis of NaPaC!l(OPh)s 
(92). In this instance also an S,l pathway is preferred over the S&? path- 
way because of a similar combined mesomeric release of the five phen- 
oxy groups which eases the heterolytic dissociation of the P-Cl bond 
in solution. It is likely that the trace formation of geminal products in 
the reactions of N3PaCls with secondary amines may be occurring as a 
result of the competing Sol reaction pathway. 

The formation of geminal products with primary amines should neces- 
sarily involve a mechanism that differs from the one discussed above. 
It has been proposed that a hydrogen abstraction from a P(Cl)(NHR) 
center (as a result of HCl elimination) can lead to the formation of a 
three-coordinate phosphorus (V) intermediate, which is sterically 
strained and is also electrophilic. Consequently the incoming nucleo- 
phile attacks this center (in preference to a PClz center) and the result 
is the formation of a geminal product [Fig. S(D)]. A tertiary alkylamine 
or any other base can accelerate the proton abstraction mechanism. 
Conclusive evidence for this mechanism, labeled as SN~(CB) 
(CB = conjugate base), has been provided by Krishnamurthy and collea- 
gues, who have shown that NaP$&(NH-p-CsH4-OMe) reacts with a sec- 
ond mole of the amine in the presence of a tertiary base to afford a 
geminal product, N3P3C14(NH-p-CGH4-OMe)2 (90). The kinetics of the 
reaction show that it is a first-order process, which is consistent with 
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the proposal. Also, the three-coordinate intermediate has been trapped 
and products resulting from its reaction with other nucleophiles such 
as methanol have been isolated (90). 

The role of the incoming nucleophile in determining the structure of 
the compound may be traced to competitive rates between proton 
abstraction (L&l CB) and bimolecular (SN~) pathways. If the latter is 
slower (as is likely when the incoming nucleophile is the sterically hin- 
dered t-butylamine) the proton abstraction becomes more competitive 
and geminal products are formed. With less hindered amines such as 
ethylamine as the incoming nucleophiles the competition favors the 
normal S*2 pathway leading to non-geminal products. Similarly, domi- 
nation of the proton abstraction pathway at the higher stages of substi- 
tution leads to the preponderance of geminal tetrakis products in the 
reaction of N3P3C16 with primary amines. The geminal product prefer- 
ence of (2-haloethyl) amines has been explained on the basis of their 
lower basicity. As a result, these amines are likely to be less nucleo- 
philic and higher activation energies are expected in E&2 pathways. 
Because of this, the dissociative pathway becomes more competitive 
and geminal products are formed. If one increases the basicity of the 
amine by using (2-methoxyethyl) amine, once again the normal pathway 
is followed and non-geminal products are formed (64). In the case of azir- 
idine, where the exocyclic substituent is both small and weakly electron 
releasing, both the dissociative (S,l) and associative (L&2) pathways 
might be equally competitive and therefore geminal as well as non- 
geminal products are formed in this case (78,79). 

The preference for the formation of a given stereoisomer seems to be 
governed by more subtle reasons. These are discussed elsewhere (14). 

2. N,P&l, 

The reactions of N4P4C18 with amines proceed much faster than for 
N3P3C16. Thus, for example, t-butylamine reacts about 200 times faster 
with N4P4Cls than with N3P&!ls (89). A primary reason for this 
enhanced reactivity appears to be the greater skeletal flexibility of the 
eight-membered ring. From the limited kinetic studies that are known 
for the aminolysis of N4P4Cls it appears that the dominant reaction 
pathway, at least for the initial stages of halogen replacement, is of the 
SN2 type, involving the formation of the neutral five-coordinate inter- 
mediate. It appears that because of the greater flexibility of the eight- 
membered ring the enthalpy of activation for the formation of such an 
intermediate is relatively less. Probably because of this, other reaction 
pathways become far less important and a predominantly non-geminal 
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mode of substitution is observed. The greater reactivity of N4P4Cls is 
also manifested in its reactions with bulky amines. Thus, while 
NaPaCls in its reaction with dibenzylamine even under harsh reaction 
conditions affords only the bis-substituted product NaP&&(NR&, a 
similar reaction of N4P4Cls proceeds more readily and a product with 
substitution of up to four chlorine atoms is realized, N4P4C14(NRJ4 
(93). With amines such as cyclohexyl amine (71) and adamantyl amine 
(72), fully substituted products are obtained. 

At the second stage of chlorine substitution in the tetramers there is a 
greater statistical probability for the incoming nucleophile to attack 
the phosphorus adjacent to -P(Cl)(NHR), viz. P4 or P8, rather than 
the remote phosphorus, viz. P6 (Fig. 9). However, this statistical effect 
is countered by the electron releasing effect of the substituent already 
present on P2, which tends to deactivate P2 as well as P4 and P8 towards 
further nucleophilic substitution. It is observed that reactive amines 
such as dimethylamine (94) or ethylamine (95) react with N4P4Cls and 
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form 2-tram-6 products, whereas sluggishly reacting amines such as 
t-butylamine (967, dibenzylamine (93), or N-methylaniline (97) afford 
both 2,4 and 2,6 substituted products. A remarkable feature of the 
study of the reactions of N4P4Cls with N-methylaniline is the isola- 
tion of five stereo isomers out of a possible ten at the tetrakis 
stage of substitution (97). 

In addition to the normal pathways encountered so far, an unusual 
reaction pathway leading to the formation of bicyclic phosphazenes is 
observed in the reactions of N4P4Cls with amines. This reaction was 
initially discovered in the aminolysis reactions of 2-tram-6- 
N4P4Cls(NHEt& 8. Thus, the reaction of 8 with an excess of dimethyl- 
amine in diethyl ether as the solvent affords the normal compound 
2-tram-6- N4P4(NMe2)6(NHEt)2 9. In contrast if the reaction is carried 
out in boiling chloroform an unusual transannular bridged bicyclic com- 
pound, N4P4(NMe&(NHEt)(NEt) 10, is isolated (98-200) (Fig. 10). 
While the normal amino derivative N4P4(NHR)s 11 is formed in the reac- 
tion of primary amines with the tetrameric chloride 2, the formation of 
the bicyclic product 12 occurs if the reactions are carried out in a solvent 
like chloroform (98,101) (Fig. 10). It has been observed that the relative 
yields of the normal and bicyclic product are dependent on a number of 
factors (202,103). 

From the synthetic studies that have been carried out it is clear that 
the formation of bicyclic product does not take place before at least 
four chlorine atoms are replaced by amino groups in N4P4Cls (103-106). 
Also, the tetrakis amino substituted cyclotetraphosphazenes such as 
N4P4C14(NMe2)2(NHEt)2 do not yield bicyclic products if they are 
reacted with a tertiary amine alone. It appears that the bicyclic product 
formation takes place by a proton-abstraction-chloride-departure 
mechanism involving a bis phosphinium intermediate (Fig. 11). 
Another route to the bicyclic product formation is through dealkyla- 
tion-cum-transannular attack. In the reactions of N4P4Cls with the 
bulky dibenzylamine a bicyclic phosphazene N,P,(NR&(NR) 
(R = CHzCGH5) is formed where the bridgehead is an amino substituent 
that undergoes a dealkylation reaction (93). 

B. REACTIONS WITH OXYGEN AND SULFUR NUCLEOPHILES 

1. Hydrolysis 

The simplest of the reactions of N3P3Cls with nucleophiles containing 
oxygen involves hydrolysis. Complete replacement of all the chlorine 
atoms by hydroxyl groups should give rise to NsPs(OH)s. However, the 
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latter is unstable in its hydroxy form and tautomerizes to the meta- 
phosphimic acid [NHP(O)OH]a, which hydrolyzes further to the 
eventual products, phosphoric acid and ammonia (1,4,14,18). 

However, in comparison with complete hydrolysis, the sequential and 
partial hydrolysis reactions are of greater interest from two points of 
view. Apart from academic curiosity, there is an important reason for 
studying the interaction of water with NaP&ls. It has been very well 
established that water has a beneficial as well as a detrimental role in 
the polymerization of N3P3C16 (107). Thus, while at low concentrations 
water seems to facilitate the polymerization, at larger concentrations 
it leads to crosslinking reactions. Haw has studied the hydrolysis reac- 
tion of NaP$& in a THF solution by monitoring the 31P NMR spectra 
(108). Products obtained by the replacement of from one to three chlor- 
ine atoms could be detected and identified by 31P NMR. The first step 
in the reaction is the generation of the monohydroxy derivative 
NaP$&OH 13 that exists in its tautomeric form 14 (Fig. 12). This species 
has been implicated as a possible polymerization catalyst in the ring- 
opening polymerization of N3P3Cls (108). From the monohydroxy 
derivative, replacement of chlorine atoms proceeds both geminally and 
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FIG. 12. Monohydroxy cyclotriphosphazene and its tautomer. 

non-geminally. In contrast to the above study, a controlled hydrolysis of 
N3P3C16 with the hydrated salt [Ph4As]+C1-. Hz0 leads to the isolation 
of the anionic species [NPClz,NPCl(0)NHPCl(O)]- (109). 

Studies on partially hydroxylated products of organocyclo- 
phosphazenes have clearly shown that such compounds exhibit tauto- 
merism involving 0 ---t N hydrogen transfer. The crystal structures 
of N3P3Phz(0Me)a(0)H (110), NsP&ls(NEtz)s(O)H (111) and 
N,P,(OPh),(O)H (112) have shown clearly the presence of cyclophospha- 
zadiene structures in the solid state. The fluxional behavior of these 
tautomers was studied by variable temperature NMR (113). 

2. Reactions of Trimeric and Tetrameric Halides with Hydroxy and 
Mercapto Reagents 

Alcohols and phenols (mostly as the sodium salts) react with chloro- 
cyclophosphazenes to yield fully substituted cyclophosphazenes. A vari- 
ety of alkoxides and aryloxides have been employed. These include 
simple alkoxides (14,114), fluorine substituted alkoxides (115), vinylox- 
ides (116,117), simple aryloxides (118-122), sterically hindered arylox- 
ides (123), aryloxides containing various substituents (12&127), higher 
fused-ring benzenoid oxides (128), steroid salts (129), etc. With anthryl 
oxide, the mono-substituted derivative NsP3C150R and the gem-tetrakis 
derivative N3P3C1z.(0R)4 were isolated (123). The reactions of substi- 
tuted cyclophosphazenes N3P3X5(NPPh3) (X = F, Cl) with methoxide 
were studied. These reactions also proceed to complete substitution 
(130). Unlike the aminolysis reactions, kinetic investigations on the 
reactions with alkoxides or aryloxides have been very limited. 
Although product distribution studies suggest that in the reactions of 
NaP&ls with most alkoxides and aryloxides a non-geminal pathway is 
observed (14) certain aryloxides such as 2,6-dichlorophenoxide (123) 
react in a geminal manner. Cyclophosphazenes N3P3(OR)6 and 



CHEMISTRY OF CHLOROCYCLOPHOSPHAZENES 183 

N4P4(OR)s (R = C6H4CsH40C8H17 and CsH4CH = NCsH40C7H15) have 
been prepared and shown to exhibit liquid-crystalline behavior (131). 

Pentakis derivatives NsPa(OR)&l 15 have been isolated in the reac- 
tions of N3P3C16 with NaOPh (118) or NaOCsH4-p-CHa (119) (Fig. 13). 
These products are of considerable value as model compounds contain- 
ing a single replaceable chlorine atom. Recently the compound 
NSP8(0CH2CF&C1 16 has been synthesized from N3P3(OCH2CF& by a 
controlled hydrolysis followed by a suitable exchange reaction with 
PClE, (56). 

Reactions of thiolates with chlorocyclophosphazenes are found to 
proceed in an exclusive geminal pathway (24). 

Alkoxy cyclophosphazenes undergo thermal rearrangement reac- 
tions. Of these the most well studied examples are various kinds of 
methoxy substituted cyclophosphazenes. Thus methoxy cyclophospha- 
zenes [NP(OMe)s], , n = 3-6, rearrange upon heating in vacuum to cyclo- 
phosphazanes, the rearrangement consisting of the transfer of an alkyl 
group (from P-O-R) to a ring nitrogen atom (Fig. 14) (18, 132,133). 
The driving force for this reaction is the formation of the thermody- 
namically stable P=O bond. The geminal derivatives N3P3R2 
(OMe)4(R = Ph or t-BuNH) yield fully as well as partially rearranged 
products. The partially rearranged products differ in the location of 
the N-methyl substituent (132). 
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FIG 14. Rearrangement of N3P3(OMe)6. 

The rearrangement reactions can be initiated by the addition of alkyl 
iodide, suggesting that an intermolecular process triggers the initiation 
of the rearrangement. Thus, scrambled cross-alkylated products 
are formed when NsPs(OMe)e and NsPs(OCD& are heated together 
(114). A similar scrambling has also been detected when 
trans-NsPs(OCH2Ph)3(0-C6H4-~-CH3)3 is thermolyzed with trans- 
NaPa(OCH&,(O-C6H4-p-CH3)3 (134,135). It is important to note that 
fluoroalkoxy cyclophosphazenes and aryloxy cyclophosphazenes do 
not undergo rearrangement reactions. 

C. CYCLOPHOSPHAZENES CONTAINING P-C BONDS 

There are five synthetic methods that are currently known for the 
synthesis of cyclophosphazenes containing P-C bonds. These are: (a) 
direct synthesis involving a condensation reaction between (usually) 
two reagents; a more special class of these reactions is the cyclization 
(ring closure) reaction of an appropriately constructed synthon by the 
reaction with a suitable reagent; (b) Friedel-Crafts reactions on halo- 
genocyclophosphazenes; (c) reactions of organolithium reagents with 
halogenocyclophosphazenes; (d) reactions of Grignard reagents with 
halogenocyclophosphazenes; and (e) reactions of a combination of a 
Grignard and organocopper (I) reagents. The last of these methods is 
also a potent route for the preparation of hydridocyclophosphazenes 
that contain a P-H bond. 

1. Direct Synthesis 

Cyclization of linear fragments is one of the successful synthetic 
methods of preparing alkyl- or aryl-substituted cyclophosphazenes. 
An excellent synthon of this type is the Bezman’s salt 
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[PhsP(NHz)NP(NHz)Phz]+Cl-, 19, which is prepared by the reaction of 
PhzPC13 and ammonia (136’). This synthon has a preformed N-P-N-P-N 
unit and can be readily cyclized to a six or higher membered ring 
upon reaction with an appropriate reagent (137). An important appli- 
cation of the use of the Bezman’s salt approach has been the synthesis 
of metallocyclophosphazenes of the type 20, which contain an early 
transition metal in the framework of the cyclophosphazene skeleton 
[Fig. 15(A)] (138). A modification of the Bezman’s salt to design a 
chiral synthon allowed the synthesis of an optically pure cyclo- 
phosphazene (139). 

Condensation reactions involving the elimination of Me&Six (X = Br, 
F) from N-(silyl)P-(halogeno) phosphoranimines is also a good method 
for the synthesis of fully substituted alkyl or aryl cyclophosphazenes. 
Thus, the phosphoranimine 21 has been found to thermolyze to afford 
fully substituted cyclic trimers or tetramers [Fig. 15(B)] (140). 
Interestingly, if the leaving group on phosphorus is changed from the 
halogen to trifluoroethoxy, thermolysis of the latter affords a linear 
polyphosphazene (140). 
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2. Friedel-Crafts Reaction 

The Friedel-Crafts reaction of NsPsCls with benzene and aluminum 
chloride takes place to afford geminally substituted products gem- 
NaP&ldPhs and gem-N3PaC1zPh4. The yields of the hexakis product 
NaPsPhs are quite low, however. This reaction is carried out in the pre- 
sence of triethylamine, which reduces the reaction time and increases 
the yield of the bis product as well (141). In contrast to the Friedel- 
Crafts reactions involving NsP&ls, those with the tetrameric chloride 
N4P4Cls are quite complex. Only very low yields of a ring-degraded pro- 
duct, gem-N3P3C14(Ph)(NPPh3), could be isolated in these reactions 
(14,17). The ionization of the P-Cl bond from the s P(R)(Cl) moiety in 
the presence of aluminum chloride is the key step in this reaction. The 
three-coordinate phosphorus-containing species that would be gener- 
ated as a result of this ionization is involved in a further electrophilic 
substitution with the arenes to afford the arylated cyclophosphazene 
products. NsPsFs, containing the strong P-F bond, is not susceptible to 
ionization and hence Friedel-Crafts reactions do not occur with this 
substrate (14). 

3. Reactions with Organometallic Reagents 

The reactions of organometallic reagents with chlorocyclophospha- 
zenes are quite complex and depend on several variables, such as (a) 
the ring size of the cyclophosphazene, (b) the nature of the organometal- 
lit reagent, and (c) the reaction conditions including the type of solvent 
used, the temperature of the reaction, etc. (10). 

In the normal nucleophilic substitution reactions encountered so far, 
the most important and often the only event was the replacement of 
the halogen on the phosphorus by the nucleophile (irrespective of the 
mechanistic pathway involved). In the reactions of chlorocyclophospha- 
zenes with organometallic reagents, RM, another principal competing 
reaction is the elimination of RCl (instead of M-Cl). This reaction, also 
known as the metal-halogen exchange reaction, is more prominent 
with chlorocyclophosphazenes than with fluorocyclophosphazenes and 
leads to the generation of a three-coordinate phosphorus species 22 
(Fig. 16). Such a species can lead to a variety of products, including 
ring degradation products. The reactions with various types of organo- 
metallic reagents are discussed in the following. 

a. Organolithium Reagents The reactions of fluorocyclophosphazenes 
with organolithium reagents have received more attention than those of 
chlorocyclophosphazenes. This is because, in the reactions of the latter 
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FIG. 16. Metal-halogen exchange reaction. 

with the RLi types of reagent, ring-cleaved products are more common 
than normal substituted derivatives. Thus, for example, the reaction of 
methyl lithium or phenyl lithium with N3PsCls affords only minor 
quantities of organocyclophosphazenes (142). One of the probable 
reasons for the ring cleavage is the ready elimination of RCl rather than 
LiCl in these reactions to afford the metal-halogen exchanged 
intermediate 22. A controlled reaction of NSPsCls with methyl lithium 
at -20” “C in THF followed by work-up with i-propanol gives a 
hydridocyclophosphazene gem-NsP&l,(i-Pro)(H) 23 (143) whose 
formation is clear evidence for the involvement of the metal-halogen 
exchanged intermediate (Fig. 16). The subject of hydridophosphazenes is 
discussed in a later section. In contrast, the reaction of the fluorinated 
derivative with alkyl lithium reagents is a rich source for the 
generation of P-C bonds (23). 

b. Reactions with Grignard Reagents The reaction of Grignard 
reagents with chlorocyclophosphazenes is dependent on the type of 
solvent used, the size of the cyclophosphazene ring, substituents 
present on the cyclophosphazene, and the nature of the magnesium 
reagent. 
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Initial investigations on the reaction of N3PsC1s with phenyl magne- 
sium bromide in diethyl ether revealed the formation of acyclic pheny- 
lated products PhsP= NPPhs= NH.HX (X = Cl or Br) as well as a 
small amount of NaPaPb (144,145). On the other hand, the reaction of 
N3PaCls with diphenylmagnesium in ether afforded a complex mixture 
of N3P&15NPPh3, NaP&l,NP(Ph)(NPPh&, and a bi(cyclophosphazene) 
(N3P3C14Ph)s (146,147). 

A reinvestigation of the Grignard reaction using THF as the solvent 
proved more fruitful. A number of alkyl and aryl Grignard reagents 
were used. Only two products were detected: a mono-substituted pro- 
duct NaP3C15R 24 and a P-P-linked bicyclophosphazene (N3P3C14R)2 25 
(Fig. 17). The yields of the two products depend on the nature of the R 
group. With sterically less hindered alkyl groups and with the phenyl 
group, the bicyclophosphazene is the principal product. With sterically 
hindered alkyl groups, a larger yield of the mono-substituted product 
is obtained (148,149). The mechanism of this reaction has been investi- 
gated and also involves, as the first step, a metal-halogen exchange 
reaction by elimination of RCl. 

The mono-alkylated species NaPaClsR is a good synthon for the gen- 
eration of geminally substituted products by further reaction with 
Grignard reagents (Eq. 4) (150) 

N,P,Cl,R + R’MgX h 2, 2-N,P,Cl,(R)(R’) (4) 

An interesting application of the above methodologies has been in 
the synthesis of methylsilane- and methylsiloxane-linked cyclotripho- 
sphazenes (251). Since the above methodology does not achieve the 

RMgX 
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PhMgCl 0% 100% 

MeMgCl 15% 85% 

n-BuMgCI 69% 31% 

Me,SiCH,MgCl 100% 0% 

FIG. 17. Mono and bi(cyclophosphazenes) from the Grignard reaction of N3P3C”16 
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synthesis of the non-geminally substituted derivatives, an indirect 
method of synthesis has been developed. Alkylation of non-gem 
N3P3(NMe2)nC1S-n (n = 3,4) with Grignard reagents followed by 
elimination of the NMes group by HCl treatment affords the desired 
products (152). Use of an excess of the Grignard reagent together 
with a minimum amount of solvent (diethyl ether) has been found 
to be necessary to minimize an ether-cleaved alkoxy-substituted pro- 
duct N8P3(NMe2)a(R)s(OEt). 

The reaction of N4P4Cls with Grignard reagents is more complex. 
Thus the reaction with phenyl magnesium bromide leads to both substi- 
tution and ring cleavage. Mixtures of products are obtained: 2,2,4,4- 
N4P4C14Ph4, 2,2-N3P3C14(Ph)(NPPhs), along with a small amount of 
N4P,Phs (153,154). 

c. Reactions of Alkyl Grignard Reagents in Conjunction with 
Organocopper Reagents A variation of the Grignard reaction of 
N3P3C16 involves the use of an additional organocopper reagent [n- 
BuaPCuI]+ These reactions lead mainly to the formation of gem-dialkyl 
compounds N3P3C!14R2 (1555162). The reaction with alkyl Grignards are 
more successful. With aryl reagents, although geminal products have 
been isolated, ring-cleaved products are also formed (10). The reaction 
mechanism has been investigated and it is found that the interaction of 
N3P,ClG with the Grignard reagent in the presence of the copper 
reagent leads to the formation of a bimetallic complex 26 (162) in which 
the magnesium is coordinated to nitrogen atoms and the Cu(1) is 
coordinated to the phosphorus(II1) center, The intermediate on work-up 
with i-propanol leads to the formation of a hydrido cyclophosphazene 
gem-N3P,C1,(R)(H) 27. On the other hand, interaction of the bimetallic 
intermediate 26 with another equivalent of the Grignard reagent leads 
to gem-N,P,ClkR)(R’) 28. These reactions are summarized in Fig. 18. An 
additional variation in the utilization of this reaction involves the 
reaction of the intermediate 26 with aldehydes and ketones to afford 
gem-alkyl (hydroxyalkyl) compounds gem-N~P3C1,(R)(C)(OH)R’R” 29 
(162). 

The hydrido phosphazenes 27 themselves are quite valuable reagents 
and can be converted into halogenocyclophosphazenes upon treatment 
with chlorine, bromine, or iodine. The elusive cyclophosphazenes con- 
taining a P-I bond have been synthesized in this manner (43). Another 
application of the hydrido phosphazenes is their deprotonation, leading 
to phosphazene anions, which provide a valuable route for other P-C 
compounds (161). The phosphazene anions can also be generated by the 
cleavage of the bicyclophosphazenes 25 with LiBEtaH (163). 
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FIG. 18. The reaction of N3P3Cls with RMgX/[n-Bu,PCuI],. 

Another method of the synthesis of hydridophosphazenes involves the 
ring closure reaction of the Bezman’s reagent (IS4lS6). Recently the 
first example of a trihydrocyclophosphazene 30 has been synthesized 
(167-h 
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R = cyclohexyl 

30 

d. Alkylation with Organoaluminum Reagents Among the other 
prominent methods of generating a P-C bond is the use of 
organoaluminum reagents. The reaction of NaPaCls with trimethyl 
aluminum has been investigated. In this reaction the per substituted 
derivative N3P3Me6(46%) and the ring-opened product 
[Me3PNP(Me)sP(Me)sNH]+Cl- are the principal products. Alkylation 
of gem-N3P3C14Me2 with trimethyl aluminum gave mainly the tetrakis 
derivative N3P3C12Me4 along with tris- N3P3C13Me3 (168). 

D. REACTIONSOFCHLOROCYCLOPHOSPHAZENESWITHDIFUNCTIONALREAGENTS 

The reactions of chlorocyclophosphazenes with difunctional reagents 
such as diamines, diols, or amino alcohols can in principle lead to the 
formation of several products. These are shown in Fig. 19. The reactions 
of these reagents with the chlorocyclophosphazenes are discussed 
below. 

The reactions of the six-membered chlorocyclophosphazene were stu- 
died with a number of aliphatic diamines (16%175), aromatic diamines 
(176), aliphatic diols (177-l 79), aromatic diols (180,181) and compounds 
containing amino and hydroxyl functional groups (169,170,182). This 
subject has been reviewed (11,16,20). There are at least five different 
reaction products that are possible (Fig. 19). Replacement of two chlor- 
ine atoms from the same phosphorus atom produces a spirocyclic 
product. Replacement of two chlorine atoms from two different phos- 
phorus atoms in the same molecule produces an ansa product. 
Reaction of only one end of the difunctional reagent, resulting in the 
substitution of only one chlorine atom, leads to an open-chain com- 
pound. Intermolecular bridged compounds are formed when the difunc- 
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FIG. 19. The possible products in the reaction of difunctional reagent with N,P,Cl, 

tional reagent reacts with two molecules of the cyclophosphazene. 
Finally, ring-degraded products are formed in the reactions of certain 
aromatic ortho dinucleophiles. 

With aliphatic diols, although mixtures of products are formed, the 
predominant products are spirocycles (11,177). The reactions with the 
sodium salts of etheroxy diols such as tetra- and pentaethylene glycols 
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affords a mixture of spirocyclic and ansa products which can be sepa- 
rated by column chromatography (183). In the reaction with 1,3-propan- 
ediol an unusual Spiro-ansa product containing both a spirocyclic and 
an ansa arrangement were isolated (177,178). Primary diamines react 
with chlorocyclophosphazenes to afford monospiro products primarily, 
although with amines such as 1,3-diaminopropane, mono-, di- and tris- 
piro products have been isolated (174). Secondary aliphatic diamines 
as well as amino alcohols (169-l 70,173) and other types of difunctional 
reagents such as dihydrazidophosphoric acid (184-186) result in spiro- 
cyclic products. With unsymmetric difunctional reagents such as N- 
methyl ethanolamine, the di- and trispiro products also show cis-trans 
isomerization (I 7OJ 71). Intermolecular bridged compounds are formed 
in the reactions with long-chain aliphatic diamines (16,187). Ansa pro- 
ducts have been rare and require indirect synthetic approaches. The 
reaction of N3P3(CH3)C15 with l-amino propanol gives an open chain 
compound, gem-NsPs(CHs)(NH(CH2)ZOH)Cl~, that undergoes intra- 
molecular cyclization upon treatment with a base to afford the ansa pro- 
duct 31(188). In an alternative approach, non-gem-N3P3(0CH2CF3)4C12 
has been shown to react with both aliphatic and aromatic difunctional 
reagents to form ansa compounds 32 (189). 

Most aromatic difunctional reagents react with N3P&le to afford 
spirocyclic products (20,176,180,181,189,190). With catechol, the trispiro 
product is observed (190). This product was shown to function as a host 
in the formation of several inclusion adducts, including polymers (191). 
Ring degradation of the cyclophosphazene ring occurs in the reaction 
with o-amino phenol as well as in the reaction with catechol in the pre- 
sence of a triethylamine (192). 

Cl 

Cl 

31 32 
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Recently Brandt and co-workers have delineated the relative impor- 
tance of thermodynamic us. supramolecular factors in the direction of 
product formation. Thus, in the normal course of reaction N3P&ls 
would react with a bis-naphthol to afford a spirocyclic product 33. 
However, upon using a pre-formed cyclophosphazene containing a 
crown-architecture 34, the encapsulation of Na+ ions by the crown pre- 
ferentially orients the difunctional reagent towards the non-geminal 
chlorines and the spirocycle formation is inhibited (Fig. 20) (193,194). 
Two types of ansa product 35 and 36 are formed. An interesting host- 
guest complexation-driven regioselectivity has also been reported by 
Brandt and co-workers. They have observed that the P-N-P crown 
reacts with aliphatic diamines at low temperatures to produce interest- 
ing ansa-ansa, doubly bridged or singly bridged compounds. It is 

34 

NaH 

(W 

36 

FIG. 20. Thermodynamic (A) us. supramolecular effect (B) in the formation of spirocyclic 
and ansa products. 
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believed that the initial complexation of the diamine to the crown 
activates the P-Cl bonds selectively and initially forms an open-chain 
derivative, which leads to other products (195). 

The reactions of the eight-membered ring with difunctional reagents 
are much less studied (19G-198). This is primarily because of greater pro- 
duct instability. However, monospiro products have been isolated and 
characterized in the reactions of N4P4Cls with 1,3-diaminopropane, 1,3- 
propanediol, and N-methylethanolamine (196). Monospirocyclic pro- 
ducts have also been isolated in the reactions with 2,2’-methylene- 
bis(4,6-di-t-butylphenol). Mono and dispiro (2,2-6,6) products were 
obtained in reactions with N,N’-diisopropylpropane-1,3-diaminopro- 
pane (199). The reactions of l,l’-ferrocene diol with N4P4C!ls have been 
investigated. These lead to the formation of monoansa product 2,4- 
N4P4ClG(Fc02). In contrast, the reactions with the corresponding dithia 
or diselena derivatives afford monospirocycles (200). 

IV. Phosphazene-Based Dendrimers 

The multi-functional nature of chlorocyclophosphazenes allows these 
compounds to be utilized as dendrimer cores. N3P3C16 and N4P4Cls 
offer six and eight branching points, which is significantly more than 
the ones available with conventional organic cores, permitting the 
ready accommodation of a larger number of peripheral units around 
the cyclophosphazene framework. This in turn implies that spherical 
dendrimeric architecture is attained more quickly using a lesser num- 
ber of synthetic steps. Both convergent and divergent synthetic meth- 
odologies have been used towards the assembly of cyclophosphazene- 
based dendrimers. 

Togni and co-workers have used the convergent methodology to link 
phosphine-containing chiral ferrocene ligands on the cyclophosphazene 
core to obtain dendrimeric structures of the type 37 (Fig. 21) (201). The 
reaction with the cyclophosphazene end occurs by the replacement of 
the P-Cl bond and by the formation of the P-O bond. The dendrimers 
contain twelve and sixteen ferrocene moieties respectively. The 
phosphine units present can coordinate to Rh(1) to afford metallic 
dendrimers, which have been shown to be excellent catalysts for the 
enantioselective hydrogenation of dimethyl itaconate. The product 
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FIG. 21. A dendrimer based cm the eight-membered P-N ring. 

obtained has 98% ee. Clearly this kind of approach allows the possibi- 
lity of developing a new generation of catalytic systems. 

Majoral and co-workers have utilized a divergent synthetic strategy 
to prepare phosphazene dendrimers. Their strategy consists of using 
the functional cyclophosphazene N3P3(0-C6H4-p-CHO)s as the dendri- 
merit core (202,203). This molecule consists of six peripheral CHO 
groups which have been used in condensation reactions with N-methyl 
hydrazine to afford hydrazones containing six reactive NH groups that 
can be involved in reaction with chlorophosphines to generate phos- 
phine-terminated cyclophosphazenes. A Staudinger reaction with the 
phosphorus azide NaP(S)(O-CsH,-p-CHO)z gives the first-generation 
dendrimer 38 which contains twelve peripheral CHO groups (Fig. 22). 
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NdK,H,-p-CHO 
N,P,CI, - N3P3[OeC”Oj6 H*NNH(Me) - N,P,~!!=N-!:I 

6 

N,P(S)(OC,H,CHO), 

OHC 

OHC 38 CHO 

First generation dendrimer 

FIG. 22. Synthesis of a divergent dendrimer. 

This methodology has been repeated to give dendrimers up to the third 
generation. A variation of this strategy consists of utilizing the phos- 
phine Ph2PCH20H in a Mannich-type reaction with the terminal NH 
group on the cyclophosphazene in the second step of the dendrimer 
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synthesis. Remarkably, Majoral and co-workers have also shown that 
even after the dendrimer synthesis is accomplished the inner voids of 
the main dendrimer can be further activated to generate reactive sites. 
These can be elaborated to produce secondary dendrimeric structures 
within the space of the primary mother dendrimer (204). Labarre and 
co-workers have also claimed the synthesis of cyclophosphazene dendri- 
mers up to the fifth generation by using the combination of N3P3C16 
and long-chain aliphatic diamines (205). A hexa-armed star-like poly(p- 
benzyl-L-aspartates) has been assembled using hexakis (Camino- 
phenoxy)cyclotriphosphazene as the core (206). 

V. Cyclophosphazene-Based Ligands and their Coordination Chemistry 

The coordination and organometallic chemistry of cyclophospha- 
zenes has been a subject of two previous and one recent reviews 
(10,19,21). The ring nitrogen atoms of the cyclophosphazene skeleton 
possess a lone pair of electrons and in principle these can participate 
in interaction with appropriate transition metal ions. Although the 
basicity of the ring nitrogen atoms in the parent chlorocyclophospha- 
zenes is quite low, it can be enhanced by placing appropriate electron- 
releasing substituents on phosphorus. Thus peralkylated cyclophospha- 
zenes [NP(Mes)], or aminocyclophosphazenes such as [NP(NRR’)s], 
have been viewed as possible ligand systems. Six-membered cyclophos- 
phazene ligands based on the above design did not coordinate to transi- 
tion metal ions but were quite readily protonated to give compounds of 
the type [N3P3(NMe2)sH]i X2-; X = CoC14 or Mo60& (207,208). 
Increasing the ring size does impart favorable coordination properties. 
Thus in the complex N4P4(NMe2)sW(C0)4 the coordination to tungsten 
occurs through a cyclophosphazene as well as the exocyclic dimethy- 
lamino nitrogen (209). While N4P4Mes forms a diprotonated complex 
upon interaction with platinum or cobalt halides in a protic solvent 
(210,211), it coordinates to Cu(I1) through one of the ring nitrogen 
atoms while the opposite nitrogen is protonated (212). In contrast, the 
complex N4P4(NHMe)s.PtC12 contains coordination of two antipodal 
ring nitrogen atoms in a cis manner with the platinum (210,213,214). 
Higher membered rings such as N5P,Mei0 (215,216) N6P6Me1s (217), 
NsPs(NMe& (218-220) and NsPsMe,s (221) have been investigated as 
ligands and are found to be effective in coordination to first-row transi- 
tion metal ions. 
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The phosphorus atom of the cyclophosphazene ring can also be 
involved in interaction with transition metal atoms either by a coordi- 
nate or by a covalent linkage. The former occurs with hydridocyclo- 
phosphazenes by a tautomerization of the P-H to result in a P(II1) 
center (222). The covalent mode of linkage occurs by the reaction of 
the appropriate organometallic or metal fragment with the halo- 
genocyclophosphazenes (223). 

A more attractive utility of cyclophosphazenes consists of utilizing 
their multi-functional periphery (reactive P-Cl bonds), which allows 
the construction of appropriate coordination ligands. In the past few 
years this aspect has been receiving considerable attention and a num- 
ber of coordinating ligands have been prepared. In this approach a suit- 
able coordinating group is incorporated on the phosphazene skeleton 
(21). Apart from the generation of ligands containing a large number of 
coordination sites, the well developed nucleophilic substitution chemis- 
try of chlorocyclophosphazenes allows the design of ligands with vary- 
ing coordinating capabilities such as the number, nature, and 
stereochemical disposition of the coordination sites. Table III sum- 
marizes some selected ligand systems prepared utilizing this concept. 
The earlier studied examples of this approach include acetylenic phos- 
phazenes (224), phosphine-containing derivatives (225,226) carboranyl- 
substituted phosphazenes (227), etc. 

Among the various ligands listed in Table III, the pyrazolyl family of 
ligands has received considerable attention (228-242). Polymeric 
ligands based on this family are also known (234). Several modes of coor- 
dination have been observed. The metal complexes showing these var- 
ious coordination modes are shown in Fig. 23. One of the common ways 
of interaction of the pyrazolyl cyclophosphazenes with a transition 
metal ion is through the two pyrazolyl nitrogen atoms (the pyrazolyl 
substituents being in a geminal or a non-geminal disposition) along 
with a ring nitrogen atom [Fig. 23(A)] (21, 229). Two geminal pyrazolyl 
nitrogen atoms and a ring nitrogen atom are also involved in some 
examples [Fig. 23(B)] (233). Lanthanide ions have also been found to be 
coordinated by the hexakis derivative N3Ps(3,5-MeBPz)6 (236). In this 
case the substituted cyclotriphosphazene ring supplies five coordina- 
tion sites: four pyrazolyl nitrogen atoms and one cyclophosphazene 
ring nitrogen atom [Fig. 23(C)]. In the complex N8P3(3,5- 
Me2Pz)s.CuClZ.PdBr2 the palladium ion is coordinated by only geminal 
pyrazolyl nitrogens [Fig. 23(D)] (239). Exclusive non-geminal pyrazolyl 
nitrogen atom coordination is also accomplished by a specific ligand 
design [Fig. 23(E)] (232). In the above instances where the cyclophospha- 
zene ring nitrogen is involved in coordination to the metal ion, the phos- 



TABLE III 

SOME MULTI-SITE LIGANDS CONTAINING NITROGEN DONOR SITES AND METAL COMPLEXES DERIVED FROM THEM 

Ligand Complex (Ref.) 

N3P3(3,5-MezPz&., Ll 

gem-N3P,Ph2(3,5-Me2Pz),, L2 

gem-NsPSPhz(Pz),, L3 
gem-N3PS(NHa)2(3,5-MezPz)4, L4 
gem-NsPSPha(Me2Pz)2, L5 

non-gem-cis-N3P3(0Ph),(3,5wMesPz)~, L6 

gem-NsPa[NH(CHz),NH](NMe2)4, L8 

N3P3(0Ph),(-o-NHCH,CSH,N), L9 
N3P3(OCsH4-@B~)S(0-C6H4-p- CH2CN)a: L10 
W’,PWI~H,N,)~, L11 

Ll CuCls (229); Ll SmC& (236); Ll 2CuC12 (237); 
[{N3P3(Me2Pz)j0} (2CuClp)(3,5-MezPzH)] (237); Ll 2Cu12 (238); 
Ll .2ZnC& (238); Ll CuClz PdBq (239) 
L2. NiClz (240); L2. CU(C~O~)~ .2H,O (230); L2. Cu(ClOj, ‘2ImH (230); 
L2 CuCIZ (241) 
L3. CoCIZ (242) 
L4. CoCIZ (231) 
L5. W(CO), (233); L5. Mo(COj, (233) 
L6.PdC12 (232) 

[2 N3P3(2-OCSH,N), 2CuCl. CuCls]‘+ .2Cl- (248); 
[N3P~{(4-OC~H~N),Mn(cO),(bipy)},l(C10~), (243) 
L8. PdClz (247); [{N,P3(NMe2)4[NH(CH&NH~]OH} PdCl& (247); 
({N,P3(NMe*),[N(CH2)zNH21. PdChl -0lW7) 
L9 PdClz (245); 2L9. Cu(NO& (245); L9. Cu(NO& (245) 
LlO Fe(Cp)(Ph,P(CH,),PPh,)]PFG (246) 
Lll (CoL), (244); L = 3,5-di-tert-butyl-o-benzoquinone 

’ Although metal complexes have been reported with these ligands, they have not been structurally characterized. 
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FIG. 23. Modes of coordination of pyrazolyl cyclophosphazenes 

phazene ring undergoes a distortion from planarity with the nitrogen 
involved in coordination suffering the maximum displacement from 
the average plane of the cyclophosphazene ring. An additional struc- 
tural feature that is manifested upon coordination is the lengthening 
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of the P-N bonds flanking the site of coordination (21). Many of the dia- 
magnetic complexes prepared from pyrazolylcyclophosphazenes show 
stereochemical non-rigidity in solution (238). Homo- and heterobimetal- 
lit compounds can be prepared in a stepwise manner by using these 
ligands (237-239) (Eqs. 5-7). A summary of the coordination behavior 
of pyrazolylcyclophosphazenes and other ligands built using the cyclo- 
phosphazene ring as the scaffold is given in Table III. 

N,P,(3,5Me,Pz), 
CuClz 
B N3P3(3,5-MezPz)s* CuC12 (5) 

CuCl, 
N3P3(3,5-Me2Pz)s l CuCl,---- N3P3(3,5-Me2Pz)s l 2CuC12 (6) 

PdBr2 
N,P,(3,5-Me,Pz), l CuCl, B N3P3(3,5-Me2Pz)s=CuC12=PdBr2 (7) 

Another attractive approach of utilizing [NP(NHR),], as ligands con- 
sists in deprotonating the NH groups (24%252). Steiner and co-workers 
have shown that NaP,Rs(R = NHCsH1i; NHPh) can be readily and 
completely deprotonated to generate the dimeric complex 
[{N3P3(NCsH11)6}2(thf)4Li121 (249) (Eq. 8). 

Gn-BuLi 
N,P,(NHC,H,,), * [N3P3(Nc6H,,)6]6-‘6Li+ (8) 

Interestingly, this highly charged compound is soluble in a wide 
range of organic solvents. In this compound the lithium anions are 
bound to the central P3N9 core (Fig. 24). The phosphazene rings are 
highly non-planar within this structure. Trianionic derivatives 
[N3Pa(NHR)a(NR)a]3~ have also been prepared. These contain the proto- 
nated amino substituents in a stereo-specific non-geminal cis orienta- 
tion (Eq. 9) (250). 

Gn-BuLi 
N,P,(NHPh), - cis-[N3P,(NPh),(NHPh),13-*3Li+ (9) 

The eight membered 2,4,6,8 trans-N4P4(NHC6H11)4 could also be depro- 
tonated to afford the tetraanionic derivatives (251). 

The NH protons can also be deprotonated in reactions with metal 
alkyls to generate compounds with a very high metal content (252) 
(Eqs. 10,ll). 
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FIG. 24. Molecular structure of [{NSP,(NC,H,,),},(thf),iLi,z] (hydrogens, solvent mole- 
cule, and two cyclohexyl groups are omitted for clarity). 

5Me3Al 
N3P3(NHC6Hll)6 THF- [(N3P3(NC6H11)6}(thfoMeAl)(Me2A1)1 (la) 

+ 6CH, 
GEt,Zn 

N,P,(NHC,H,,), - [N3P3(NC6H,,>6(Etzn>61 + f%% (11) 

The cyclophosphazene ring assumes a highly puckered conformation in 
both the zinc and aluminum complexes, indicating its remarkable flex- 
ibility to adapt to the coordination requirement of the metals. 

VI. Conclusions 

The chemistry of chlorocyclophosphazenes continues to be of great 
interest. Many of the mechanistic features involving the aminolysis 
reactions are now understood. However, rigorous kinetic studies on 
reactions of chlorocyclophosphazenes with other types of nucleophiles 
are quite rare. The most promising utility of the chlorocyclophospha- 
zenes is their reactive periphery combined with a robust framework. It 
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is expected that the future course of cyclophosphazene chemistry will 
center around these properties. The reactive periphery allows the con- 
struction of a number of multi-site ligands. This makes it possible for 
the cyclophosphazene unit to be used as a convenient core to build 
dendrimeric structures. 
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I. Introduction 

The rich photochemical and redox properties of porphyrins make 
them attractive targets for the assembly of oligomeric and polymeric 
arrays that may exhibit novel photonic or electronic properties. 
Energy and electron transfer reactions within chromophore arrays 
have been exploited by Nature to sustain life through the complex pro- 
cess of photosynthesis. Attempts to artificially reproduce this process 
have been directed to the synthesis of simple models able to mimic com- 
ponents of the natural systems, with the aim of better understanding 
the light harvesting systems and reaction centers and of using this 
understanding to construct artificial devices to capture, store and 
transfer solar energy. The interest in constructing multi-porphyrin sys- 
tems is therefore shared by a number of scientists working in different 
fields ranging from biology to material science. The ultimate goal is to 
achieve complete control over the spatial disposition and orientation 
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of the chromophores within the array and thereby regulate any photo- 
induced energy or electron transfer properties. 

Self-assembly of complementary subunits via non-covalent inter- 
actions such as hydrogen-bonding or metallligand interactions is an 
attractive synthetic approach to the controlled oligomerization of 
monomers to form large supramolecular architectures (1,2). By a judi- 
cious choice of components, complex well-defined chromophore arrays 
can be constructed in a single step (3,4). Chemists have taken inspira- 
tion from Nature in designing subunits able to self-associate to form 
higher order assemblies via weak interactions, trying to emulate the 
high specificity of protein folding, formation of the DNA double helix, 
and cellular recognition processes. The key to self-assembly is the abil- 
ity to manipulate the process of molecular recognition: subunits which 
display complementarity in their geometry and functionality sponta- 
neously aggregate, forming supramolecular structures, when mixed 
under appropriate conditions. The instructions for the assembly process 
are contained in the stereochemical features of the building blocks. 
The use of weak reversible interactions means that the process is 
under thermodynamic control, and the final structure is obtained by 
equilibration to a global energy minimum: dynamic assembly and disas- 
sembly of the system allows proof-reading and error checking. In order 
to generate stable assemblies using this approach, many weak binding 
interactions are generally required to overcome the entropy losses asso- 
ciated with the organization of multiple components into a single supra- 
molecular structure. To maximize the stability of the assembly, losses 
in conformational entropy must be minimized, and therefore rigid pre- 
organized subunits are generally desirable (5). 

Many different interactions have been exploited in self-assembly (4), 
such as hydrogen-bonding, metal-ligand, hydrophobic, and van der 
Waals interactions. Hydrogen-bonding and metal-ligand, interactions 
afford the best control over the directionality of the resulting bond 
and therefore the geometry of the final assembly. Metal-ligand interac- 
tions are particularly attractive, since varying the metal and donor 
atoms offers a wide range of thermodynamic bond strength, kinetic labi- 
lity, geometry, and stoichiometry of interaction. 

Self-assembled structures can be closed if all the potential binding 
sites are utilized, or open if they are not. Closed assemblies have a defi- 
nite geometry and stoichiometry, while open assemblies exist as mix- 
tures of oligomers or polymers of varying stoichiometry. In addition, 
the self-assembled structure can be classified as cooperative if the mult- 
iple binding interactions reinforce each other to yield enhanced stabi- 
lity, or trivial if the binding interactions do not cooperate in the 
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assembly process. Examples of the four classes of assembly are illu- 
strated in Scheme 1. 

The stability of a trivial assembly is simply determined by the thermo- 
dynamic properties of the discrete intermolecular binding interactions 
involved. Cooperative assembly processes involve an intramolecular 
cyclization, and this leads to an enhanced thermodynamic stability com- 
pared with the trivial analogs. The increase in stability is quantified 
by the parameter EM, the effective molarity of the intramolecular pro- 
cess, as first introduced in the study of intramolecular covalent cycliza- 
tion reactions (6,7). EM is defined as the ratio of the binding constant 
of the intramolecular interaction to the binding constant of the corre- 
sponding intermolecular interaction (Scheme 2). The former can be 
determined by measuring the stability of the self-assembled structure, 
and the latter value is determined using simple monofunctional refer- 
ence compounds. 

The value of EM for a cooperative self-assembled structure provides a 
measure of the monomer concentration at which trivial polymeric struc- 
tures start to compete, and therefore EM represents the upper limit of 
the concentration range within which the cooperative structure is 
stable (Scheme 2). The lower limit of this range is called the critical 
self-assembly concentration (csac) and is determined by the stoichio- 
metry of the assembly and the strength of the non-covalent binding 
interactions: weaker interactions and larger numbers of components 
raise the csac and narrow the stability window of the assembly (8). 
Theoretical treatments of the thermodynamics of the self-assembly pro- 
cess have been reported by Hunter (8), Sanders (9), and Mandolini (IO). 
The value of EM is lowered by enthalpic contributions associated with 

closed trivial closed cooperative 

open trivial 

SCHEME 1 

open cooperative 
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unfavorable strain energy upon ring closure and entropic contributions 
associated with losses of conformational degrees of freedom in flexible 
systems. Thus, in order to achieve the highest EM, the monomers must 
be carefully designed to achieve high complementarity (thus forming 
strainless rings) and rigidity (to minimize the loss of conformational 
entropy); i.e., the degree of preorganization determines EM. 

The characterization of self-assembled structures is a much more 
challenging task than the identification of covalent reaction products. 
Self-assembly processes are reversible, and the products by their very 
nature are kinetically labile and sensitive to changes in environment. 
Thus changes in concentration may alter the balance in the equilibrium 
between different possible self-assembled structures. For example, a 
system which has a low EM will form only a closed cooperative struc- 
ture in dilute solution and is likely to form open trivial polymers in the 
solid state. Thus, although X-ray diffraction can be used whenever a 
single crystal is available, the result may not be representative of the 
equilibria present in solution. Invasive techniques such as mass spectro- 
metry perturb the equilibria by changing the environment and so may 
not provide an accurate picture of the species that are present in solu- 
tion. In general, a range of different techniques must be applied to 
build up evidence for the structures of self-assembled complexes in solu- 
tion, and the most useful methods vary from one system to another. 
Titrations give information on the stability of the complex and can dis- 
tinguish between cooperative and trivial structures. Structural infor- 
mation is available from NMR and optical spectroscopy, although the 
high symmetry of self-assembled multi-component structures often pre- 
cludes detailed structure determination by these methods. An assess- 
ment of molecular weight and hence the stoichiometry of the assembly 
is therefore crucial. FAB (11,12), ES1 (13) and MALDI-TOF (ICI.9 
mass spectrometry have been successfully used to detect the presence 
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of assemblies in the gas phase. Vapor pressure osmometry is a useful 
non-invasive technique for determining the approximate molecular 
weight in solution (16). Gel permeation chromatography and pulse gra- 
dient spin echo iH NMR experiments have also been used to determine 
molecular weights in solution (17). 

Porphyrins represent ideal building blocks for the synthesis of oligo- 
merit and polymeric arrays via the self-assembly technique. They are 
rigid, can easily be functionalized, and a number of different metals 
can be inserted in the center of the macrocycle. The central metal of 
the porphyrin is coordinated to four nitrogens and can accept either 
one or two additional apical donor atoms to give a square pyramidal or 
octahedral coordination sphere respectively. In recent years, a number 
of self-assembled porphyrin arrays have been reported, held together 
by either hydrogen-bonding or metal-ligand coordination interactions. 
It is only the latter type of assembly that we will deal with here, focusing 
on coordination oligomers where the key oligomerization interactions 
involve ligand binding to the central metal of a metalloporphyrin. 
Porphyrin coordination assemblies where the oligomerization interac- 
tion involves a peripheral ligand on the porphyrin coordinated to an 
external metal ion have also been prepared, but systems of this type 
will not be discussed here (2). 

II. Trivial Closed Assemblies 

A. PORPHYRINSASLIGANDS 

The simplest way in which two porphyrins can interact to generate a 
self-assembled dimeric structure requires the presence of a donor 
group on the periphery of one component which coordinates to the 
metal center of the other. In order to generate exclusively a 1:l complex, 
there should be no other ligand binding sites, and the central metal 
must accept only one ligand in the axial position. This is possible when 
the metal is &coordinate (e.g., zinc), or if the 6th position of a 6-coordi- 
nate metal is occupied by a kinetically inert ligand (e.g., Ru(I1) coordi- 
nated to CO). The geometry of the assembly is determined by the 
ligand, namely the orientation of the donating electron pair with 
respect to the porphyrin ring. 

A number of dimers featuring an orthogonal disposition of the por- 
phyrin planes have been prepared. The perpendicular geometry is 
achieved using a 4-pyridyl unit linked through the porphyrin meso posi- 
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tion. Fleischer and Shachter (18) and Li and Xu (19) reported the forma- 
tion of perpendicular dimers (1) upon coordination of a 4-pyridyl por- 
phyrin to a zinc porphyrin (Fig. 1). Both assemblies were characterized 
by ‘H NMR spectroscopy: the pyridyl protons are upfield shifted as a 
result of the shielding effect due to the large ring current created by 
the zinc porphyrin n-system. The association constants, though not 
determined, are expected to be of the order of lo3 M-l and are too 
small for complexation to be investigated using UV-Vis absorption 
spectroscopy. Using time-resolved fluorescence experiments, Li and 
Xu determined an inter-porphyrin singlet state energy transfer in the 
dimer with a rate constant of 1.1 x lOi s-l. They also obtained a crystal 
structure for zinc(I1) tetraphenylporphyrin coordinated to copper(I1) 
meso-B(Cpyridyl)-octamethylporphyrin (2) which showed a distorted 
perpendicular geometry for the dimer. 

Imamura (11,20,21) synthesized several similar perpendicular dimers 
exploiting axial coordination of the 4-pyridyl free-base porphyrin to 
Ru(II)CO (3) and Os(II)CO (4) porphyrins (Fig. 1). The pyridineeruthe- 
nium and pyridine-osmium interactions are much stronger than the 
pyridine-zinc interaction, and the complexes are perfectly stable in 
solution and can be isolated by precipitation. One of the ruthenium 
dimers was characterized by FAB-MS (II). Complexation is accompa- 
nied by characteristic changes in ‘H NMR chemical shift, indicating 

0 M’ 

N 
‘I 

+ c”3 M* 

(1) M’ =Zn 
M2=2H 

(2) M’ = Zn 
M’=Cu 

(3) M’ = Ru(C0) 
M* = 2H, Zn 

(4) M’ = Os(C0) 
M2=2H 

FIG. 1. Trivial closed dimers assembled from 4-pyridyl porphyrins. 
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binding of the pyridine ligands to the ruthenium centers: typically, 
upfield shifts of 7ppm and 2ppm are observed for the a and /3 pyridyl 
protons respectively. The shielding effects on the free-base porphyrin 
NH protons were large enough for tautomerism to be observed directly 
at low temperature and an activation energy E, to be measured as 
40.5 kJ mol-’ for the exchange process (21). For all of the complexes, 
the UV-Vis absorption spectra are essentially the sum of the respective 
monomer absorptions, and cyclic voltammetry has confirmed that 
there is no electrochemical communication between the porphyrin sub- 
units: they are reduced and oxidized independently (20,21). This be- 
havior was attributed to the perpendicular arrangement of the 
chromophores which prevents interaction of the x-systems. An X-ray 
crystal structure of one of the ruthenium dimers shows that, in the 
solid state, the geometry of the assembly deviates from the perpendicu- 
lar arrangement in a manner similar to that observed for the zinc com- 
plex, and this is attributed to crystal-packing effects (20). 

If more than one 4-pyridine moiety is introduced in the meso positions 
of the free-base porphyrin, it is possible to obtain self-assembled 
trimers, tetramers, and pentamers with the same perpendicular 
arrangement of the porphyrins. Fleischer and Schachter (18) used pyri- 
dine-zinc interactions to assemble two different trimers in solution (5, 
Fig. 2a and 6, Fig. 2b), while Imamura (11,20,21) and Alessio (22) synthe- 
sized a number of perpendicular ruthenium and osmium oligomers (7 
(11,20,21), Fig 2a; 8 (21) Fig. 2b; 9 (21), Fig. 2c; 10 (21), and 11(22), Fig. 
ad). The chemical shift of the ‘H NMR signal due to the free-base por- 
phyrin NH protons provides a diagnostic tool for determining the stoi- 
chiometry of these complexes, because the ring current effects of the 
metalloporphyrins are additive, and the NH signal is shifted upfield by 
about 0.5 ppm by each coordinated metalloporphyrin (21). All these com- 
plexes exhibit the same stability, UV-Vis absorption, and redox proper- 
ties as the corresponding dimers. The separation of the r-systems is too 
large for any strong inter-chromophore interactions. 

To substitute the strongly bound axial CO ligand of the ruthenium or 
osmium center, it is necessary to employ more drastic conditions than 
simple stirring at room temperature. Imamura (11,20) used photolysis 
to synthesize porphyrin trimers on the basis of simultaneous coordina- 
tion of two 4-pyridyl porphyrins to the same ruthenium porphyrin (12, 
Fig. 3). Some interesting photophysical behavior was observed for 
these systems. The trimers have an extra UV-Vis absorption band at 
about 450nm which is ascribed to metal-ligand charge transfer 
(MLCT), a dx(Ru(II))-r*(OEP) t ransition. This band shows a batho- 
chromic shift in more polar solvents, and decreased in intensity when 
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M’ 

(4 

2 

(5) M’ = Zn 
M2=2H 

(7) M’ = Ru(CO), Os(C0) 
M2=2H 

(6) M’ = Zn 
M’=2H 

@I (6) M’ = Os(C0) 
M2=2H 

FIG. 2. Trivial closed trimers (a,b), tetramers (c), and pentamers (d) assembled on multi- 
dentate 4-pyridyl porphyrin ligands. 

an oxidizing agent was added to convert Ru(I1) to Ru(II1). Cyclic voltam- 
metry showed that the redox potentials of the axial free-base porphyrins 
are not changed by coordination to ruthenium. 

The geometry of the assembly can be altered by using a 3-pyridyl sub- 
stituent on the porphyrin periphery. The donor nitrogen atom is 
oriented at an angle with respect to the porphyrin plane, and this has 
been exploited in the assembly of oblique dimeric, trimeric, and penta- 
merit structures from free base mono- (13 (12) and 14 (23), Fig 4a), bis- 
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4 

(4 

(9) M’ = Os(C0) 
M2=2H 

(10) M’ = Os(C0) 
M2=2H 

(11) M’ = Ru(C0) 
M2 = ZH, Zn 

(15 (12) Fig. 4b), or tetrapyridyl porphyrins (16 (24), Fig. 4c) coordinated 
to the metal centers of Ru(II)CO and Os(II)CO porphyrins (24). In the 
iH NMR spectrum there is a complexation-induced upfield shift of 
0.3 ppm for the metalloporphyrin alkyl substituents, confirming the 
oblique geometry (in the perpendicular analog these protons were unaf- 
fected by assembly, because they do not sit over the face of the free- 
base porphyrin ligand) (12). Alessio (23) reported the X-ray crystal struc- 
ture of the dimer 14, and the angle between the mean planes of the two 
porphyrins is 43”. Substitution at the 3-position of the pyridine gives 
rise to atropisomers, and these can be observed in slow exchange in 
the lH NMR spectrum of the trimer 15 (Fig. 4b): the ratio of the aa and 
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(12) M’ = flu 
M* = ZH, Zn 

FIG. 3. A trivial closed trimer assembled on a six-coordinate metalloporphyrin. 

a,B forms is approximately 2:3 (12). In the X-ray crystal structure of the 
pentameric array 16 (Fig. 4c), only the o&/3 atropisomer is observed 
(24). The properties of these systems are very similar to those of the per- 
pendicular structures, and there is no evidence of any interaction 
between the chromophores. The UV-Vis absorption spectra do not dif- 
fer from the sum of the individual components, and the redox behavior 
of the dimer 13 shows that the two components have independent elec- 

(13) M’ = Os(C0) 
M*=ZH 

(4 (14) M’ = Ru(C0) 
M* = ZH, Zn 

FIG. 4. Trivial closed dimers (a), trimers (b), and pentamer (c) assembled from 3-pyridyl 
porphyrins. 
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trochemical properties. An extensive study of the photophysical beha- 
vior of the dimeric and pentameric porphyrin assemblies was carried 
out by Prodi (25). 

Sanders (14) has exploited the strong and selective coordination of 
phosphine donor groups to Ru(I1) to construct hetero-dimetallic por- 
phyrin dimers (17, Fig. 5). An alkynephosphine moiety introduced on 
the periphery of a free base or metalloporphyrin (M = Zn or Ni) sponta- 
neously coordinates to a Ru(II)(CO) porphyrin when the two porphyrins 
are mixed in a 1:l ratio. Coordination is characterized by a downfield 
shift of the 31P resonance (AS31P = 19ppm). There is no evidence of 
self-coordination of the zinc porphyrin: at 10e6 M in toluene, there is no 
shift in the Soret band in the UV-Vis absorption spectrum. The Ni-Ru 
dimer was observed by MALDI-TOF mass spectrometry. Heating the 
Ru(II)CO porphyrin with 2 equivalents of the phosphine porphyrins led 
to quantitative formation of trimeric assemblies. 

Groves (26,27) has constructed an artificial membrane bound electron 
transfer system taking advantage of this class of porphyrin assembly. 
A manganese porphyrin functionalized with long steroidal chains is 
inserted into a synthetic lipid bilayer. The plane of the porphyrin is 
oriented parallel to the phospholipid bilayer interface, so that the cen- 
tral metal is exposed for coordination to zinc porphyrins equipped 
with imidazole ligands. Three anionic groups on the zinc porphyrin 
periphery lie at the membrane surface and are able to interact with ferri- 
cytochrome c in solution. Thus a self-assembled ternary system is 
formed where the zinc porphyrin bridges the manganese porphyrin in 

El M’ 

0 &i 1: 
+ B M2 

(17) M’ = Ru(C0) 
M2 = 2H, Zn, Ni 

FIG. 5. Trivial closed dimer assembled via phosphorus-ruthenium coordination 
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the membrane and the cytochrome c in the aqueous phase. An extensive 
study of electron transfer from the manganese redox center to the ferri- 
cytochrome c was carried out. 

Sanders (28,29) has assembled very large porphyrin arrays by combin- 
ing this coordination approach with covalently linked oligomers. He 
explored the possibility of coordinating a monomeric dipyridyl por- 
phyrin to a covalent Ru(II)CO porphyrin oligomer (28) and of coordinat- 
ing covalent pyridyl porphyrin oligomers to monomeric Ru(II)CO 
porphyrins (29). With the first approach, the team assembled arrays of 
11 and 21 porphyrins by reaction of a central di- and tetra- 4-pyridyl por- 
phyrin with two and four porphyrin pentamers respectively. The second 
approach enabled them to make an array of six porphyrins, three ruthe- 
nium monomeric porphyrins coordinated to a tripyridyl porphyrin tri- 
mer, as well as a dendritic 7-porphyrin assembly where two pyridyl 
porphyrin trimers were coordinated to a single ruthenium porphyrin. 

B. NON-PORPHYRIN LIGANDS 

Simple bidentate ligands are able to bridge two metalloporphyrins to 
yield a three-component assembly. Fuhrhop (30) reported the pyrazine 
bridged Fe(II)protoporphrin complex (18, Fig. 6a) that exhibits photoin- 
duced electron transfer between the two metalloporphyrins. High-spin 
Fe(III)tetraphenylporphyrin dinuclear complexes where the bridging 
ligands are hydroquinone dianions were synthesized by Hendrickson 
(31). 1,4-diazabicyclo[2.2.2]octane (DABCO), pyrazine, 4,4’-bipyridine, 
1,2-bis(4-pyridyl)ethane, and tram+1,2-bis(4-pyridyl)ethylene were 
shown by Endo (32) to bridge two Ru(II)(CO)octaethylporphyrins, giv- 
ing stable assemblies (19-23, Fig. 6a). Cyclic voltammetry revealed 
that the complexes undergo two electron oxidation steps. The first oxi- 
dation occurs at the porphyrin 7r-system, whereas the second is on the 
metal centers. Triple-decker Ru(II)octaethylporphyrin complexes were 
also prepared with pyrazine and 4,4’-bipyridine bridges (33) (24 and 25, 
Fig. 6b). Electrochemical studies proved that the two ends of the com- 
plex can interact with each other. 

An extended bipyridinic ligand was synthesized by Tykwinski (34) 
and was shown by ‘H NMR spectroscopy and single crystal X-ray crys- 
tallography to axially coordinate to two Ru(II)(CO) porphyrins (26, 
Fig. 7). 

Zinc porphyrins also interact with diaza ligands to form dimeric 
assemblies, but these systems have significantly lower kinetic and ther- 
modynamic stability. The zinc porphyrin-DABCO system has been 
widely studied by Sanders (35) and Anderson (36,37), while Ballester 
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(19) M’ = Fe 

(20) M’ = Ru(C0) 

(4 

(19) M’ = Ru(C0) 

(21) M’ = Ru(C0) 

(24) M’ = Ru(C0) 
M2= RU 

@I 

(22) M’ = Ru(C0) 

(25) M’ = Ru(C0) 
M2= Ru 

(23) M’ = Ru(C0) 

FYG. 6. Trivial closed dimeric (a) and trimeric (b) sandwich complexes assembled on 
bidentate ligands. 

(38) reported a computational study that applies the ab initio SCF-GIAO 
method to the calculation of the ‘H NMR chemical shifts of zinc por- 
phyrin-DABCO complexes. The experimental measurement of zinc por- 
phyrin-DABCO microscopic binding constants requires the combined 
use of both ‘H NMR and UV-Vis absorption methods. At UV-Vis con- 
centrations (lop6 M), only the 1:l complex (27) is formed with an associa- 
tion constant of 104-lo5 M-l in chlorinated organic solvents (Fig. 8a). 
At NMR concentrations (lop3 M), when 0.5 equivalents of DABCO are 
added, the 2:l DABCO-bridged complex (28) is formed, but this opens 
up to give the 1:l complex in excess DABCO (Fig. Sb). 

Chichak and Branda reported the synthesis of two supramolecular 
systems where two (29) (39) or six (30) (40) Ru(II)CO porphyrins are 
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(26) M’ = Ru(C0) 
R = Me, Ph 

FIG. 7. An extended dimeric sandwich complex assembled on a bidentate ligand. 

(4 

2 

(28) M’ = i!n 

(27) M1 = Zn 

2 

(27) M’ = Zn 

(b) 

FIG. 8. Trivial closed DABCO zinc porphyrin complexes. 
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coordinated to the peripheral pyridyl groups of transition metal com- 
plexes (Ru, OS, or Fe) (Fig. 9). The multicomponent assemblies are 
therefore held together by two types of metal-ligand interaction that 
confer a very well-defined geometry. The assemblies are formed quanti- 
tatively upon mixing the ruthenium porphyrin with the transition 
metal complex. The UV-Vis absorption spectra of both systems are 
essentially the sum of the absorptions of the components, but fluores- 
cence experiments revealed electronic communication between the 
chromophores. 

Sanders (41,42) studied the ability of several multi-pyridine ligands to 
coordinate zinc and Ru(II)CO porphyrins and then act as templates for 
the synthesis of macrocyclic porphyrin oligomers. Once coordinated to 
the template, the reactive ends of the porphyrins are brought together, 
and cyclization is favored (43,44). Alternatively, the templates can be 
exploited in the synthesis of linear porphyrin oligomers, since they can 
act as scavengers that remove the cyclizable components of a reaction 
mixture (45). An X-ray crystal structure of a central tripyridyl triazine 
ligand axially coordinated to three Ru(II)CO porphyrins highlights the 
complementarity of this ligand for trimer formation (29) (31, Fig. 10). 

A four-component self-assembling system was described by Kuroda 
(46’). Two rhodium porphyrins are coordinated by the terminal pyridine 
groups of an extended ligand constructed from a tartrate derivative. 

(29) M’ = Ru(C0) (30) M’ = Ru(C0) 
M* = Ru, OS M* = Ru, Fe 

FIG. 9. Trivial closed assemblies based on multidentate transition metal complexes. 
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FIG. 10. Trivial closed trimer assembled on a trispyridine ligand. 

The hydroxyl and carbonyl groups of the tartrate skeleton simulta- 
neously interact via hydrogen-bonding with the amido groups of a mod- 
ified free-base porphyrin. Another complex assembly that exploits 
multiple types of interaction was reported by Whitesides (47). He pre- 
pared two systems where a hydrogen-bonded isocyanuric acid-mela- 
mine rosette was functionalized on the periphery with imidazole 
groups. Addition of a zinc porphyrin yielded a supramolecular aggre- 
gate in which the imidazole moieties coordinated to the metallopor- 
phyrins. The stoichiometry, structure, and stability of the assembly 
were investigated by ‘H NMR and UV-Vis absorption spectroscopy, 
ESI-MS and size exclusion chromatography. The imidazole groups do 
not affect the stability of the rosette assembly, but strongly coordinate 
the zinc porphyrin units (for a model system, K M lo5 M-l). 

The axial coordination of metalloporphyrins to a pyridyl ligand was 
successfully exploited by two groups to produce porphyrin-stoppered 
rotaxanes. Sanders (48) assembled a rotaxane by simply mixing the con- 
stituent parts. Zn(II), Ru(II)CO, and Rh(II)Cl porphyrins were used as 
stoppers. Branda (49) reported the stoppering of a pseudorotaxane by 
adding two equivalents of a Ru(II)CO porphyrin that coordinated to 
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two pyridine groups on the ends of the thread component. The stoppers 
could be displaced with an excess of a competitive pyridine ligand. 

III. Cooperative Closed Assemblies 

The assembly of two or more subunits to form a superstructure where 
at least one cooperative intramolecular ring closure takes place permits 
the assembly of stable complexes using relatively weak interactions. 

A. HOMO-ASSEMBLIES 

When the metalloporphyrin bears a donor group on its periphery, it 
can behave as a self-complementary ditopic unit capable of metal-ligand 
induced dimerization. Many systems have been synthesized using differ- 
ent metals, ligands, and spacers. The length and geometry of the spacer 
groups determine the stoichiometry of the assembly process. 

1. Dimers 

The ligand group can be introduced either on the meso or on the P-pyr- 
role position of the porphyrin ring, but the synthesis of the meso- 
functionalized derivatives is easier and has been more widely exploited. 
Balch (5S53) reported that the insertion of trivalent ions such as 
Fe(II1) (32) and Mn(II1) (33) into octaethyl porphyrins functionalized at 
one meso position with a hydroxy group (oxophlorins) leads to the for- 
mation of a dimeric head-to-tail complex in solution (Fig. lla) (50,Sl). 
An X-ray crystal structure was obtained for the analogous In(II1) com- 
plex (34) and this confirmed the head-to-tail geometry that the authors 
inferred for the other dimers in solution (53) (Fig. llb). The dimers are 
stable in chloroform but open on addition of protic acids or pyridine 
(52). The Fe(II1) octaethyloxophlorin dimer (52) is easily oxidized by 
silver(I) salts. The one-electron oxidation is more favorable than for 
the corresponding monomer or ~~0x0 dimer, presumably because of the 
close interaction of the 7r-systems in the self-assembled dimer. 

Goff (54 synthesized an Fe(II1) porphyrin with a 2-hydroxyphenyl 
group at one meso position (35, Fig. 12a). Under basic conditions, the 
system spontaneously dimerizes due to phenolateFe(II1) coordination. 
The complex is very stable and was isolated and fully characterized. In 
the solid state, the X-ray crystal structure confirmed the structure of 
the assembly as a macrocyclic head-to-tail dimer with two intermolecu- 
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(32) M = Fe(H) 

(33) M = Mn(lll) 

(34) M = In(lll) 

FIG. 11. Cooperative closed dimers assembled from oxophlorins. 

lar phenoxide-Fe(II1) interactions (Fig. 12b). iH NMR and UV-Vis 
absorption studies indicate the presence of a five-coordinate high-spin 
Fe(II1) complex, showing that the head-to-tail geometry is retained in 
solution. The complex can be opened by addition of two equivalents of 
a protic acid to generate the monomeric porphyrin, and the dimer can 
be reformed by treatment with base. Chemical reduction of Fe(II1) to 
Fe(I1) with sodium dithionite also dissociates the dimer. Goff (55) also 
reported a Mn(II1) head-to-tail dimer (36) which has the same geometry 
(Fig. 12a). On mixing the Mn(III)Cl and Fe(III)Cl porphyrins under 
basic conditions the heterometallic dimer was detected, but the thermo- 
dynamically more stable complex is the homometallic Fe(II1) dimer, 
and the heterodimer could not be isolated. 
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(35) M = Fe(H) 

(36) M = Mn(lll) 

FIG. 12. Cooperative closed dimers assembled from phenol-functionalized porphyrins. 

A number of porphyrin dimers and oligomers have been synthesized 
to examine the factors affecting energy and electron transfer reactions 
of the special pair of bacteriochlorophylls that are found in photosyn- 
thetic reaction centers. This special pair is the key component in the 
energy transfer between the light-harvesting antenna complexes and 
the reaction center itself. The special pair are separated by a distance 
of about 3.2 A, are nearly parallel in orientation, and have partial over- 
lap of the 7r-orbitals. This slipped cofacial orientation is considered 
important for efficient energy and electron transfer. Kobuke and 
Miyaji (16’) reported a zinc porphyrin bearing two N-methylimidazolyl 
meso substituents oriented trans across the porphyrin ring (37), and 
this forms a slipped cofacial dimer by coordination of the imidazolyl 
moieties to the zinc centers (Fig. 13). The dimer self-assembles at con- 
centrations as low as lOA M, and fluorescence studies show that it is 
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(37) M = Zn (38) M = Mg 

FIG. 13. Cooperative closed dimers assembled from imidazole-functionalized porphyrins. 

stable down to lo-’ M. The structure of the dimeric assembly was con- 
firmed by iH NMR spectroscopy and VP0 measurements. Attempts to 
form a mixed dimer with the corresponding free-base porphyrin failed, 
and this indicates that a simple imidazole-zinc interaction cannot com- 
pete with the cooperativity of two such interactions in the macrocyclic 
dimer. In the UV-Vis absorption spectrum of the dimer, the Soret band 
shows a splitting of 18 nm, and the Q bands are red shifted. The fluores- 
cence maxima are also shifted to longer wavelengths, and these features 
show that there is strong exciton coupling of the chromophores similar 
to that found in the special pair. Substitution of the central zinc with 
magnesium in the cis analog produced a system which starts to dimerize 
at a concentration of lo-* M (56) (38, Fig. 13). 

Porphyrins functionalized with 2-pyridyl groups at the meso position 
have proved to be very effective for the self-assembly of metallo- 
porphyrin dimers (Fig. 14a,b). In the X-ray crystal structure of the zinc 
porphyrin dimer (39), synthesized by Knapp and co-workers, (57), the 
porphyrins are closely stacked with a mean plane separation of 3.3A. 
This leads to exciton coupling of the chromophores, and in the UV-Vis 
absorption spectrum characteristic splitting of the Soret band and a 
red shift of the Q bands are observed. A similar structure has been 
reported by Gerasimchuk (58) for the analogous magnesium porphyrin 
(40), and again the UVVis absorption spectrum shows excitonic inter- 
actions between the chromophores. Dilution experiments enabled the 
authors to measure an association constant of 5 x lo5 M-’ for formation 
of the magnesium dimer. Addition of competitive donor ligands such 
as acetone, DMF, DMSO, or pyridine leads to dissociation of the 
dimer. The corresponding Ru(II)CO porphyrin forms a similar head-to- 
tail dimer (41) (13). The increased stability of the pyridine-ruthenium 
interaction means that these dimers are fully assembled in solution 
and can be readily isolated. Pyridine, 4-cyanopyridine, 3- or 4-pyridyl 
free-base porphyrins were introduced in the 6th coordination site of 
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(39) M = Zn 

(40) M = Mg 

(41) M = Ru(C0) 

(42) M = Ru(Py) 

(43) M = Ru(PyCN) 

(46) M = Rh(lll)CI 

(b) 

m f* _ 
m +2 ?I- 

(41) 

(c) 

(45) M’ = flu 
M’=ZH 

FIG. 14. Cooperative closed dimers (a) and tetramers (b,c) assembled from pyridine-func 
tionalized porphyrins. 
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the ruthenium centers upon photoirradiation of the reaction mixture 
(42,43, Fig. 14a; 44, Fig. 14b; 45, Fig. 14~). All the assemblies show char- 
acteristic excitonic interactions between the porphyrin subunits in the 
UV-Vis absorption spectrum. The strong interaction between the cofa- 
cial ruthenium porphyrin rings is reflected in the stepwise oxidation of 
the porphyrin units and metal centers and in the intervalence charge- 
transfer bands observed in the near-IR absorption spectrum, which are 
due to a mixed-valence Ru(III), Ru(I1) state. Upfield shifts in the ‘H 
NMR spectrum of the pyridyl protons enabled Aoyama (59) to detect 
the presence in solution of the head-to-tail dimer of the related 
Rh(III)Cl porphyrin (46, Fig. 14a). 

The aniline-zinc porphyrin interaction has also been exploited to 
form dimers. Hunter (60) reported the dimerization of porphyrins func- 
tionalized at one meso position with ortho or meta aniline groups (47, 
48, Fig. 15). Both compounds showed concentration-dependent ‘H 
NMR spectra with large upfield shifts for the aniline protons. The 
dimerization constants are 160 and 1080 M-l respectively for 47 and 48, 
and these values are an order of magnitude higher than the association 
constants of simple reference complexes (K = 10 and 130 M-l respec- 
tively), which is indicative of cooperative self-assembly. The complexa- 
tion-induced changes in chemical shift were used to obtain three- 
dimensional structures of the dimers. 

When the donor group is attached at a ,0-pyrrole position rather than 
the meso position, the properties of the assemblies change. Knapp (57) 
synthesized a series of /3-pyrrole 2-pyridyl substituted zinc porphyrins 
(49, Fig. 16) and showed that dimerization takes place provided the 
meso-substituents are not too bulky: ‘H NMR and VP0 measurements 
showed that the porphyrin, which bears heptyl substituents, dimerizes 
in solution, whereas the phenyl analog does not. The complexation- 
induced changes in chemical shift suggest a stacked structure for the 
dimer. 

A dimer made up of two zinc porphyrins bearing a 7-azabicy- 
clo[2.2.l]heptadiene fused at the C2-C3 P-positions was reported by 
Knapp (61). The compound was designed to dimerize with a pyrrole- 
over-pyrrole geometry similar to that found in the photosynthetic spe- 
cial pair. Dimerization at lop3 M was confirmed by VP0 and ‘H NMR 
spectroscopy. Dilution to 10e5 M or addition of DMAP caused disaggre- 
gation of the complex. In the solid state, this compound assembles as 
a cyclic hexamer with the vicinal porphyrin planes almost perpen- 
dicular. 

If the ligand is not directly linked to the porphyrin periphery but is 
held at a distance from the chromophore by a rigid spacer, more open 



236 BALDINI AND HUNTER 

(47) M = Zn (48) M = Zn 

E’Ic. 15. Cooperative closed dimers assembled from aniline-functionalized porphyrins. 

macrocyclic structures can be assembled, and these can exhibit host- 
guest properties. Hunter (62) showed that the porphyrin derivative (50) 
dimerizes in solution, and that the assembly (51) is stable down to con- 
centrations of lo-’ M (Fig. 17). The cooperative assembly process leads 
to a high stability constant (2 x 10’ M-l, cf. simple reference complexes 
for which K M lo3 M-l). Upfield shifts of the pyridyl protons in the ‘H 
NMR spectrum, redshifts of the UV-Vis absorption bands, and emission 
maxima as well as VP0 measurements confirmed the geometry and stoi- 
chiometry of the assembly. The self-assembled macrocycle proved to be 
an efficient receptor for terephthalic acid derivatives (K M lo3 M-r in 
chloroform). 

Bied-Charreton (63) showed by lH NMR spectroscopy that a zinc por- 
phyrin bearing a primary amino group attached via a flexible spacer to 
the meta position of a meso-phenyl ring spontaneously dimerizes in solu- 
tion via NHz-Zn coordination. The corresponding ortho derivative 
shows an equilibrium between the dimeric form and the intramolecu- 
larly coordinated monomer. ESR spectroscopy was used to demonstrate 
the same behavior in the corresponding cobalt porphyrin (64). 

A novel zinc porphyrin dimer (52) with a boronic ester linkage was 
prepared by Shinkai (Fig. 18) (65). The authors introduced an additional 

(49) M = Zn 

FIG. 16. Cooperative closed dimers assembled from porphyrins functionalized with pyri- 
dine at the P-pyrrole position. 
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(50) M = Zn 

(51) M = Zn 

FIG. 17. Cooperative closed dimer assembled from extended pyridine-functionalized 
porphyrins to form a cavity for guest complexation. 

recognition process that occurs upon mixing the meso-dicatechol zinc 
porphyrin and pyridine-3-boronic acid dimethyl ester. The boronic acid 
derivative reacts with the cathecol moiety to yield a self-complementary 
complex that dimerizes through two intermolecular zinc-pyridine inter- 
actions. The dimerization constant determined by UV-Vis absorption 
spectroscopy is 1 x lo4 M-l (cf. simple reference complex for which 
K = 340 M-l). The 2 + 2 stoichiometry was confirmed by VP0 measure- 
ments. 

A porphyrin array in which the assembly properties can be regulated 
by light was synthesized by Burrell(66). This zinc porphyrin has a pyri- 
dine group attached to the P-pyrrole position via an alkene linkage 
that can be either cis or trans. In the trans form, the porphyrin self- 
assembles into a trivial open polymer (53) (see Section 1V.A) with an 
angle of 64” between the coordinating ligand and the porphyrin plane 
in the solid state. However, in the cis form, the porphyrin assembles 
into a cooperative closed dimer (54) with an angle of 32” between the 
two porphyrin planes. The tram polymeric form may be converted into 
the cis dimer by irradiation at 400 nm (Fig. 19). 

Ohk 

(52) M = Zn 

FIG. 18. Cooperative closed dimer assembled using boronic esters as well as zinc-pyri- 
dine coordination. 
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(53) M = Zn (54) M = Zn 

FIG. 19. A pyridine-functionalized porphyrin that can be photoswitched between a tri- 
vial open polymer and a cooperative closed dimer. 

2. Higher Oligomers 

The self-assembly of cyclic dimers is entropically favored over the 
assembly of higher cyclic oligomers, but the assembly of larger oligo- 
mers is possible if the geometry of the monomer is incompatible with 
dimerization. 

Wojaczynski and LatosGrazynski (67-70) reported the self-assembly 
of metalloporphyrins with a hydroxy substituent on the ,B-pyrrole posi- 
tion. The trivalent metal complexes (Fe(III), Ga(III), Mn(II1)) form cyc- 
lic head-to-tail trimers quantitatively (55, 56, 57, Fig. 20a). The 
structures were confirmed by mass spectroscopy and ‘H NMR spectro- 
metry, the upfield shift of the 3-pyrrole proton being particularly diag- 
nostic. An X-ray crystal structure was also obtained for the iron trimer 
55 (70) (Fig. 20b). The UV-Vis absorption spectra of all of these trimers 
are characterized by band broadening and, in the iron and gallium tri- 
mers, by a blue shift of the Soret band. The assemblies are opened on 
addition of protic acids or bases. Mixed metal trimers were also identi- 
fied in solution by rH NMR and mass spectrometry, but they could not 
be isolated. Comparison of these systems with the corresponding oxoph- 
lorins discussed in the previous section illustrates how a very simple 
modification in the position of the donor group on the porphyrin ring 
causes a dramatic change in the self-assembly properties, in this case 
from dimer to trimer. 

A related study, aimed at demonstrating how a change in the struc- 
ture of the ligand covalently bound to the porphyrin modified the self- 
assembling properties of the system, was reported by Hunter (71)r. The 

‘In this paper, we reported the self-assembly of a macrocyclic trimer based on 
an isomer of the dimer system. The assignment of this structure was based on 
VP0 measurements, but subsequent experiments suggest that this system is pre- 
dominantly a dimer in solution, It appears that the monomer is not sufficiently 
rigid to prevent collapse to the entropically favored dimer. 
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(55) M = Fe(U) 
(56) M = Ga(lll) 
(57) M = Mn(lll) 

FIG. 20. Cooperative closed trimers. 

team showed that changing the angle between the pyridine ligand and 
the porphyrin plane from 90” to 180” would lead to self-assembly of a cyc- 
lic tetramer (58) instead of a dimer (Fig. 21). Tetramer formation was 
confirmed by ‘H NMR and UV-Vis spectroscopy and VP0 measure- 
ments. However, the tetramer is significantly less stable than the 
dimer, with an association constant of 1012-1013 Mp3. The effective 
molarity for intramolecular cyclization of the tetramer (0.6-0.9~) is 
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(58) M = Zn 

FIG. 21. A cooperative closed tetramer. 

not so different from the value measured for the dimer (6~), but, 
because the cooperativity is shared out between four molecules instead 
of two, the concentration at which self-assembly takes place differs by 
orders of magnitude: 10e5 M for the tetramer and lo-’ M for the dimer. 

Ru(II)(CO) and Ru(II)Py porphyrins functionalized at one meso posi- 
tion with a 4-pyridyl group were prepared by Imamura (72,73). 
Intermolecular pyridineruthenium interactions lead to the formation 
of cyclic tetramers (59, 60, Fig. 22). These tetramers are much more 
stable than the corresponding zinc systems and can be observed by 
FAB mass spectrometry. In the UV-Vis absorption spectrum the Soret 
bands are broadened with respect to the corresponding ruthenium por- 
phyrin monomer, but there are no significant inter-chromophore inter- 
actions. The tetramer can be dissociated by adding pyridine. The rate 
of this reaction is faster for the Ru(II)CO system than for the Ru(II)Py 
system. The first ligand substitution is the rate-determining step, and 
once this has occurred the other substitutions follow rapidly, so that 
the structure quickly falls apart and no acyclic intermediates are 
observed. This is a hallmark of the dissociation of a cooperative self- 
assembled structure. The redox behavior of the assemblies, studied by 
means of cyclic voltammetry, is characterized by two four-electrons oxi- 
dation processes, the first of them proceeding stepwise. The pyridine 
ligands in the Ru(II)Py tetramer were replaced by another pyridyl por- 
phyrin, generating an eight-porphyrin array (61) (74). 
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(59) M = RU(C0) 

(60) M = Ru(Py) 

(61) M’ = Ru 
M2=2H 

FIG. 22. Cooperative closed tetramers and octamer. 

B. HETERO-ASSEMBLIES 

1. Porphyrins as Ligands 

A free-base porphyrin functionalized at two meso positions with 3- or 
4-pyridyl groups can act as a bidentate ligand for covalent zinc por- 
phyrin dimers to give trimeric assemblies (75-78). The pyridyl groups 
can be introduced either trans (5,15) or cis (5,lO) across the porphyrin 
(62, Fig. 23a; 63 and 64, Fig. 23b). UV-Vis titration experiments with 
the bans ligand yielded an association constant of 7 x lo6 M-l for the 
formation of 62, while with the cis ligands the authors measured an asso- 
ciation constant of 5 x lo6 M-l for the 3-pyridyl (63) and 2 x lo7 M-l 
for the 4-pyridyl derivative (64). The difference reflects the complemen- 
tarity of the ligand geometries with respect to the zinc binding sites in 
the porphyrin dimer. 

If the free-base porphyrin is tetrasubstituted at the meso positions 
with 3- or 4-pyridyl ligands, pentamers are obtained on coordination to 
zinc porphyrin dimers (79) (65,66, Fig. 24). With the 3-pyridyl derivative 
all the porphyrin planes are coplanar, whereas in the case of the 4-pyri- 
dyl derivative the ligand porphyrins are approximately perpendicular 
to the plane of the zinc porphyrins. Quenching of the zinc porphyrin 
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(62) M’ = Zn 
M2=2H 

(63) M’ = Zn 
M2=2H 

(b) 
(64) M’ = Zn 

M2=2H 

FIG. 23. Two-component cooperative closed trimers. 

fluorescence in these assemblies is attributed to singlet energy transfer 
from the zinc porphyrins to the free-base porphyrin. A similar penta- 
merit assembly was reported by Gunter (80), who showed that a tetra- 
pyridyl porphyrin formed a 1:2 complex with a zinc porphyrin dimer. If 
the porphyrin guest bears only two pyridyl groups, a 1:l complex is 
formed with an association constant of about 10’ M-l. Hunter also re- 
ported the assembly of a pentameric array from a tetrapyridyl porphyrin 
and a zinc porphyrin dimer with complementary geometries (81). The 
microscopic association constant for each binding event is 2 x lo6 M-l, 
measured by UV-Vis absorption spectroscopy. Fluorescence titrations 
together with time-resolved experiments proved that the assembly func- 
tions as a simple light-harvesting system in which the antenna zinc por- 
phyrins transfer incident excitation energy to the inner free-base 
component. 
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(65) M’ = Zn 
M2=2H 

(66) M’ = Zn 
M2=2H 

FIG. 24. Three-component cooperative closed pentamers. 

In order to mimic the electron transfer processes in photosynthetic 
systems, Hunter (82) designed a stable self-assembling complex (67) 
with a well-defined structure (Fig. 25). Two complementary porphyrin 
subunits were synthesized: a zinc porphyrin dimer containing a 
naphthalenediimide spacer and a free-base porphyrin functionalized 
with two pyridine ligands. Two cooperative pyridinezinc interactions 
lead to a stable 1:l complex, and the association constant was deter- 
mined to be 3 x 10’ M-l by fluorescence spectroscopy. In the complex, 
the fluorescence of the free-base porphyrin is quenched by photoinduced 
electron transfer to the naphthalenediimide acceptor. The authors sug- 
gest that electron transfer occurs through space or through the solvent 
between the chromophores that are held 10 A apart rather than through 
the covalent framework of the molecules. A related complex lacking 
the electron acceptor group was synthesized as a control, and it displays 
energy transfer from the zinc porphyrins to the free-base porphyrin but 
no electron transfer. 

Sanders (83) constructed a supramolecular assembly of heterometal- 
lit porphyrins held together by different types of metal-ligand interac- 
tion. The team exploited the different kinetic and thermodynamic 
properties of the pyridine-zinc, carboxylate-tin, and pyridine- 
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(67) M’ = Zn 
M’=2H 

FIG. 25. A cooperative closed trimer that exhibits intramolecular electron and energy 
transfer. 

ruthenium interactions to generate a heterodimer and a heterotrimer 
(68,69, Fig. 26). 

Macrocyclic receptors made up of two, four or six zinc porphyrins 
covalently connected have been used as hosts for di- and tetrapyridyl 
porphyrins, and the association constants are in the range 105-lo6 
M-l, reflecting the cooperative multipoint interactions (8&%). These 
host-guest complexes have well-defined structures, like Lindsey’s 
“wheel and spoke” architecture (70, Fig. 27a), and have been used to 
study energy and electron transfer between the chromophores. A simi- 
lar host-guest complex (71, Fig. 27b) was reported by Slone and Hupp 
(87), but in this case the host was itself a supramolecular structure. 
Four 5,15-dipyridyl zinc porphyrins coordinated to four rhenium com- 
plexes form the walls of a macrocyclic molecular square. This host 
binds meso-tetrapyridyl and 5,15-dipyridyl porphyrins with association 
constants of 4 x lo7 M-l and 3 x lo6 M-l respectively. 

2, Non-Porphyrin Ligands 

Coordination complexes with a ladder structure have been developed 
by Anderson (36,37). These ladders are prepared from covalently linked 
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(68) M’ = Zn 
M2 = Sn 
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FIG. 26. Cooperative closed dimer and trimer featuring multi-point binding interactions. 

metalloporphyrin oligomers by coordination to bidentate ligands. 
Anderson’s first ladder complexes (36) were prepared from a buta- 
dieyne-linked zinc porphyrin dimer by coordination to DABCO, 4,4’- 
bipiperidine and 4,4’-bipyridine. In the absence of a coordinating ligand 
the zinc porphyrin dimer aggregates, but when one equivalent of 
DABCO is added the 2:2 ladder complex (72) is formed quantitatively 
(Fig. 28). Initially, the free porphyrin dimer and the ladder complex are 
in slow exchange on the NMR timescale, but in the presence of excess 
DABCO the ladder starts to break up to give a 1:2 complex (73) and the 
system enters the fast-exchange regime. The association constant for 
ladder formation determined by UV-Vis absorption spectroscopy is 
4 x 10zl M-~(EM = 0.3~). The UV-Vis absorption spectra for this sys- 
tem show some interesting features. In both the aggregated and ladder 
forms, the porphyrin Q bands are significantly redshifted (up to 80 nm) 
with respect to the monomer spectrum, and the Soret band is split. 
This is due to increased planarity and conjugation in the complex com- 
pared to the single-strand dimer. 

Anderson has produced a range of improved zinc porphyrin-DABCO 
ladder complexes where an aromatic substituent in the meso position 
reduces aggregation (37). The ‘H NMR spectra show a characteristic 



(4 (70) M’ = Zn 
M2=2H 

(71) Ml = Zn 

(b) M2=2H 

FIG. 27. Two-component cooperative closed heptamer (a) and pentamer (b). 
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$1 $1 (72) M’ = Zn 
M2=2H 

2 Qgem .;=,, (73) M = Zn 

$1 

FIG. 28. Anderson’s prototype DABCO ladder assembly. 

upfield shift of 0.35ppm for the porphyrin P-pyrrole protons due to 
shielding from the second porphyrin strand. The DABCO signals are 
shifted upfield to about -4 ppm on coordination to the zinc porphyrins, 
and for the pentameric system three different bound DABCO signals 
are observed, corresponding to the three different DABCO environ- 
ments. Ladder formation is a two-state cooperative all-or-nothing pro- 
cess, and intermediates are not observed in the iH NMR spectra. In 
mixtures of oligomers, self-sorting takes place. For example, in a 
mixture of dimer, trimer, and DABCO, only the two homo-ladders, 
(dimer), . (DABCO), and (trimer), . (DABCO),, are observed. At 10d6 M 

concentrations, the dimer does not completely form the ladder complex, 
whereas the higher oligomers do, before opening takes place in the pre- 
sence of excess DABCO. The longer ladders are more stable due to coop- 
erativity between the multiple binding interactions. This is best 
illustrated by the concentration at which the ladder is half-assembled: 
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the values range from lop5 M for the monomer to lo-’ M for the hexamer. 
A linear relationship between the free energy of self-assembly and the 
number of porphyrins in the oligomer indicates that each rung of the 
ladder contributes equally to the stability of the system. The Hill coeffi- 
cients are all greater than one and increase from dimer to hexamer, 
reflecting greater cooperativity despite the higher molecularity of the 
hexamer. Any of a number of bidentate nitrogen donor ligands can be 
used to assemble these ladders, including porphyrins themselves. An 
example is Anderson’s triple strand array (74, Fig. 29) (88). The trimeric 
assembly is too stable for the stability constant to be determined by 
UV-Vis absorption spectroscopy, but it is in the range 1016-101g MM2. 

Crossley (89) described the self-assembly of a spherical cage-like 
structure made up of two zinc porphyrin dimers bound to a tetramine 
ligand. The 2:l complex is stable at lop6 M concentrations, but addition 
of excess of ligand causes dissociation of the capsule with formation of 
a 1:l complex. 

(74) M’ = Zn 
M2=2H 

Fk. 29. A cooperative closed hexamer. 
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IV. Trivial Open Assemblies 

The optical and electrochemical properties of porphyrins make these 
chromophores useful building blocks for the synthesis of electro- and 
photoactive polymers. Two types of linear polymers have been con- 
structed using the self-assembly approach: homo-polymeric assemblies 
and hetero- or “shish kebab” polymers. 

A. HOMO-POLYMERIC ASSEMBLIES 

A polymeric structure can be generated by intermolecular coordina- 
tion of a metalloporphyrin equipped with a suitable ligand. Fleischer 
(18,90) solved the crystal structure of a zinc porphyrin with one 4-pyridyl 
group attached at the meso position. In the solid state, a coordination 
polymer is formed (75, Fig. 30). The authors reported that the open poly- 
mer persists in solution, but the association constant of 3 x lo* M-l is 
rather high, and it seems more likely, in the light of later work on closed 
macrocycles (see above), that this system forms a cyclic tetramer at 
1O-3 M concentrations in solution (71,73). 

Hunter (SO) reported a self-assembled open polymer formed by a zinc 
porphyrin bearing one para-aniline substituent at the meso position. 
The ortho- and meta-analogs discussed above form closed dimers, but 
the geometry of the para-derivative precludes this, and polymerization 
is the only alternative (76, Fig. 31). Although the dilution experiments 
could be fitted to a non-cooperative polymerization model with a pair- 
wise association constant (K = 190M-‘) practically identical to that 
found for simple aniline-zinc porphyrin complexes (K = 130M-l), 
broadening of the ‘H NMR spectrum at high concentrations is charac- 
teristic of oligomerization. 

Smith (91) reported an X-ray crystal structure of a zinc porphyrin 
polymer (77, Fig. 32) where, unusually, the coordination bond is 
between a nitro group and the zinc center. The tetranitroporphyrin is 
highly substituted, and the resulting steric hindrance causes the macro- 
cycle to be noticeably distorted. Adjacent porphyrin planes in the 
polymer are almost orthogonal. However, there is no evidence of poly- 
merization in solution, and the nitrozinc interaction is probably too 
weak to maintain this structure outside the solid state. 

B. HETERO-POLYMERIC ASSEMBLIES 

When a bidentate ligand bridges two metalloporphyrins, a linear 
polymeric chain is formed. This arrangement has been dubbed “shish 
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FIG. 30. A trivial open polymer assembled from pyridine-functionalized porphyrins. 

(76) M = Zn 

FIG. 31. A trivial open polymer assembled from aniline-functionalized porphyrins. 
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FIG. 32. Crystal packing diagram for 77, suggestive of polymerization through nitro-zinc 
coordination interactions. 

kebab”. Polymers of this type have been studied particularly with 
regard to their conductivity properties. 

Launay (92) reported the synthesis of shish-kebab ruthenium por- 
phyrin polymers with pyrazine and 4,4’-azopyridine as the bridging 
ligand (78, 79, Fig. 33). The synthesis was accomplished by photoirra- 
diation to decarbonylate the Ru(II)CO center after coordination of 
the first axial ligand. The structures were characterized by the upfield 
shifts of the ligand protons in the ‘H NMR spectra. Since the bridging 
and terminating ligands give rise to different signals, it was possible 
to determine the number of porphyrins present in the oligomers: 
13 * 1 for the azopyridine oligomer, and 5 AZ 1 for the pyrazine system. 
In the UV-Vis absorption spectra, the authors were able to identify a 
metal-to-axial ligand charge transfer band. The Soret band is blue- 
shifted in the case of the pyrazine-bridged oligomer as a result of exci- 
ton coupling between neighboring chromophores (93). In the pyrazine 
oligomer, the bulky porphyrins protect the inner metal-ligand moiety 
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N. 
0 ‘, 

N 
NQ 

(78) M = Ru 

(79) M = flu 

FIG. 33. Trivial open shish-kebab polymers. 

from externally added oxidants. Cyclic voltammetry was used to inves- 
tigate the influence of the pH on intramolecular electron transfer. In 
the azopyridine complex, addition of 0.5 equivalents of H+ per mono- 
meric unit led to oxidation of half of the Ru(I1) centers to Ru(II1) and 
reduction of one ligand in every four to 1,2-bis(4-pyridyl)hydrazine. 
The resulting mixed valence state gave rise to a near IR intervalence 
transition, Ru(II)-Ru(II1). 

Reed (94,95) treated Fe(II1) and Mn(II1) tetraphenylporphyrins with 
imidazolate anions to obtain polymers that precipitate in high yields. 
When the ligand is added in excess, the simple 1:2 complex is formed. 
In the X-ray crystal structure of the Mn(II1) polymer, a zig-zag chain is 
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observed with alternating short-short and long-long coordination 
bonds, because the manganese ions are alternately in high and low 
spin states. 

Maldotti (96) studied the kinetics of the formation of the pyrazine- 
bridged Fe(I1) porphyrin shish-kebab polymer by means of flash kinetic 
experiments. Upon irradiation of a deaerated alkaline water/ethanol 
solution of Fe(II1) protoporphyrin IX and pyrazine with a short intense 
flash of light, the 2:l Fe(I1) porphyrin (pyrazine)z complex is formed, 
but it immediately polymerizes with second-order kinetics. This can be 
monitored in the UV-Vis absorption spectrum, with the disappearance 
of a band at 55Onm together with the emergence of a new band due to 
the polymer at 800nm. The process is accelerated by the addition of 
LiCl, which augments hydrophobic interactions, and is diminished by 
the presence of a surfactant. A shish-kebab polymer is also formed 
upon photoreduction of Fe(II1) porphyrins in presence of piperazine or 
4,4’-bipyridine ligands (97). 

The synthesis of iron, ruthenium, and osmium octaethylporphyrin 
polymers bridged by pyrazine, 4,4’-bipyridine, and DABCO was devel- 
oped by Collman (g&100). The Ru(I1) and Os(I1) shish-kebab structures 
precipitate as insoluble polymers after stoichiometric amounts of the 
bidentate ligand are stirred with the neutral metalloporphyrin dimers 
(100), whereas the Fe(I1) polymer is obtained from the monomeric 
metalloporphyrin (99). If the ligand is added in excess, the 2:l complex 
is formed. The length of the polymers was determined by analysis of 
the IR spectra, in which the authors identified the centrosymmetric 
pyrazine ring-stretching mode which is active only when it binds to 
the metal in a monodentate way, i.e., at the polymer terminus. 
Typical chain lengths are 40 (Fe), 25 (Ru), and 20 (OS). Conductivity 
measurements on compacted powders of the polymer revealed that 
the conductivity dramatically increases on oxidative doping, the rela- 
tive order being OS > Ru > Fe and pyrazine > bipyridine > DABCO. 
The oxidation is metal-centered, and so the order of conductivity is 
explained in terms of the better ability of the aromatic pyrazine ligand 
to transfer electrons between the M(I1) and M(II1) centers, i.e., mixing 
its 7r* orbital with the d, orbital of the metal. Shish-kebab polymers 
of Ru(II1) tetraphenylporphyrins bridged by 4,4’-bipyridine and other 
diaza ligands have been obtained as films deposited on a substrate by 
electrolytic oxidation of the 2:l Ru(I1) porphyrin (1igand)z complex in 
solution (101). 

Hanack has reviewed a number of phthalocyanine and tetrabenzopor- 
phyrin shish-kebab porphyrin polymers (102). 
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V. Cooperative Open Assemblies 

Metalloporphyrins can also self-assemble in a cooperative open 
arrangement, generating polymeric structures with additional stability 
due to the intramolecular ring closure processes. The simplest strategy 
is to equip a six-coordinate metalloporphyrin with two ligands. 
Surprisingly, three of the systems reported have used magnesium por- 
phyrins, which are generally 5-coordinate in solution and do not readily 
bind a 6th ligand. All of these examples should therefore be viewed 
with caution (56,65,103). 

Kobuke and Miyaji (56) reported the formation of a self-assembled 
polymer of a 5,15-bisimidazolyl magnesium porphyrin (80, Fig. 34). The 
imidazolyl moieties coordinate the Mg centers of the adjacent porphyr 
ins, giving a slipped cofacial arrangement to the structure. The evi- 
dence for oligomerization comes from ‘H NMR spectroscopy at lop3 M 

concentrations: by integrating signals assigned to the terminal and 
internal subunits, the authors determined an average of 2.3 porphyrin 
units in the oligomer. UV-Vis absorption spectroscopy showed that 
intermolecular complexation persists down to concentrations of 
lop6 M. Thus it seems most likely that this system forms a stable dimeric 
assembly and that there is some weaker aggregation at higher concen- 
trations, but polymers are not formed. 

Magnesium-hydroxyl interactions have been used in the same way 
with a p-hydroquinone unit attached at the meso position of a magne- 
sium porphyrin (103). Again, the evidence for oligomerization comes 
from ‘H NMR spectroscopy, and the results can equally be interpreted 
as dimerization rather than polymerization. 

(80) M = Mg 

FIG. 34. A cooperative open polymer assembled from imidazole-functionalized porphyrins. 
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Shinkai (65) exploited the boronic acid-diol motif mentioned above to 
self-assemble a polymer based on pyridine-magnesium porphyrin inter- 
actions. In this case, the evidence for polymerization comes from light- 
scattering experiments in dilute solution which yielded an average 
molecular weight of 10’ g malli for this system. 

Hunter designed a Co(I1) porphyrin equipped with two pyridyl groups 
connected via a spacer to the meso positions trans across the porphyrin 
to form open polymeric assemblies in solution via pyridine-cobalt coor- 
dination (81, Fig. 35) (17). Cooperative assembly of stable complexes 
was observed by UV-Vis absorption spectroscopy at 10e6 M concentra- 
tions (K z lo3 M-’ for simple reference complexes). Pulse-gradient 
spin echo (PGSE) lH NMR experiments yielded a diffusion coefficient 
for the oligomer that was significantly smaller than the diffusion coeffi- 
cients of monomeric or dimeric reference compounds, indicating the 
formation of a high molecular weight species. Size-exclusion chromato- 
graphy (SEC) experiments yielded more precise information about the 
size of the polymer: at low concentrations short oligomers formed, but 
at lop2 M concentrations soluble polymeric assemblies, approximately 
100 units long, were formed. Cobalt porphyrins equipped with just one 
pyridine ligand were used as chain capping agents 
to the polymer to reduce the average chain length. 

and could be added 

(81) M=Co 

FIG. 35. A cooperative open polymer assembled from pyridine-functionalized porphyrins. 
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FIG. 36. Closed cooperative dodecamer. 

This work was extended to the construction of large cyclic assem- 
blies. By altering the lengths and geometries of the two porphyrin 
ligands, the system can be biased to form a helical polymer or a closed 
macrocyclic structure (104). The ligand geometries are such that 
metal-ligand coordination gives a 30” angle between adjacent por- 
phyrin planes, and SEC at concentrations less than 5 x lop4 M suggests 
that the porphyrin self-assembles into a macrocyclic dodecamer (82, 
Fig. 36). The intramolecular interactions of the macrocyclization pro- 
cess provide extra stability relative to the intermolecular interactions 
of a linear polymerization process, and so the dodecamer is fully 
assembled at concentrations at which the linear system forms only 
short oligomers. At higher concentrations (> EM % 0.5m~), the dode- 
tamer opens up, and longer polymers are formed. This macrocycle archi- 
tecture is similar to the bacterial light-harvesting complexes, where 
close coupling of the chromophores around the ring facilitates fast and 
efficient energy transfer to the reaction center, but no photochemical 
properties have been reported. 
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Cage structures, 8,248 
Cesium-nucleobase interactions, 110 
Charge transfer 

via DNA, 149145,150 
LMCT in ferrocene dimers, 74- 75,77 
see also Electron transfer; MLCT 

Chlorocyclophosphazenes, 2033204 
chlorine replacement, 167-195 
Friedel-Crafts reaction, 186 
hydrolysis, 1799182 
ligands, 199 
N,P,Cls, 160 

chlorine replacement, 168177 
hydrolysis and alkoxylation, 1799183 
P-C-bonded cyclophosphazenes from, 

186,188,189 
polymerization, 161--162 
spirocyclic products from, 191-195 
synthesis, 163 

N4P4C18, 160,168170,177~179,195 
organocyclophosphazenes from, 

1844191 
phosphazene-based dendrimers from, 

1955198 
polymerization, 161.-162 
reactions with amines, 170-179,191,193, 

194-m195 
reactions with difunctional reagents, 

191-195 
reactions with hydroxy and mercapto 

reagents, 1822184 
reactions with organometallic reagents, 

186 191 
regio- and stereoisomerism, and 

selectivity, 1688170, 172-179 
spirocyclic, 191 -195 
synthesis, 1622167 

Chromium wheels, 11 
Closed self-assemblies, 214 

of metalloporphyrins, 217-230,230-248 
CNS theory, 57758 
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Cobalt 
Co porphyrin dimer, 236 
Co porphyrin polymers, 255-256 
ferrocene dimer derivatives, 64466 
wheels, 9,12,30931 

Cooperative self-assemblies, 214, 215 
of metalloporphyrins, 2309248254256 

Copper 
Cu-nucleobase interactions, 104,112,124 
ring, 5 

Critical self-assembly concentration (csac), 
215 

Crown heteropolyanions, 2832 
Cyanato cyclophosphazenes, 165 
Cyano cyclophosphazenes, 165 
Cyclens, zinc, 94496,144 
Cyclic metalloporphorin assemblies, 256 
Cyclic polyoxo and polythiometalates, see 

Wheels 
Cyclophosphazanes, 1833184 
Cyclophosphazenes, 159-162,204 

chlorine replacement reactions, 167-195 
containing P-C bonds, 1844191 
cyclotriphosphazenes, 188-189 
dendrimers, 195-198 
with four-membered rings, 166167 
halogeno-, see Bromocyclophosphazenes; 

Chlorocyclophosphazenes; 
Fluorocyclophosphazenes 

ligands, 198203 
synthesis, 1622167,184&191 

D 

DABCO 
in metalloporphyrin assemblies, 2255226 

ladder complexes, 2455248 
shish-kebab polymers, 253 

Dawson o-[PzWisOszlG structure, 28-30 
Dendrimers 

phosphazene-based, 195-198 
porphyrin assemblies, 225 

DNA 
metallnucleobase chemistry, 87-89,120 

DNA-electrode interfaces, 149141, 
145150 

DNA-metal interactions, 877130, I50 
M-DNA (metal-DNA), 141-145 
see also under Metals 

multiple stranded, 121-126 

E 

Effective molarity (EM), 215-216 
Electrode-DNA interfaces, 149141, 

1455150 
Electron transfer 

in chromophores, 213-214 
in conjugated ferrocene systems, see 

under LMCT; MLCT 
porphyrin-based models, 2433244 
see also Charge transfer; LMCT; MLCT 

F 

Ferric wheel, 11 
Ferrocene, 41-43 

ferrocenyl oligonucleotides, 134-140 
ferrocenylmethyl nucleobases, 128-129 
oligomers, 43 

azo-bridged, 71-77 
dimers, 6&66,71&73,75-77 
oligoferrocenylenes, see 

Oligoferrocenylenes 
redox properties and spacer groups, 

6971 
tetramers, 67-68 
trimers, 6667,73 

polymers 
poly(l,l’-ferrocenylene)s, 4851 
redox chemistry, 51,68870 

Fluorocyclophosphazenes, 160 
fluorine replacement, 1677168, 170, 

182 
organocyclophosphazene synthesis from, 

186187 
synthesis, 164 

Friedel-Crafts synthesis of 
organocyclophosphazenes, 186 

G 

Gallium porphyrin assemblies, 240 
Gold 

Au clusters modified with 
oligoferrocenylenes, 60 
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Au”‘-nucleobase interactions, 114-115 
nanoparticles in DNA assemblies, 

1455146 
Grignard synthesis of 

organocyclophosphazenes, 187-190 

H 

Helical coordination polymers, from 
metallnucleobase interactions, 
1044106 

Hosttguest complexes 
metalloporphyrin assemblies, 2355236, 

244 
molybdenum wheels, 25-26,34435 

Hydridophosphazenes, 18%190,199 
Hydrogen bonding, in metal-nucleobase 

chemistry, 8889,118,119-128 
Hydrolysis of chlorocyclophosphazenes, 

179 ~182 

I 

Immobilization of DNA oligonucleotides, 
1455150 

Indium porphyrin assemblies, 230 
Intervalence-transfer (IT) in ferrocene 

oligomers, 4950,57759,68,74 
IR spectroscopy of oligoferrocenylenes, 

54457 
Iron 

Fe porphyrin assemblies, 225,23&231, 
238 

shish-kebab polymers, 252.-253 
ferrocene, see Ferrocene 
wheels, 5 -7, 9, 11, 12 

L 

Ladder complexes, metalloporphyrin- 
based, 2444248 

Lanthanide wheels, 31-32 
Ligands 

CT in conjugated ferrocene systems, 
6Op71,74475,77,79 

cyclophosphazene, 198203 
in metalloporphyrin self-assembly 

bipyridine, 225,245,253 
as bridges in shish-kebab polymers, 

249253 
porphyrin, 217-225,241-244 
pyridine, see Pyridine ligands in metal 

porphyrin assemblies 
LMCT in ferrocene oligomers, 74-75,77 

M 

Magnesium 
Mg-nucleotide interactions, 97798 
Mg porphyrin polymers, 233,254-255 

Manganese 
biferrocene complexes, 59-60 
cage, 8 
Mn ion-nucleotide interactions, 97 
Mn porphyrin assemblies, 224-225,230, 

231,238 
shish-kebab polymers, 2522253 

wheels, 889 
M-DNA (metal-DNA), 141-145 
Mercury 

Hgnnucleobase interactions, 113. 114, 
118 

Hg” nucleotide interactions, 96 
wheel, 334 

Metallacrowns (metallacoronates), 3,813 
Metallocene polymers, 48851,68- 71 
Metalloporphyrins 

self-assembly, 217-256 
cooperative assemblies, 230-248, 

2544256 
oligomers, 225,228.229,2433248 

dimers, 217-219,224-229,23&237, 
244 

hexamers, 2266228 
pentamers, 220-224,241&242 
tetramers, 2399240 
trimers, 219222, 228,238, 241, 

243-244 
polymers, 237,2499256 
trivial assemblies, 217--230,249%253 

Metals 
3d metal wheels, 2213 
biferrocene derivatives, 6G-61 
charge transfer via DNA, 149145,150 
ferrocene oligomer derivatives, 64 -66, 

77 
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Metals (cont.) 
ligand-metal charge transfer, see LMCT 
metal-ligand charge transfer, see MLCT 
metal&nucleobase chemistry, 87789,120 

C-metal interactions, 113-117 
combination by solid-phase methods, 

131-140 
in DNA nanotechnology, 140-150 
DNA-metal electrode interfaces, 

14(r141,14&146 
metal&metal interactions, 110-113 
N-metal interactions, 90-96,lOllllO 
nucleobase tautomer stabilization, 118 
O-metal interactions, 96101,110 
in supramoiecular assemblies, 119129 

Mixed-valence ferrocene systems, see 
Oligoferrocenylenes 

MLCT 
in azo-bridged ferrocene oligomers, 74475 
in ferrocene dimers, 60671 
in ferrocene-acceptor conjugated 

compounds, 79 
in Ru porphyrin trimers, 219-220 

Molybdenum wheels 
decanuclear, 2324 
dodecanuclear, 24-26 
giant (the big wheel), 32-35 
hexanuclear, 16-18 
octanuclear, 19-23 
0x0 and oxothio P4Mo6 anions, l&l9 
pentanuclear, 13 

N 

Neighboring-site interaction in 
oligo(ferrocenylene), 52-57 

Nickel wheels, 12-13 
Nucleobases, metal-nucleobase chemistry, 

see under Metals 

0 

Oligoferrocenylenes, 43-45,52%57 
biferrocene, 43,4548 
IT bands, 57-59 
oligo(l,l’-ferrocenylene), 48-49, 70 
optical properties, 4950,51 
redox chemistry, 51,52257,59961 

Oligonucleotides 
attachment to semiconductor surfaces, 

146150 
ferrocenyl, 134140 
immobilization, 1455150 
osmium, 134 
platinum, 91-94,131&133 
ruthenium, 1344135 

Open self-assemblies, 214 
cooperative, 254-256 

Open self-assemblies of metalloporphyrins, 
trivial, 237,24%253 

Optical properties 
of conjugated ferrocene systems, 4951, 

77-80 
see also Intervalence-transfer (IT); 

LMCT; MLCT 
Osmium porphyrin assemblies, 21S224 

shish-kebab polymers, 253 
Osmium-modified oligonucleotides, 134 

P 

Palladium, Pd-nucleobase interactions, 
106,107,109,116-111,117,126128 

Phosphazene-based dendrimers, 195 
Phosphine porphyrin ligands in metal 

porphyrin assemblies, 224-225 
Phosphoramidates, for nucleobase 

synthesis, 131&134,148 
Photoisomerization, of azoferrocene, 75577 
Photosensitization of DNA, 115 
Photoswitching of pyridine-functionalized 

porphyrin, 237 
Photosynthesis, models for energy/electron 

transfer in, 232-233,243 
Platinum 

Pttnucleobase interactions, 87-88, 
go-94,99,104-114,118 

in supramolecular assemblies, 
121&124,127 

Pt-modified oligonucleotides, 91-94, 
131-133 

Polymers 
metal&nucleobase helices, 104-106 
polychlorocyclophosphazenes, 161-162 
polymetallocenes, 4%51,68-71 
polymetalloporphyrins, 249253, 

255256 
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polyoxo and polyoxothiometalate 
wheels, 2-36 

polyphosphazenes, 161-163,168 
[NPClz],, 161-163 

Porphyrins 
bisferrocenyl, 66 
as ligands in metalloporphyrin arrays, 

217-225,241-244 
self-assembly of metalloporphyrins, 

213~214,217-256 
Potassium-nucleotide interactions, 

98-102 
Preyssler anion, 28 
Pyrazine-bridged metalloporphyrin 

assemblies, 225 
shish-kebab polymers, 251-252,253 

Pyrazolyl cyclophosphazenes, 199202 
Pyridine ligands in metal porphyrin 

assemblies, 225,228230 
azopyridine bridges, 251-252,253 
bipyridyl, 225,245,253 
2-pyridyl, 233-236 
3-pyridyl, 22&224,237,241-244 
4-pyridyl, 217-220, 225,239244, 249, 

255-256 

Q 

Quinoneferrocene complexes, 77-80 

R 

Redox chemistry of conjugated ferrocene 
systems, 41-45 

biferrocene and biferrocenium, 45548, 
60 

ferrocene oligomers, 6671 
azo-bridged, 71-77 

ferrocene-acceptor conjugated 
compounds, 77-80 

oligoferrocenylenes, 51, 52-57, 5960 
polyferrocenylenes, 51,64 

Rhenium 
Renucleobase interactions, 106107 
Re porphyrin assemblies, 244 

Rhodium 
Rh-nucleobase interactions, 107,128 
Rh porphyrin assemblies, 228229 

Ring-opening polymerization (ROP), for 
conjugated metallocene polymers, 70 

Rotaxanes, 2299230 
Rubidium, Rb-nucleotide interactions, 97 
Ruthenium 

ferrocene derivatives, 59-60,64,80 
Rb-nucleobase interactions, 88,116,118 
Ru porphyrin assemblies 

trivial closed, 218-224, 225,226228, 
229-230 

cooperative closed, 2333235,240, 
2433244 

trivial open (shish-kebab) polymers, 
251-252,253 

Ru-modified oligonucleotides, 1344135 

S 

Self-assembly, 214-217 
of metalloDNA nucleobase structures, 

119129 
of porphyrin arrays, 213-214,217-~256 
of wheel-shaped polyoxo and 

polyoxothiometalates, 11 
Semiconductors, surface attachment of 

oligonucleotides, 146-150 
Shish-kebab polymers of 

metalloporphyrins, 2499253 
Silicon, surface attachment of 

oligonucleotides, 146150 
Silver 

Ag-nucleobase interactions, 104-106 
nanoscale wire, 141 

Sodium-nucleobase interactions, 97, 
98- 101 

Spacers 
in conjugated ferrocene oligomers and 

polymers, 60-71 
in metalloporphyrin assemblies, 235 

Supramolecular assemblies of metallo 
DNA nucleobase structures, 119-129 

T 

Templates, for wheel-shaped polyoxo and 
polyoxothiometalates, 911 

Tetracyanoethylene (TCNE) complexes, of 
oligo- and polyferrocenylenes, 50 
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Tin porphyrin assemblies, 2433244 
Titanium wheels, 9 
Trivial self-assemblies of 

metalloporphyrins, 214-215 
closed, 217-230 
open, 237,249-253 

Tungsten wheels, 13,26, 3631 

V 

Vanadium wheels, 11,19,22 

W 

Wheels, l-2 
polyoxo and polyoxothiometalate 

with 3d metals, 2-13 
giant, 32-35 

with metals in high oxidation states, 
13-26 

polyanion-based, 2635 

z 

Zinc 
cyclens, 94-96, 144 
ring, 9 
Zn-nucleobase interactions, 97-98, 

102-104,124 
Zn porphyrin assemblies 

cooperative closed, 2322233,235-237, 
241-244 

ladder complexes, 2455248 
trimeric, 241-244 
trivial closed, 218, 224,225-226,228, 

229 
trivial open, 237,249250 
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PUBLISHER’S NOTE 

The present volume marks the last in the series to be edited by Professor 
A.G. Sykes FRS in whose capable hands it has been since he took up 
the position of Editor in 1985 with responsibility for Volume 32. Prior 
to this, he edited four volumes of the Academic Press series Advances 
in Inorganic and Bioinorganic Mechanisms 1982-1986. The acclaim for 
the Advances in Inorganic Chemistry series and the large number of cita- 
tions it has received are reflected in the high standards he set and the 
quality of the authors he was able to enlist to write reviews on topics 
of interest to inorganic and bioinorganic chemists. 

The series began as Advances in Inorganic Chemistry and 
Radiochemistry in 1959, and the first 31 volumes were edited by the 
Cambridge team of H. Emelcus and A.G. Sharpe. With Vol. 31, the title 
was changed to Advances in Inorganic Chemistry. Professor Sykes 
extended the area of interest to include Bioinorganic studies. The first 
three contributors Taube, Fischer and Lipscomb, became Nobel 
Laureates, and since its inception most leading inorganic chemists 
have contributed to the series. With an impact factor of 11.5 for the 
year 2000 ~ the frequency with which the average article is cited in 
that particular year (IS1 Journal Citation Reports 2000) ~ the series 
leads the field of 38 inorganic and nuclear chemistry publications cov- 
ered. 

Professor Sykes has had a long and interesting career since obtaining 
his PhD at the University of Manchester under the supervision of 
Professor Bill Higginson in 1958. He spent 20 years at Leeds University 
before taking up his current post at the University of Newcastle. 
During this time he has had Visiting Positions in the USA, Germany, 
Austria, Japan, Kuwait, Australia, Canada, the West Indies, 
Switzerland, South Africa, Spain, Hong Kong and Denmark. His group 
has been host to large numbers of post-doctoral fellows and visitors 
(over 40 different nationalities!), and has produced 53 PhDs. Some 470 
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publications are attributed to the group. His contribution to the field 
has recently been honoured in a special volume of Irwrganica Chimica 
Acta 331 (2002). The international connections have no doubt been of 
great benefit in his work as Editor of the series. 

We would like to acknowledge the significant contribution of 
Professor Sykes to the success of the series, and to thank him for all 
the time and effort he has put in to establish its position as the leading 
reference work in the field. We wish him all the best for his retirement. 
At the same time we welcome Professor Rudi van Eldik, from the 
Institute for Inorganic Chemistry at the University of Erlangen- 
Niirnberg, who has taken up the Editor’s baton. With his research inter- 
ests in inorganic and bioinorganic mechanisms, Professor van Eldik is 
the ideal person to develop this series further. 
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