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I. Introduction 

It is probably fair to claim that  we unders tand the magnetic and 
spectroscopic properties of mononuclear complexes of the 3d metals. 
Stretching a point, we could also claim we unders tand the preparative 
chemistry of mononuclear complexes~how to replace ligand A with 
ligand B and how to prepare complex X. Exploitation of known phys- 
ical behavior, e.g., constructing devices based on spin-crossover com- 
plexes, remains a goal, but  such studies build on a base of fundamental  
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understanding rather  than extending it. One or two slightly esoteric 
questions remain to be answered, but  for most purposes we can be 
confident we know which properties a specific combination of a single 
3d-metal center and ligands is likely to display. 

The work of Cotton, Chisholm, and others has created a huge body of 
knowledge concerning dinuclear species containing meta l -meta l  bonds 
(1). Once species of higher nuclearity are considered, our knowledge 
falls off precipitately as the polymetallic complexes get larger. Fully 
characterized examples of 3d-metal cages become rare beyond hexa- 
nuclear species. The exceptions are studies of carbonyl cages by Dahl 
and others, and the chalcogenide cages reported by Fenske. The paucity 
of examples is i l lustrated in Table I, where the number  of crystal struc- 
tures on the Cambridge Structural  Database is listed against  nuclear- 
ity for the 3d metals. Here, efforts to address this gap in the chemical 
l i terature are reviewed. 

A. SINGLE-MOLECULE MAGNETS 

Initial investigations demonstrate tha t  such cage complexes show 
physical phenomena of fundamental  importance, many of which may 
have potential application. The magnetic behavior of 3d-metal cages 
has proved particularly exciting. The most important  observation, made 
in 1993, was that  a Mn12 cage showed hysteresis in a magnetization 
against  field plot, and that  this hysteresis was of molecular origin (2, 3). 
The cage in question is the first example of a so-called single-molecule 
magnet  (SMM), and although other examples have since been reported, 
this remains the most fully studied example. 

The dodecanuclear manganese cages have the formula [MnmOm 
(O2CR)16(H20)4], which can be made with a variety of carboxylates, and 
have ground states of S -- 9 or 10 (2-4). These molecules show very slow 
relaxation of their magnetization below 10 K owing to a large anisotropy 
barrier  caused by zero-field splitting of the S = 9 or 10 ground state. 
This leads to a picture where the M -- ±10 components are the lowest 

TABLE I 

NUMBER OF CRYSTAL STRUCTURES ON CSD PER NUCLEARITY FOR 3d METALS 

Nuclear i ty  1 2 3 4 5 6 7 8 9 10 11 12 
No. of cases 32015 12164 3724 2521 417 619 95 197 40 101 26 83 

Nuclear i ty  13 14 15 16 17 18 19 20 21 22 23 24 
No. of cases 7 15 10 18 3 22 4 3 1 3 1 6 
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in energy, with only these levels populated at low temperature in zero 
field. I f  the sample is magnetized, one of these two components--say 
the M = +10 level--is lowered in energy, and this level is then prefer- 
entially populated. I f  the external magnetic field is then switched off, 
there is now a marked energy barrier for loss of the magnetization be- 
cause the system has to pass from M = +10 --~ M = ÷9, ÷9 -~ ÷8, etc., 
over the M = 0 level and then down again to occupy the M = -10  level. 
The presence of this energy barrier explains the long relaxation times 
observed. 

The size of the energy barrier can be measured by a.c. magnetic sus- 
ceptibility if a low enough temperature can be reached. In an a.c. sus- 
ceptibility experiment the direction of the external field is changed at 
a specific frequency. The magnetization of the sample should follow the 
field, i.e., remain in phase, if there is no energy barrier to reorientation 
of the magnetization. If  there is an energy barrier, the magnetization 
will begin to become out of phase with the changing external field, and 
a signal will appear in the out-of-phase magnetic susceptibility, X'. The 
appearance of a peak in X" can therefore be an indication tha t  a com- 
plex is a SMM; however, other phenomena can lead to such a peak. For 
a SMM the temperature at which the maximum of the peak in X" is 
seen is dependent on the frequency with which the external field alter- 
nares, and the relaxation rate at a specific temperature can easily be 
derived from this frequency. Therefore, by measuring X" at a range of 
frequencies, a range of relaxation rates at  various temperatures can be 
measured, and an Arrhenius t rea tment  then gives the energy barrier 
for reorientation of the magnetization. 

This observation poses the question, "why these compounds and not 
the other high-spin cages?" The answer appears to be tha t  the high- 
spin state is here combined with a high anisotropy of the spin caused 
by the presence of Jahn-Teller  distorted Mn(III) ions in the structure. 
The size of the energy barrier is DS 2, where D is the zero-field splitting 
parameter  of the S ground state of the molecule. The vital issue is the 
sign of D-- i t  must  be negative for an energy barrier to reorientation 
to exist. If  D were positive, then M -  0 would be at the bottom of a 
well, and no significant barrier to reorientation of magnetization exists. 
More recent studies indicate tha t  these Mn12 cages are not unique, as 
other distinct systems have shown similar behavior: an Fes cage with 

9 ground state (6), an S = 10 ground state (5), Mn4 cages with an S -- 
a V4 cage with an S - 3 ground state (7), a Mnlo cage with an S = 12 
ground state (8), an Fe4 cage with an S = 5 ground state (9), an Fe19 
cage with an S = ~ ground state (10), and an Felo cage with an S = 11 
or ~ ground state (11). 
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These properties are more exciting than the simple high-spin mol- 
ecules because these features are those of a single-molecule magnetic 
memory, albeit one functioning at less than 10 K. The cages have also 
allowed studies of quantum-tunnel ing to be performed, as the particle 
size and energy barrier  seem ideal for seeing quantum effects within 
these macroscopic systems (12, 13). Hysteresis  loops for these cages 
show distinct "steps," where the external magnetic field brings energy 
levels within each well into alignment with energy levels in the other 
well. Therefore, for physicists these molecules present a wonderful 
opportunity to examine behavior at  the quantum-classical  interface. 

Serendipity played a role in the discovery of single-molecule mag- 
netism. The first example recognized was [Mn12012(O2CR)16(H20)4], 
where R -- Ph, which was originally made as part  of a project study- 
ing tetranuclear  manganese cages as models for the oxygen-evolving 
complex within Photosystem II (2). The identical cage with R = Me 
had been reported several years earlier, but  without any studies of the 
magnetic behavior (14). The behavior of the Mn12 SMMs led to reex- 
amination of other high-spin cages, and previously reported cages were 
found to show this phenomenon. It  is possible that  other unrecognized 
SMMs remain in the literature. 

For SMMs to be used in devices, e.g., as a magnetic memory, two 
problems need to be solved. First, the energy barrier for reorientation 
of the magnetization needs to be raised to >300 K so that  information is 
retained at room temperature  ra ther  than liquid-helium temperatures.  
Second, a method for writing to and reading from individual molecules 
needs to be discovered. The lat ter  is a materials-science problem while 
the former belongs in coordination chemistry. 

B. STRATEGIES FOR MAKING POLYNUCLEAR CAGES 

Two broad synthetic strategies are being pursued to make new cages 
that,  ideally, will satisfy the criteria for a room-temperature SMM. One 
route is dominated by cyanide as the bridging ligand. It has been used 
as a component for construction of molecular magnetic materials, with 
influential early work by Babel (16), and later by Verdaguer (17, 18) and 
Girolami (19), who realized that  Pruss ian Blue and its analogs might 
show interesting magnetic behavior. This research has led to the ob- 
servation of ferro- and ferrimagnetic phases, with some having Curie 
temperatures  above 300 K (20). Hashimoto later showed that  these 
extended phases can also show photomagnetic behavior, with light- 
induced electron transfer between Co(III) and Fe(II) centers within 
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a three-dimensional cyanide-bridged lattice converting a diamagnetic 
compound into a ferrimagnet (21). 

Cage complexes that  contain cyanide bridges can be made by block- 
ing suitable coordination sites on the metal  fragments. An early syn- 
thetic success for this approach was the formation of heptanuclear 
M{(CN)M'L}6 cages made by Verdaguer and Mallah (22); these cages 
can have ground states as high as S = ~ .  The choice of the cyanide 
bridge, which in this chemistry always binds to two metals and is 
always close to linear, and the use of blocking ligands to restrict the 
dimensionality of the cage allow an element of design in this approach. 
French workers adopting this strategy frequently term this "rational" 
synthesis of polynuclear cages; however, "designed" synthesis is proba- 
bly better, as there is little evidence that  coordination chemists pur- 
suing the alternative strategy are "irrational." This approach is, in 
many ways, related to the work of Lehn and Saalfrank, in which 
polydentate ligands that  impose structure on the resulting cages are 
designed. 

The metallocyanates work has made great  progress, and use of dif- 
ferent blocking ligands has generated a range of topologies, nucle- 
arities, and spin states. Some of the more spectacular results have 
arisen, however, where greater freedom has been given to the system. 
Thus, Hashimoto (15), and later Decurtins (23), reported Mn9M6 cages 
(M -- W or Mo) that  contain a body-centered cube of Mn(II) centers face- 
capped by an octahedron of Mo(V) or W(V) sites. These cages display 
fascinating, and controversial, magnetic properties with very high-spin 
ground states for the molecules. Whether  the Mn9Mo6 cage reported by 
Decurtins undergoes a ferromagnetic phase transition, as initial evi- 
dence suggests (23), remains to be proved. Similarly, Long has shown 
that  extraordinary cages form when some of the metal  units used have 
a restricted number  of coordination sites and others are completely 
free (24). These results suggest that,  while designed assembly is in 
principle an elegant approach, there is, in fact, more serendipity in the 
outcome than is always acknowledged. 

The second strategy, which is reviewed below, can be termed 
"serendipitous assembly," as it involves a much lower element of strict 
design. It is clear, however, that  one cannot simply t rust  to luck in 
making such cages; considerable forethought must  at tend the choice 
of ligands, metals, and conditions used for any significant progress to 
be made. Before reviewing the range of complexes that  have been re- 
ported, it is worth considering some of the thought processes behind 
this approach. 
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II. Serendipi tous Assembly 

The first prerequisite for successful application of serendipitous as- 
sembly is humility; one must  accept the impossibility of understanding 
the influence of all the factors involved in a reaction on the result- 
ing product. The inevitable corollary of this understanding is tha t  one 
must  be prepared to try a wide range of conditions for any specific reac- 
tion. The metal  salt, the substi tution pat tern of the ligand or ligands, 
the metal : l igand ratio, the crystallization solvent, the concentration 
of solution, and the crystallization temperature  may all play a par t  in 
directing structure, which may not be easy to rationalize. A difficulty in 
this area is that  the reliance on X-ray crystallography as the only de- 
pendable characterization tool means  that  only cages that  crystallize 
well can be unambiguously identified. It is therefore of limited use to 
consider reaction mechanisms when product formation is controlled by 
solubility product. 

Many of the approaches to serendipitous assembly rely on creating 
a mismatch between the number  or type of coordination sites avail- 
able on a single metal  site, and the donor set supplied by the ligand. 
This is perhaps best  i l lustrated with two examples. Carboxylates and 
pyridonates are frequently used as bridging ligands in this chemistry. 
They act as bridges because the alternative is for the two donor atoms 
present  to chelate to one metal  center, which creates a four-membered 
chelate ring. The four-membered chelate ring contains considerable 
ring strain, with unsatisfactory angles at the metal center. For car- 
boxylate ligands the end result  is normally for the ligand to become 
1,3-bridging (Scheme 1). For pyridonate ligands the behavior is more 
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varied; while the 1,3-bridging mode is observed, other modes in which 
the two donor atoms bind to one metal and the oxygen binds to a second 
and sometimes a third metal  are also seen (Scheme 1). The M - O  bond 
involving the metal  to which the N atom is also bound is normally the 
longest. The oxygen of the pyridonate ligand is not coordinatively sat- 
urated by binding to one metal, and therefore acts as a bridge, which 
leads to the buildup of larger cages. 

The second example involves the reaction of oxo-centered man- 
ganese carboxylate triangles with bidentate ligands, e.g., 2,2'-bipyridyl 
(bpy). The oxo-centered triangles have the general formula [Mn30 
(O2CR)6L3] °/+1, where L is a monodentate ligand, typically water  or 
pyridine. Addition of a chelating ligand creates a mismatch, as there 
is only a monodentate  site available for substi tution i f  the tr iangular 
metal  array is retained. Therefore, the structure is disrupted, and a 
larger Mn402 butterfly is formed as the major product (25). In this case 
it is possible to predict tha t  addition of a chelating ligand will disrupt 
the initial structure, but  it is not possible to predict the product that  
will result. This is a frequent observation in serendipitous assembly: 
One can predict tha t  there will be an effect, but  not how that  effect will 
be manifested. 

The recognition that  this synthetic approach generates unpredictable 
results should influence the choice ofligands. There is little point carry- 
ing out initial experiments with ligands that  require considerable effort 
to make, as it cannot be foreseen whether  they will have any util- 
ity. Moreover, minor variations in the ligands may  influence structure 
and solubility; ideally, a series of related ligands should be explored. 
For example, our work has focused on the pyridonate ligands substi- 
tuted in the 6 position, and we have found considerable difference in 
the behavior of the 6-chloro-2-pyridonate (chp) ligand from that  of the 
6-methyl equivalent (mhp). Both ligands are commercially available, 
and related derivatives, e.g., 6-fluoro-2-pyridonate, can be made very 
easily. Finally, a range of solvents will need to be used for crystalliza- 
tion of the cage compound; it is therefore useful if the ligand has solu- 
bility in as many solvents as possible. One frustrat ing result, which is 
regularly encountered, is the formation of perfect, colorless crystals of 
ligand grown from intensely colored solutions of complexes. 

The use of mixtures of organic ligands can lead to higher nuclearities 
than result  from the use of single ligands. The octanuclear copper(II) 
complexes [CusO2(O2CR)4(chp)s], which feature both carboxylates and 
pyridonates, are examples of this (26). Dinuclear complexes such as 
[Cu2(Og, CR)4(H20)2] and [Cu2(chp)4] form when either ligand is present 
solely; yet a much larger cage results when a mixture is used; indeed, 
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the dinuclear complexes react together to generate the larger cage. It 
is unclear why the larger cage results  on this occasion. In other reac- 
tions use of two ligands can lead to soluble complexes, which can be 
crystallized, whereas one of the ligands alone would lead to an insol- 
uble polymer. For example, reaction of cobalt or nickel salts with the 
dicarboxylate phthalate leads to intractable materials at conventional 
temperatures.  Addition of pyridonate ligands leads to soluble materials 
tha t  can be crystallized to give polynuclear cages (see below). 

The choice of solvent for crystallization is important; but  if a project 
is to make progress, it is vital tha t  a range of solvents be tested for every 
crystallization. The coordination of solvent molecules is frequently ob- 
served in structures of crystals grown for solutions in MeOH or MeCN. 
Sometimes changing to a noncoordinating solvent will lead to much 
larger cages because the absence of solvent molecules to complete the 
coordination sphere of metal  sites can lead to greater bridging by the 
ligand(s). A very specific example from our work is the formation of 
[Ni3(chp)a(O2CMe)2(MeOH)6] from Ni(O2CMe) and Hchp, crystallized 
from MeOH (27), whereas the identical reaction crystallized from THF 
gives [Ni12(chp)12(O2CMe)12(THF)6(H20)6] (28). The difference in the 
synthesis is that  in the former cage six molecules of MeOH block coor- 
dination sites on the terminal Ni atoms, while in the lat ter  cage the 
less strongly coordinating THF does not bind, thereby allowing growth 
of the wheel. More frequently, a change in solvent has a less easily 
rationalized influence. 

III. Survey of the 3d Metals 

There are many ways for organizing this material; here, however, the 
review will proceed systematically across the 3d metals, beginning with 
vanadium and ending with copper. The other 3d metals are excluded 
because their polynuclear cages are normally diamagnetic. Discussion 
is restricted to N- and O-donor ligands for reasons of space-- there  
is a huge body of work on sulfur-donor ligands that  would be bet ter  
reviewed by others. Finally, discussion will concentrate on cage com- 
pounds containing six or more metal  centers with reference to smaller 
cages when relevant-- in  particular where they show the behavior of 
single-molecule magnets. Li terature searching has predominantly used 
the Cambridge Structural  Database. There is an at tempt to include all 
high-nuclearity cages published prior to mid-2000; however, the rich- 
ness of the field and the proliferation in the numbers  of chemical jour- 
nals make it likely that  some examples will have been missed. For this, 
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I apologize. For some cages, such as the {Mn12} and {Fes} SMMs, the 
number  of papers published is enormous and not all these papers are 
referenced. For the lat ter  cage a recent short review article (29) sum- 
marizes much of what  is most exciting; however, a similar review has 
not yet  been published for the {Mn12} cage. 

A. VANADIUM 

Polynuclear vanadium chemistry is dominated by polyoxovanadates, 
and cages containing organic ligands are comparatively rare. Much of 
the chemistry of the  ligated vanadium cages can be related to the poly- 
oxovanadate cages; e.g., there are a number  of cages that  contain the 
[V6019] 8- core where some of the external oxygen centers are now part  of 
a ligand. Polyoxovanadates tha t  contain organic ligands were reviewed 
in 1992 by Chen and Zubieta (30), and again by Khan and Zubieta in 
1995 (31). These reviews are lengthy and authoritative accounts of this 
specific area. The following section is a summary, included here so that  
parallels between the vanadium chemistry and that  of later  3d metals 
can be easily drawn. 

The most interesting cage from a magnetic viewpoint is a tetranu- 
clear V(III) cage, [V402(O2CEt)7(bpy)2](C104) (1) (bpy = 2,2'-bipyridyl), 
reported by Christou and co-workers (7). This cage has a "butterfly" 
structure, i.e., two V30 triangles sharing a V. . .V edge, and has an 
S = 3 spin ground state and a zero-field splitting D = -1 .5  cm -1, which 
makes the cage a SMM with an energy barrier  of ~13.5 cm -1 for 
reorientation of the magnetization. Other te t ranuclear  V(III) com- 
plexes have also been reported, but  there are few examples of larger 
cages containing exclusively this oxidation state. One is a V(III) wheel, 
[Vs(OH)4(OEt)s(O2CMe)12] (2), reported by Kumagai  and Kitagawa in 
1996 (32). The eight vanadium centers within the wheel are alternately 
bridged by two carboxylates and a hydroxide, or by one carboxylate and 
two ethoxides. Both these bridging motifs are found in rings of other 
metals. No further  studies have been reported on this cage, which is 
surprising. 

The vast  array of polyoxovanadate cages, synthesized by the Miiller 
group and others, is, in the main, beyond the scope of this review article 
as they do not involve organic ligands. Fully oxidized cages are clearly 
not paramagnetic; however, many cages are found that  contain V(IV) in 
addition to V(V), and these cages can display cooperative magnetic be- 
havior. For example, {Vls} cages containing 18, 16, and 10 V(IV) centers 
have been studied (33). In each of these cases the coupling observed is 
antiferromagnetic. 
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The hexametallic cages are, in the main, related to the [M6019] s- 
core found for M = N b ,  Ta, Mo, W, containing a central t~6-oxygen 
surrounded by an octahedron of V atoms, with each edge of the 
octahedron bridged by a t~2-oxygen with a single terminal oxygen at- 
tached to each vanadium. The bridging oxide groups can be replaced 
by alkoxide ligands. The series [V6019_3n{(OCH2)3CR}n] x- is known for 
n = 1-4, featuring tripodal alkoxides (34). Different protonation and ox- 
idation states of the n = 2 cage are known, i.e., [V6013_x(OH)x{(OCH2)3 
CR}2] 2- (R=Me,  Et), where x =0 ,  2, 3,4, or 6, and the cage con- 
tains between zero and six V(IV) centers. In each case the unpaired 
electrons couple antiferromagnetically. Replacement of the ~2-oxides 
by monodentate alkoxides has also been observed--completely in 
[V607(OEt)12] (35) and partially in [V6012(OMe)7]- (36). The former 
is presumably mixed-valent, but  no magnetic studies are reported. One 
cage, [V6013(OMe)3{(OCH2)3CEt}] 2-, has been reported where both 
tris(alkoxide) and alkoxide ligands are present in place of bridging 
oxides (37). 

Other cages that  contain octahedral arrangements of V centers 
are known where the disposition of bridging and terminal ligands 
is different. For example, the cages [Cp6-xV6Ox(tt3-O)s]n (x = O, n = 1; 
x -- 1, n-- 1 or 2] contain an octahedron of V centers with t~3-oxides on 
the faces of the octahedron and terminal cyclopentadienyl or oxide li- 
gands (38). All these cages are mixed-valent, e.g., [Cp6V6(tt3-O)s] must  
contain four V(IV) and two V(III) centers, and all are reported to be 
paramagnetic at room temperature.  Larger oligomers are known, and 
are related to other cyclopentadienyl metal oxides, an area that  has 
been reviewed by Bottomley (38). 

In [(VO)6(tBuPO3)sC1] (3) the six vanadium centers are again ar- 
ranged in an octahedron, with each organophosphonate group cap- 
ping a tr iangular face of the octahedron (39). The chloride is encap- 
sulated within the cage, which is mixed-valent with one V(IV) and five 
V(V) centers. A very similar cage can also be formed with the ligand 
Me3SiOPO~- (40). The reaction that  gave 3 gives a tetranuclear  cage 
if PhPO3H2 is used as the phosphonate (39). In this case a tetranu- 
clear cage, [(VO)4(PhO2POPO2Ph)4C1]- (4), is found where the four 
V(IV) centers lie at the vertices of a te trahedron and the condensed 
pyrophosphate ligands are disposed so the P atoms lie above the edges 
of the tetrahedron and the O atoms linking the P atoms lie above the 
centers of the faces of the tetrahedron. As is frequently the case, this 
subtle change in ligand has produced an unpredictable change in the 
resulting polynuclear complex. 
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In [V6Olo(O2CPh)9] (5) a cyclic array of five V(V) centers and one 
V(IV) center is found, bridged by carboxylate and oxide groups in an 
irregular manner  (41). Three sequential edges are bridged by one ox- 
ide and one carboxylate, two edges are bridged by two carboxylates, 
and the final edge is bridged by one oxide and two carboxylates. This 
mixture of different bridges is reminiscent of 2. The six vanadium cen- 
ters in [H2{V6Olo(O3AsPh)6}] 2- are also mixed-valent [four V(V) and 
two V(IV)] and arranged in a cyclic structure consisting of a twisted 
24-membered ring { V - O - A s - O - } 6  with additional intraring V - O - V  
and A s - O - V  bridges (42). 

An unusual  hexanuclear cage is also formed on reaction of 
[(tBupz)4VO(H20)2]C12 with Na(PhPO3) (tBupz = 3-tert-butylpyrazole) 
(43). The phosphonate displaces some of the pyrazole ligands, linking 
VO units together to give [(VO)6(O3PPh)6 (tBupz)~(H20)3]. This cage con- 
tains three pairs of vanadyl units, differing in the number  of pyrazole 
ligands to which they are bound. While the polyhedron is described by 
the authors as "jug-like," a more striking resemblance is to a bicapped 
pentagonal prism, with alternately P and V centers at the vertices. 
Thus, in the 1 : 5 : 5 : 1 polyhedron, the first cap would be a vanadium, 
the first pentagon would contain two V and three P centers, the second 
pentagon would contain three V and two P centers, and the final cap 
would also be a phosphorus. 

Not all the hexanuclear cages containing {(OCH2)3CR} ~- ligands 
form octahedra. [V6Os{(OCH2)3CEt}3{(OCH2)2C(CH2OH)R}j 2- con- 
tains a central {V4016} core bound to two peripheral vanadium square 
pyramids via two /~2-O atoms from the doubly deprotonated tripo- 
dal ligands (37), as shown in Fig. 1. The cage is again mixed-valent, 
with a net four V(V) and two V(IV) sites; however, valence sum cal- 
culations suggest that  the two d-electrons are delocalized over four 
of the vanadium centers. In [H4V6Olo{(OCH2)3CCH2OH}2P404] 6- (6), 
two V3Olo{(OCH2)3CCH2OH} units, each containing a triangle of V(IV) 
centers, are linked by four {PO4} units (44). The magnetochemistry 
of 6 confirms the presence of exclusively V(IV) and demonstrates 
that  at low temperature  one unpaired electron remains on each tri- 
angle, and that  there is no significant interaction between the two 
triangles. 

A slight variation of this tr iangular motif is found in one of the 
two heptanuclear  vanadium coordination clusters, [{V309F{(OCH2)~ 
CCH2OH}(V4OT)] 4- (7) (44). Here, the tr iangular fragment (which con- 
tains a central fluoride ra ther  than the central oxide in 6) is linked by 
six corners to three {VO4} tetrahedra,  which are further linked through 
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V 

V V 

FIG. 1. The structure of [VsOs{(OCH2)3CEt}3{(OCH2)2C(CH2OH)R}4] 2- (based on 
data taken from Ref. 37). (Shading: V, hatched circles; O, open circles; C, lines.) 

corners to a fourth {VO4} tetrahedron, so that  the entire anion has C3v 
symmetry (discounting the terminal CH2OH group on the ligand). The 
four te t rahedra  contain V(V) centers. 

The other heptanuclear  cage, [(VO)705(O3PPh)6C1] 2- (8), is spheri- 
cal and contains an encapsulated chloride ion (45); it is therefore in 
many ways a larger version of the hexanuclear cage 3. The reaction 
is similar to that  which gave the tetranuclear  cage 4, bu t  performed 
at room temperature  ra ther  than at 100°C, thus preventing the for- 
mation of the pyrophosphonate. Cage 8 has an irregular polyhedron 
of meta ls - -perhaps  best  described as an edge-capped octahedron. Four 
of the phosphonate ligands sit on tr iangular faces of the octahedron, 
while the remaining two phosphonates bind to the "edge-capping" site. 
All the metals are present  in the +5 oxidation state. 

The octanuclear vanadium(IV) cage, [(VO)s(OMe)16(C204)] 2- (9), con- 
tains a t~s-oxalate within a cyclic {(VO)(OMe)2}8 wheel (46). Each V-. .V 
edge is bridged by two methoxides, with every second edge further  
bridged by an O atom from the central oxalate. Cages 2 and 9 are there- 
fore both octanuclear vanadium wheels, but  in two different oxidation 
states. While cyclic structures have been reported for the later 3d met- 
als (see below), vanadium appears to be unique in showing two different 
oxidation states for exclusively O donors. 
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A nonanuclear mixed-valent vanadium complex, [ (VO4){V203 

(bdta)}4] 7+ (bdta=butanediaminete t raaceta te) ,  is known (47). The 
cage consists of a central {V(V)O4} tetrahedron with each oxide bridg- 
ing to a dinuclear {V2Os(bdta)} fragment. These dinuclear fragments 
are each mixed-valent with one V(IV) and one V(V) in each pair. Mag- 
netic studies of this cage show antiferromagnetic exchange between the 

1 S = ~ centers. The X-band EPR spectrum contains a single broad line 
at all temperatures  studied. 

A further nonanuclear cage, [VgO19(O2CMe)5] 3-, forms on reaction of 
[VOC14] 2- with silver acetate (48). The cage is mixed-valent, with four 
V(V) and five V(IV) centers. The structure resembles a hemispherical 
bowl, with four acetates bridging along the edges of the bowl and one 
acetate within the bowl. The authors do not assign oxidation states to 
specific sites within the cage. Magnetization data show the cage to have 
an S = 3 ground state. 

The majority of decanuclear cages have the decavanadate core, i.e., 
{VloO28}, with bridging oxides displaced by oxygen atoms from tripo- 
dal tris(alkoxide) ligands. Where the cage contains four such ligands, 
as shown in Fig. 2, both the oxidation and protonation state can change 
to give a family of cages of formula [ V l 0 0 1 6 - x  (OH)x {(OCH2)3CR}4] n-  
( x = 0 ,  R - - E t ,  n = 4 ; x = 0 ,  R = M e o r E t ,  n = 2 ;  x = 2 ,  R = C H 2 O H ,  
n = 2) (49, 50), while there is a unique cage, [VloO13{(OCH2)3CEt}5]-, 
containing five tris(alkoxides) (50). Curiously, while electrochemical 
studies show that  the mixed-valent species[V10016{(OCH2)3CMe}4] 2- 
undergoes two further  single-electron oxidations, no reductions of 
this species could be observed without protonation of the cage with 

/ 
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FIG. 2. The structure of [VloO16_x(OH)x{(OCH2)3CR}4] n- (49). (Shading as in Fig. 1.) 
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HBF4. Magnetic studies of this family of cages reveal the normal 
antiferromagnetic exchange between spin centers. A tris(alkoxide) 
ligand also features in a further decanuclear cage, [{V~O9F{(OCH2)3 
CCH2OH}2(V404)] (10), in which two {V309F{(OCH2)3CCH2OH} trian- 
gles are linked by four {V(V)O5} pyramids (44); the structure is there- 
fore related to both 6 and 7. The two V(IV) centers in this mixed-valence 
cage are in the tr iangular fragments and the interaction between them 
is negligible. 

[VloO24(O3AsC6H4NH2)3] 4- has a quite distinct structure, and exclu- 
sively V(V) centers; however, it undergoes a reversible one-electron re- 
duction to a paramagnetic compound (42). The structure may be de- 
scribed as a [V9021(O3AsC6H4NH2)3] 3- toroid encapsulating a VO3- 
fragment. The toroid consists of {V~OI~} tr iangular units linked 
through the arsonato groups. A further  decanuclear cage, [H6VloO22 
(O2CMe)6] 2-, is known which contains two sets of four edge-sharing 
{V(IV)O6} octahedra, linked through two {V(V)O4} te t rahedra  to form 
a double-layer structure (51). The six carboxylates bridge some of the 
V(IV). • .V(IV) edges on the exterior of the cage. No magnetic studies are 
reported for this cage. 

Several dodecanuclear vanadium cages containing organic ligands 
are known. The first, [{VO(OH)}12(O3PPh)s] 4-, is mixed-valent, con- 
taining four V(IV) and eight V(V) ions (52). The structure is best  de- 
scribed as a pentagonal dodecahedron of V and P centers, with each 
V. . .P  edge bridged by one oxygen from a phosphonate, and each V.- .V 
edge bridged by two hydroxides. The very limited magnetic data  re- 
ported are described as showing antiferromagnetic exchange between 
the V(IV) centers. 

Two further dodecanuclear cages containing phenylarsonate li- 
gands have been reported. In [(MeOH)2 c V12014(OH)4(O3AsPh)1o] 4- 
(11) two MeOH molecules are encapsulated within a cavity created by 
the cage (53). Two cages of very similar structure can also be isolated 
which contain 14 vanadium centers, [(MeCN)2 c V14022(O3PPh)s] 6- and 
[(NH4)2C12 c VltO22(OH)4(H20)2(O3PPh)8] 6-, with the phosphonate or 
arsonate ligands playing identical roles in all the cages (Fig. 3) and 
two of the AsPh units in 11 replaced by VO units in the larger cages 
(54). The structures are complex, involving edge- and corner-sharing 
vanadium-centered square pyramids and tetrahedral  organoarson- 
ate units. Increasing the ratio of phenylarsonic acid in the reaction 
that  gave 11 produces another, s tructurally distinct dodecanuclear 
cage, [(H20)2 C V12012(OH)2(H20)2(O3AsPh)lo(HO3AsPh)4] 2- (53). This 
structure consists of vanadium-centered square pyramids and octahe- 
dra, and organoarsonate te t rahedra  and square pyramids; the structure 
is virtually indescribable. 
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Fro. 3. The s t ructure  of [(MeOH)2 C V12014(OH)4(O3AsPh)lo] 4-. (Data t aken  from 
Ref. 53.) 

The final dodecanuclear cage is a further example of {V309F{(OCH2)3 
CCH2OH} triangles linked by vanadium-containing fragments; in this 
case two triangles are linked by four {V(IV)O5} and two {V(V)O5} trian- 
gles, giving [{V309F{(OCHu)3CCH2OH}2V60~] 6- (44). No X-ray struc- 
ture is reported but the connectivity is deduced from spectroscopic, an- 
alytical, and magnetic data, which confirms that the structure must be 
very closely related to the naked vanadate cage [H~V12030F2] 6-. The 
magnetic behavior of both these cages shows strong antiferromagnetic 
exchange between the V(IV) centers, but a resulting ground state that 
contains two uncorrelated unpaired electrons. 

Two hexadecanuclear cages are known: one with a phosphonate and 
one with a tripodal alkoxide ligand. The phosphonate cage, [H6(VO2)16 
(O3PMe)s] s-, resembles a tire with four (VO2)4 tetramers spanning the 
tread and linked together along each rim by four O3PMe- ligands (55). 
Redox titrations were used to confirm the presence of 14 V(IV) centers. 
This initial publication is intriguing, and frustrating in two ways. First, 
the authors thank a colleague for magnetic measurements, but report 
no magnetic data; and second, they state that further (VO2)l 6 tires have 
been structurally characterized with ethyl- and phenylphosphonate, yet 
no additional papers have appeared. Given the beauty of the structure 
and the large central cavity of the tire, it is surprising that no further 
studies have appeared in the open literature. 
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The alkoxide cage [VI6020{(OCH2)3CCH2OH}8(H20)4] (12) (56) 
shown in Fig. 4 is related to the decavanadate structure; its construc- 
tion can be considered to involve four corner-sharing interactions be- 
tween two {V8024} cores, which are derived from the decavanadate by 
removal of two adjacent {VO2} caps. The synthesis is similar to tha t  of 
[VloO14(OH)2{(OCH2)3CCH2OH}4] 2-, the major difference being tha t  
the solvathermal synthesis was performed at 170°C to give 12, and 
150°C to give the decanuclear cage. All the metal centers present are 
V(IV), and magnetic studies show antiferromagnetic exchange between 
these centers. 

The octadecanuclear vanadium cage [C14 c VlsO25(H20)2(O3PPh)20] 4- 
(13) (39) can be described as four [V406(OaPPh)5} 2- clusters linked 
through P - O - V  interactions to a central (V20(H20)2} 8+ unit. It  is 
made in MeCN; however, the same reaction in MeOH generates a pen- 
tanuclear cage, [V507(OMe)2(O3PPh)5]-. The structure of 13 can be re- 
lated to tha t  of the pentanuclear cage, but  not simply and not in words. 
All the vanadium centers are V(V). 

The largest vanadium coordination cage reported thus far is nonanu- 
clear [{V3010{(OCH2)3CCH2OH}V16037] 7- (14) (44), which is closely 

FIG. 4. The structure of [V16020{(OCH2)3CCH2OH}8(H20)4] (56). (Shading as in Fig. 1.) 
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related to a naked vanadate  cage, [H1oV1904o] 7-. Each contains two 
{V3013} triangles, seven {V(V)O4} tetrahedra,  and six {V(IV)O6} octa- 
hedra, with the tris(alkoxide) ligand attached to one of the triangles in 
14. There are 12 (net) V(IV) centers, and they couple antiferromagnet- 
ically. Larger vanadate  cages that  do not contain organic ligands are 
known. 

The above cages involve organic ligands in linking between metal  
centers. In other vanadate  cages, organic ligands are "guests" within 
vanadate  "hosts." Two examples are known: the inclusion of MeCN in a 
[V12032] 4- cage (57) and the inclusion of acetate in a [H2V22054] 6- host 
(51). Other guests such as thiocyanate, water, and ni trate can also be 
included in the lat ter  cage. 

The range and structural  diversity of the vanadium cages are 
extraordinary--even when discussion is restricted, as here, to cages 
that  contain organic ligands. The richness of the area, and the pro- 
ductivity of the Mtiller and Zubieta groups in particular, also means 
that  the above list is unlikely to remain exhaustive for long. There are 
several points tha t  will be reflected in the synthetic chemistry of the 
cages of the later 3d metals. First, reactions appear to be sensitive to 
a very wide range of variables--solvent,  countercation, temperature,  
substi tution pat tern  of organic l igands-- in an unpredictable manner. 
Sometimes the products of closely related reactions have similar struc- 
tures, but  this observation is not universal. Second, as structures be- 
come larger, they become, in general, more difficult to describe. This may 
seem a truism, but  consider carbonyl clusters for example. In this case, 
the larger clusters clearly become fragments of the metallic elements 
that  are coated with CO ligands. For the vanadium cages there is no 
straightforward relationship between all the larger clusters and any ex- 
tended structure. Third, the range of organic ligands used is extremely 
small, with phosphonate/arsonate and tris(alkoxide) ligands dominant, 
and a limited number  of cages with carboxylate ligands. The remainder 
of the 3d period shows a quite different use of ligands, with carboxyl- 
ates extremely common and phosphonate/arsonate ligands very rare in 
cage complexes. 

B. CHROMIUM 

Until recently, polynuclear chromium chemistry was largely re- 
stricted to the oxo-centered metal  triangles that  have been studied for 
a number  of years. Cannon and White reviewed this chemistry in 1988 
(58). The lack of larger clusters appeared to be due to the stability of the 
oxo-centered triangles and to the unreactive nature of t he  Cr(III) ion; 
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hence strategies that  worked with more substitutionally labile metals 
[e.g., Mn(III) or Fe(II)] simply failed. A Moldovan research group, led by 
Professor N. V. G6rb~16u, made the breakthrough to larger chromium 
cages (59, 60). The necessary insight was that  the inertness of the Cr(III) 
center could be useful, allowing reactions under more forcing conditions 
than are conventionally employed in coordination chemistry. Several 
groups have since followed up this work, employing very similar tech- 
niques. Most of this work has appeared since 1999. 

The Moldovan work is somewhat  older, with the two most rele- 
vant  papers appearing in the early nineties. The first involves the 
reaction of chromium trifluoride with pivalic acid at around 130°C, 
followed by crystallization from acetone, which gives an octanuclear 
wheel [CrF(O2CCMe3)2]8 (15) (59a), as shown in Fig. 5. This is the 
first of a series of chromium wheels that  have been reported, all of 
which feature carboxylates and a second ligand which might be fluo- 
ride, hydroxide, or alkoxide. The analogous Fes wheel is also known 
(59b). The second paper involves a two-step reaction (60). Sodium pi- 
valate is added to an aqueous solution of chromium nitrate in the 
first step, producing a blue-green precipitate. In the second step this 
precipitate is heated to 400°C under  a s t ream of N2, leading to a 
color change to dark green. This green solid has reasonable solubility 

FIG. 5. The structure of [CrF(O2CCMe3)2]8 (59). (Shading: Cr, hatched; F, striped; O 
and C as in Fig. 1.) 
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in organic solvents, and can be crystallized from isopropanol to give a 
complex initially reported as [Cr1201~(O2CCMe3)15] (60), as shown in 
Fig. 6, which would be mixed-valent as written. The magnetic proper- 
ties of this compound were not reported. 

The compound crystallizes in a rhombohedral space group, and the 
molecular s tructure has crystallographic D3h symmetry. The metal  sites 
lie on the vertices of a centered pentacapped trigonal prism. There are 
four independent metal  s i tes- -a t  the center of the molecule (one Cr 
atom), at the vertices of the prism (six Cr atoms), capping the trigonal 
faces of the prism (two Cr atoms), and capping the rectangular faces of 
the prism (three Cr atoms). The central Cr atom is bound to six t~4-O 
atoms, each bridging to three further Cr centers, one vertex, and one 
of each type of cap. The pivalate ligands bridge in a 1,3-fashion on the 
outside of the metal  cage. There are also six ~3-O atoms, each bridg- 
ing between one vertex Cr, one trigonal cap, and one rectangular cap. 
Reexamination of this structure by neutron diffraction (61) revealed 
that  half  of a H atom was bound to each of these tL3-O atoms, making 
the correct formula [Cr1209(OH)3(O2CCMe3)15] (16). The compound is  
therefore homovalent. 

/ 
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FIG. 6. The structure of [Cr1209(OH)3(O2CCMe3)15] (61). (Shading: Cr, random shaded; 
O, striped; C, lines.) 
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The magnetic properties of the cage are also interesting (61). Al- 
though the predominant exchange interaction appears to be antifer- 
romagnetic, the ground spin state has S -- 6. This can be shown by 
isothermal magnetization measurements, but also by EPR spectroscopy 
where the 12-line fine structure associated with this spin state can be 
observed at low temperature and frequencies of 34 GHz and higher. 
EPR spectroscopy also shows that the zero-field splitting parameter 
D--  +0.085 cm -1, which makes the complex a high-spin cage but not 
a single-molecule magnet. Unfortunately, the size of the cage makes it 
impossible, at present, to model the variable temperature susceptibil- 
ity behavior to quantify the exchange interactions. The S -- 6 ground 
state was, at the time, the equal highest for this metal, matching the 
ground state observed for [CraS(O2CMe)s(H20)4][BF4]2 (17) by Bino and 
co-workers (62). 

The reaction that gave 16 is capable of wide variation. The blue- 
green precipitate can be crystallized, and X-ray analysis shows that 
the crystals contain the oxo-centered chromium carboxylate triangles 
[Cr30(O2CCMe3)6(H20)2(OH)] and [Cr30(O2CCMe3)6(H20)3][NO3] (63). 
The reaction at 400°C is therefore a decarboxylation and dehydration 
of the triangle, and, given the good yield of the reaction, a balanced 
equation for the reaction is 

4[Cr30(O2CCMe3)6(H20)2(OH)] --> 16 + 9HO2CCMe3 + 4H20 

Reaction of other triangles at temperatures between 200 and 400°C 
show similar color changes and other polynuclear cages can be crys- 
tallized. However, the carboxylate present influences the ratio of car- 
boxylic acid to water lost on heating. 

For benzoate at temperatures above 300°C, only water is lost in gener- 
ating the cage [CrsO4(O2CPh)16] (18) (64) shown in Fig. 7. The structure 
contains a central Cr404 heterocubane, each oxygen center of the cube 
bridging to an additional Cr cap. The O atoms are therefore t~4-bridging. 
The benzoate ligands adopt two coordination modes: either 1,3-bridging 
between Cr atoms within the heterocubane and capping Cr centers, or 
chelating to the capping chromiums. The balanced equation for this 
reaction is 

8[Cr30(O2CPh)s(H20)2(OH)] --+ 3(18) + 20H20 

At around 200°C, a second product, [Cr(OH)(O2CPh)2]8 (19), can be crys- 
tallized, in very low yield (64). At 200°C, the predominant species is the 
oxo-centered triangle starting material. The octanuclear cage has the 
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FIG. 7. The s t ructure  of [CrsO4(O2CPh)16] (64). (Shading as in Fig. 6.) 

cyclic wheel structure found previously in 15. A small quantity of this 
wheel can also be crystallized withp-chlorobenzoate as the carboxylate 
(65). While the reaction is very low-yielding, the balanced equation for 
the formation of the wheel is worth considering: 

8[Cr30(O2CPh)6(H20)2(OH)] --> 3(19) + 8H20 

The system therefore appears to show a temperature-dependent dehy- 
dration. Unfortunately, it is difficult to produce exclusively the octanu- 
clear wheel, as very little of the oxo-centered triangle appears to react 
at 200°C, and the reaction proceeds further at higher temperatures, 
giving the octanuclear capped heterocubane. It will also be interest- 
ing to examine whether the wheel and capped cubane can be intercon- 
verted by addition or removal of water. The structure of the octanuclear 
capped heterocubane is closely related to a mixed-valent cobalt cubane 
[CosO4(O2CPh)12(sol)4] reported by Christou and co-workers, who pre- 
pared it by oxidation of cobalt(II) benzoate in DMF or MeCN with H202 
(66). The same metal topology has also been observed by Raptis and 
co-workers for an iron pyrazolate cage (67) (see below). 
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With iso-butyrate as the carboxylate, a further structural type 
forms at  400°C. This has the stoichiometry [Cr12(t~4-O)s(OH)4 
(O2CCHMe2)16(HO2CCHMe2)4] (20) (68), as illustrated in Fig. 8. The 
cage consists of three face-sharing Cr404 heterocubanes, with the two 
terminal  cubanes capped by further  chromium centers attached to the 
external t~4-oxides. The central cubane is held together exclusively 
through four t~4-oxides with an unusual  "sawhorse" geometry ra ther  
than  tetrahedral,  with one C r - O - C r  angle of ~164 ° and five further 
C r - O - C r  angles between 90 and 101 °. The tt4-oxides involved in the 
external heterocubanes have a geometry approximating tetrahedral.  

The chromium sites fall into three groups. All are six-coordinate with 
regular octahedral geometries, but they vary in the groups attached to 
them. Each Cr site in the central cubane is bound to four tt4-oxides and 
two oxygen donors from carboxylate bridges. Each Cr site at  the exterior 
of the triple cubane is bound to three ~4-oxides and three O atoms 
from carboxylates. Each Cr sites capping the tricubane is bound to one 
#4-oxide, three oxygens from bridging carboxylates, and two terminal  
groups tha t  can be described as a hydroxide and a HO2CCHMe2 group or 
as a water molecule and a -O2CCHMe2 group. Given the strong H bond 
(O-- .O 2.47-2.53 A) between these two groups, the exact description is 
perhaps unimportant.  

J 

FIG. 8. The structure of [Crl2(#4-O)8(OH)4(O2CCHMe2)16(HO2CCHMe2)4] (68). (Shad- 
ing: C, striped; O dotted; C, lines.) 
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The structure is related to both [CrsO4(O2CPh)16] and other cubane 
cages. The nearest  relation is an octanuclear triple cubane containing 
mixed-valent cobalt(II)/(III), reported by Beattie and co-workers, which 
lacks the final four capping atoms (69). A double cubane of nickel (70) 
and a heptacubane of manganese (70) have also been reported, as has 
a "supercubane" of manganese featuring eight cubanes arranged in a 
cube (see below) (71). 

The balanced equation for formation of 20 is 

4[Cr30(O2CCHMe2)6(H20)2(OH)] --> (20) + 4H20 + 4HO2CCHMe2 

As for pivalate, this represents loss of water  and carboxylic acid; how- 
ever, the H20 : acid ratio is 1 : 1 compared with 4 : 9; i.e., less acid is lost 
per molecule of 20 formed than was the case in the synthesis of 16. This 
could be related to the relative pKa values of the carboxylic acids formed. 
It is noticeable tha t  for benzoate, which has the lowest pKa (4.19) of 
the three carboxylates, water  is lost and the carboxylate is retained, 
while for both pivalate (pKa 5.03) and iso-butyric acid (pKa 4.84) a mix- 
ture of acid and water  is lost. Fur ther  evidence is needed before it is 
clear whether  this is an example of structure controlled by the pKa of 
the leaving group. 

Including the carboxylate as the counterion of the oxo-centered 
triangle precursor can influence the amount  of acid lost on heat- 
ing. The reaction of [Cr30(O2CCMe3)6(H20)3][O2CCMe3] at 300°C is 
very different from the reaction of [Cr30(O2CCMe3)6(H20)3][NO3] or 
[Cr30(O2CCMe~)6(H20)2(OH)]. Whereas the lat ter  two complexes lose 
pivalate to give 16, [Cr30(O2CCMe3)6(H20)3][O2CCMe3] loses less pi- 
valate to give a hexanuclear complex of apparent  stoichiometry [Cr604 
(O2CCMe3)11] (21) (65). This again contains a heterocubane, but  now 
only doubly capped on two t~4-oxo sites. If  the remaining two #3-oxygen 
sites are either both protonated or both deprotonated, the cage would 
be mixed-valent. However, electrospray mass spectrometry reveals one 
multiplet centered at m/z 1488 in the negative ion spectrum, while in the 
positive ion spectrum the multiplet is found at m/z 1490. These peaks 
match well for [Cr604(O2CCMe3)11]- and [Cr602(OH)2(O2CCMe3)11] +, 
respectively. Therefore, it appears that  the crystals contain both these 
species, and presumably also the monoprotonated neutral  complex. 
It is perhaps noteworthy that  16, 20, and 21 present  the possi- 
bility of isolation of different protonation states of the same metal 
core, a phenomenon that  has been regularly observed for vanadium 
cages. 
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Preliminary magnetic studies of these cages reveal that,  with the 
exception of 16, the antiferromagnetic exchange between chromium(III) 
centers leads to low-spin ground states. For 18 and 19 it was possible 
to model the antiferromagnetic exchange interactions, giving Cr---Cr 
exchange parameters  of 2.1 cm -1 within the cubane in 18 and 3.4 cm -1 
between the cubane Cr centers and the capping Cr centers. In 19 an 
antiferromagnetic exchange interaction of 12.0 cm -1 was used to model 
the interaction between nearest-neighbor Cr centers within the wheel. 

Oligomerization ofoxo-centered triangles can also occur on heating in 
protic solvents. Refluxing basic chromium acetate in water  for two hours 
produces a wheel of stoichimetry [Crs(OH)12(O2CMe)12] (22) (72). The 
structure is very similar to tha t  of the V(III) wheel 2 (see above), with 
an octanuclear structure with Cr . . .Cr  vectors alternatingly bridged by 
two ~-OH and one 1,3-bridging carboxylate or two 1,3-carboxylates 
and one t~-OH. Again, antiferromagnetic exchange is found between 
Cr centers. McInnes and co-workers have reported a more complicated 
magnetic picture for a pair  of "chromic wheels" made by heating basic 
chromium acetate in MeOH or EtOH in an autoclave at 200°C--a piece 
of solvathermal chemistry reminiscent of the vanadium chemistry dis- 
cussed above (73). These cages have the formula [Cr(O2CMe)(OR)2]10 
[where R = Me (23) or Et  (24)], and the wheel is symmetric in each 
case, with each Cr.- .Cr vector bridged by one 1,3-carboxylate and two 
~-alkoxides. Therefore, 23 and 24 contain the same metal topology as 
the older "ferric wheels" (see below). An oddity is that  while the Cr.- .Cr 
exchange in 24 is very weak (0.9 cm -1) and antiferromagnetic, the ex- 
change in 23 is weak (4.5 cm -1) bu t  ferromagnetic with significant inter- 
wheel interactions. Each wheel in 23 should therefore have an S = 15 
ground state, which is among the highest known. 

A final version of these chromium wheels can be made by addition of 
secondary amines to the reaction mixture that  gave the fluoride-bridged 
wheel 15. A hydrogen-bonded assembly of cages can be formed of stoi- 
chiometry [(R2NH2)3{Cr6Fll(O2CCMe3)lo}(H20)]2 (R = n-propyl, 25; 
R -- n-pentyl, 26). The supramolecule consists of two symmetry-related 
[Cr6Fll(O2CCMe3)10] 3- "horseshoes" held together by H bonds to pro- 
tonated amines (74). Each [Cr6Fll(O2CCMe3)1o] 3- horseshoe is derived 
from 15 by removal of two of the Cr sites. The Cr sites within the horse- 
shoe are bridged by tt2-F and 1,3-bridging carboxylates in an analogous 
manner  to that  found in 15. The two Cr sites at  the tips of the horseshoe 
have three terminal fluoride ligands, and these terminal fluorides are 
involved in the H bonding that  links the horseshoes. Two fluorides on 
each chromium H-bond to H atoms of [R2NH2] + cations which lie be- 
tween the tips of the horseshoes. These eight F . . . H - N  bonds therefore 
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create a dodecanuclear pseudomacrocycle. The third fluoride on each 
terminal Cr site is involved in an additional H-bonding interaction. 
These four fluorides accept H bonds from two further [R2NH2] + cations 
and from two water  molecules which are encapsulated within the 
pseudomacrocycle. The result  is a supramolecule consisting of two hexa- 
metallic trianions, six ammonium cations, and two water  molecules. It 
is notable tha t  the H bonding involves only the terminal F-ligands, and 
not those tha t  bridge between Cr centers. Magnetic studies again in- 
dicate antiferromagnetic exchange between the Cr centers within the 
molecule. 

Although the cage is diamagnetic, the linear heptanuclear  cage 
[Cr7(teptra)4Clu] deserves a mention (teptraH3 -- tetrapyridyltriamine) 
(75). This Cr(II) cage is made from reaction of CrC12 with the deproto- 
nated form of the heptadenta te  ligand, and the resulting "metal string" 
contains seven metal  centers bridged by four ligands, with two ter- 
minal chloride ligands completing the structure. Calculations suggest 
that  this compound is a metal  since the Fermi level is located within 
the HOMO band, and there is therefore no band gap. 

C. MANGANESE 

Work on manganese cages is dominated by the use of carboxylate 
ligands, and by synthetic work from the Christou/Hendrickson group- 
ing (76). Much of this work originated in a s tudy of the tetranuclear 
oxygen-evolving complex in Photosystem II; however, restricting the 
nuclearity of carboxylate cages is not straightforward, and many larger 
cages result  from the synthetic methods adopted. 

The earliest hexanuclear manganese cage was reported by Thornton 
and co-workers in 1986 (77). [Mn602(O2CCMe3)io(HO2CCMe3)4] con- 
sists of an edge-sharing bitetrahedral  cage, with each tetrahedron 
centered by a/~4-oxo ion. The carboxylate ligands present bridge in 
1,3- and 1,1,3-fashion. Four terminal protonated pivalates are at- 
tached to the exterior metal  vertices of the bitetrahedron. The cage 
is mixed-valent, containing four Mn(II) and two Mn(III) centers, with 
the Mn(III) centers localized at the shared edge of the bitetrahedron. 
The cage was originally made by refluxing a toluene solution of MnCO3 
and pivalic acid, and can also be made by reaction of manganese(II) 
nitrate and pivalic acid in dioxane (78). Several similar cages have 
been made (79-82); these cages differ in the terminal ligands (pyri- 
dine, MeCN, EtOH, H20, acetone, THF) and in the bridging carboxy- 
late (pivalate, benzoate, or nitrobenzoate). The simplicity of the reac- 
tion and moderate yields make these cages suitable start ing materials 
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for further synthesis. The magnetic properties have been studied for 
[Mn602(O2CPh)lo(py)2(MeCN)2], and the cage has an S = 0 ground 
state (79). 

The second hexanuclear manganese cage reported is the first "high- 
spin cage" to be reported (83). It is a cyclic molecule with a formula 
[Mn(hfac)2(NITPh)]6 (27), as shown in Fig. 9 (hfac=hexafluoro- 
acetylacetonate, NITPh = 2-phenyl-4,4,5,5-tetramethyl-4,5-dihydro- 
1H-imidazoyl-l-oxyl-3-oxide--see Scheme 2), with each ni tronyl-  
nitroxide ligand bound to two {Mn(hfac)2} fragments through the 
two oxygen aroms, giving a wheel tha t  is homovalent (unlike the 
majority of manganese cages). Synthesis involves mixing the two 
components in heptane. Magnetic studies show a value for xmT at 
low temperature  consistent with an S -- 12 ground state, which arises 

1 centers on the from antiferromagnetic exchange between the S = 
radicals, and the S = 5 metal  centers. 

Hexanuclear cages with carbamate ligands have been reported for 
manganese, iron, and cobalt. The manganese cage, [Mn6(O2CNEt2)6], 
is made by addition of [Mn(Cp)2] to a solution of NHEt2 in toluene, 

FIG. 9. The structure of [Mn(hfac)2(NITPh)]6 (83). (Shading: Mn, shaded; O, open; 
C lines.) 
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followed by reaction with carbon dioxide (84). The structure consists 
of an edge-sharing bitetrahedron of manganese(II) centers. Both five- 
and six-coordinate Mn(II) sites are found, and the carbamate ligands 
show three different bridging modes: 1,1-,1,1,3-, and 1,1,3,3-bridges are 
found. 

Fur ther  hexanuclear cages can be made with the pentaden- 
tate Schiff-base ligand, N-(X-substituted salicylylidene)-N,N'-bis 
(2-hydroxyethyl)ethylenediamine (X = 5-MeO, 5-C1, 5-Br) (85). These 
cages contain exclusively Mn(III) centers, which are arranged in a 
planar array, bridged by two t~3-oxides, two ~3-methoxides, four #2- 
methoxides, two ~2-acetates, and two ligands. Magnetic studies of the 
cages indicate antiferromagnetic exchange between the Mn(III) centers. 

A series of hexanuclear cages featuring the anions of derivatives of 
dibenzoyl methane (Hdbm) have been made, and show S = 12 ground 
states (86). These cages have the general formula [Mn604X4(R2dbm)6] 
(X -- C1 or Br, R = Me, Et). The structures consist of a Mn(III) octa- 
hedron with four nonadjacent faces bridged by ~3-oxides and the other 
four faces bridged by t~3-chlorides. A chelating R2dbm group is at- 
tached to each manganese center, completing an approximately octa- 
hedral coordination geometry. As expected, each Mn(III) site displays 
Jahn-Tel ler  distortion of the coordination sphere. The syntheses of 
these cages is via five-coordinate, mononuclear Mn(III) complexes 
[MnX(R2dbm)2]. Slow evaporation of MeCN/CH2C12 or MeCN solutions 
of these monomers generated the hexanuclear cages. Magnetic stud- 
ies show ferromagnetic exchange of ~8.5 cm -1 between neighboring 
Mn(III) centers, leading to an S = 12 ground state. Magnetization data 
fit well with this ground state, and with D = 0, which is consistent with 
the virtual Td of the cages. Therefore, the cages have a high spin; but  
if they are SMMs, they would have one of the smallest  known energy 
barriers to reorientation of the magnetization. 

The hexanuclear cage, [Mn6{(PhSiO2)~}2CI(ROH)6]- (28) (R = nBu) 
(87) contains a {Mn6C1} plane sandwiched between two cyclohexasilox- 
anolate ligands, as shown in Fig. 10. The manganese centers are at the 
corners of a regular  hexagon, with each Mn.. -Mn edge bridged by two 
O atoms from the cyclohexasiloxanolate ligands, thus creat ing an ap- 
proximately square plane of O atoms about the Mn centers. The coordi- 
nation geometry of each site is then completed by a coordinated alcohol 
molecule and by a long contact to the central chloride. The cage could 
be described as a hos t -gues t  molecule, with the chloride ion trapped 
within the metallocryptand. The preparation of the cage is from disso- 
lution of [PhSiO1.5]n in hot nBuOH in the presence of NaOH, followed 
by addition of manganese(II) chloride. 
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FIG. 10. The structure of [Mn6{(PhSiO2)6}2CI(ROH)6]- (87). (Shading: Mn, hatched; 
O, shaded; Si, dotted; C1, open; C, lines.) 

The compounds [Mn606(O2CR)3(3,2,3-tet)4] 5+ (3,2,3-tet = 1,5,8,12- 
tetraazadodecane; R -- Me or Ph) were reported by Weatherburn and 
co-workers, and contain a planar mixed-valent cage (88). The structure 
consists of an approximately linear arrangement  of four manganese 
ions, with each Mn. . .Mn vector bridged by two oxides. The central two 
oxides also bind to the final two Mn centers in the structure. One of 
the three carboxylates spans the central Mn. . .Mn contact, and the re- 
maining two bridge from these Mn centers to the fifth and sixth Mn 
centers. The te tradentate  amine ligands bind to the four external Mn 
sites. The two Mn(IV) sites in the structure are assigned as the external 
manganese of the central linear portion of the structure, the other four 
sites being Mn(III). No detailed magnetic measurements  are reported 
for this compound. 

This group also synthesized the first heptanuclear manganese cage, 
[MnTO4(trien)2(dien)2(O2CMe)s] 4+ (29) ( t r ien=tr ie thylenete t ramine,  
dien = diethylenetriamine), which also features both carboxylate and 
amine ligands (89), as shown in Fig. 11. The cage can be described as 
two mixed-valent {Mn402} butterflies, three Mn(III) and one Mn(II), 
sharing the Mn(II) center. The cage is held together by the four oxides, 
each of which is tt3-bridging, and the carboxylate ligands, which all 
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FIG. 11. The structure of [Mn704(trien)2(dien)2(O2CMe)s] 4+ (89). (Shading: Mn, 
hatched; O, open; C, lines.) 

act as 1,3-bridges. The dien ligands act as chelating, terminal ligands 
while the trien ligands bind to both Mn(III) centers, which act as the 
body of the butterfly fragments. The synthetic procedure that gives 29 
illustrates the redox activity of manganese; the cage can be made from 
reaction of either Mn(II) or Mn(III) acetate with trien in air, and the dien 
found must result from oxidation of trien ligands during the reaction. 

A similar arrangement of six manganese centers is found in [Mn704 
(O2CMe)lo(dbm)4]- (30) (dbm = the anion of dibenzoylmenthane), 
which is homovalent (90). The chelating dien ligands in 29 are replaced 
by dbm ligands, and dbm ligands are also found chelating to two of 
the four Mn(III) centers that make up the butterfly bodies. Eight of 
the ten acetates adopt bonding modes similar to those in 29, while the 
additional two acetates bridge in a 1,1,3-mode. The synthetic proce- 
dure is quite different, involving addition of NEt4C1 to a tetranuclear 
manganese(III) butterfly, [Mn402(O2CMe)6(py)2(dbm)2] in CH2C12. This 
transformation is both solvent-dependent and difficult to rationalize; in 
MeCN, the same reaction gives [Mn403Cl(O2CMe)3(dbm)3] (91). Mag- 
netic measurements indicate that 30 has a complicated spin structure, 
and it was not possible to conclude whether the ground state was S = 3 
or S = 4 based on preliminary magnetization studies. 

A heptanuclear manganese(II) cage, [Mn706(OEt)ls(HOEt)2], has 
also been crystallized from the reaction of anhydrous MnC12 with 
NaSb(OEt)4 by controlled hydrolysis in toluene-ethanol (92). The struc- 
ture contains a central Mn(II) center surrounded by a trigonal prism 
of six further Mn(II) atoms, with the cage held together by ~5- and 
~4-oxides, and/~3- and tt2-ethoxides. 
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The remaining heptanuclear manganese cages belong to the class of 
"metallocrowns." Six metal centers form part  of a macrocyclic complex 
ligand tha t  encapsulates the seventh metal. The earlier one is made 
from reaction ofmanganese(II) chloride, te t raethylammonium perman- 
ganate, and 2-hydroxymethylpyridine (Hhmp) in MeCN. The cationic 
species, [Mn C Mn6(OH)3C13(hmp)9] 2+ (31), is mixed-valent, with the 
metal centers within the metallocrown alternating between Mn(II) and 
Mn(III), while the encapsulated metal  is Mn(II) (93). This central Mn(II) 
is bound to oxygen donors derived from three hydroxides and three 
oxygens from hmp ligands. Each of these oxygens is shared with two 
further manganese centers from the wheel. The Mn(II) centers within 
the metallocrown are bound to one N and four O atoms, with a terminal  
chloride, while the Mn(III) centers are bound to two N and four O atoms. 
Magnetic studies indicate a high-spin ground state of either S -- 10 or 
S = 11. For either spin state, the fit of reduced magnetization plots re- 
quires a negative D-value of either -0.15 or -0.18 cm -1 respectively, 
which would indicate tha t  31 should be a SMM. However, no peak is 
observed in the out-of-phase a.c. susceptibility of this cage down to 2 K. 

Similar cages can be formed by reacting MnC12, Na(OMe), and Hdbm 
in MeOH, which gives [Na C Mn6(dbm)6(OMe)12] + (32) (94), as shown in 
Fig. 12, and [Mn C Mn6(dbm)6(OMe)12] (33) (95); the only difference in 

FIG. 12. The structure of [Na c Mn6(dbm)6(OMe)12] + (94). (Shading: Mn, hatched; 
O, dotted; Na, open; C, lines.) 
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the synthetic procedure is tha t  Na(BPh4) was added to the reaction, 
which gave 32. The structures consist of a metallocrown containing 
six Mn centers, each bound to one chelating dbm ligand, with each 
Mn. . .Mn vector bridged by two t~-OMe ligands. Six of these methoxides 
provide a cavity where the seventh metal, either sodium or manganese, 
is encapsulated. The magnetic properties of both cages are interesting. 
Cage 32 is homovalent, containing only Mn(III) centers, and ferromag- 
netic exchange is observed between the metals, giving an S -- 12 ground 
state. Magnetization measurements  indicate the presence of low-lying 
excited states with S < 12. 

Cage 33 is mixed-valent, and probably contains a net  three Mn(II) 
and four Mn(III) centers. The high, crystallographically imposed, sym- 
metry of the cage ($6) requires that  there be only two independent Mn 
si tes--the encapsulated manganese, which appears to be Mn(II), and 
the manganese sites, which form part  of the metallocrown. These sites 
are therefore required to be 1/3 Mn(II) and 2/3 Mn(III). It  is extremely 
unusual  to find electron-delocalized valence states of mixed-valence 
manganese cages; as this discussion illustrates, the majority belong 
to class I in the Robin-Day classification. This consideration, together 
with the UV-vis spectroscopy of 33, suggests tha t  static disorder effects 
are operating in the crystal lattice, creating the erroneous impression 
of electron delocalization. Interpretation of the magnetic data is dif- 
ficult when assignment of specific oxidation states to specific sites is 
impossible. Magnetization data are consistent with three sets ofparam- 
eters: (1) an S -- ~ ground state with g -- 2.36 and D = -0.34 cm-1; 
(2) an S = ~ ground state with g = 2.08 and D = -0.27 cm-1; (3) an 
S = ~ ground state with g = 1.86 and D = -0.21 cm -1. The authors 
prefer the S = ~ ground state; however, it is not even clear tha t  an iso- 
lated ground state will be found in such a complicated spin-frustrated 
system. 

It  is perhaps worth commenting tha t  the three metallocrowns, 31-33, 
are also rare cases in which polynuclear manganese cages are formed 
without the use of carboxylate ligands. These structures are related to 
other heptanuclear metal cages formed with iron, cobalt, and copper 
(see below). 

A final heptanuclear manganese cage, [Mn{Mn(L1)}6] 2+ (for L1 see 
Scheme 2), takes the metallocrown concept fur ther  toward metal- 
locryptands, and contains a Mn(II) center within a twisted trigonal 
prism of six further  Mn(II) centers (96). The cage is stabilized by a 
te t radentate  iminocarboxylate ligand, which binds to the equatorial 
sites of the manganese centers comprising the prism, with the second 
carboxylate oxygens binding either to axial sites of neighboring Mn(II) 
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centers of the prism or to the encapsulated Mn(II). No magnetic data 
are reported for this cage. 

The majority of octanuclear manganese cages are formed by dimer- 
ization of tetranuclear  butterflies, and their formation is perhaps the 
closest this chemistry has come to "designed synthesis": Not only 
was the type of reaction predicted, bu t  the resulting structure is also 
clearly related to the tetranuclear  "monomer." For example, (NBun4) 
[Mn402(O2CMe)7(pic)2] (pic = picolinate) reacts with one equivalent 
Me3SiC1, with removal of one acetate per tetranuclear  cage, followed 
by dimerization to give [MnsO4(O~CMe)12(pic)4] (97). The tetranuclear  
butterfly structures are maintained, and the major change is tha t  pi- 
colinate ligands, which are chelating via the ring N atom and one 
carboxylate oxygen in the te t ranuclear  cage, bridge to a second tetranu- 
clear unit  via the second carboxylate oxygen in the octanuclear cage. 
Alternatively, a bridging ligand can be added to replace the abstracted 
carboxylate; e.g., (NBun4)[Mn40~(O2CMe)7(dbm)2] reacts with Me3SiC1 
to give [Mn402(O2CMe)6(dbm)2], which can be linked through trans- 
1,2-bis(4-pyridyl)ethane (bpe) to give [MnaO2(O2CMe)6(dbm)2(bpe)]2 in 
which two butterflies are linked through the diimine ligand (98). A sim- 
ilar reaction with 4,4'-bipyridyl gives a polymer (98). Direct displace- 
ment  of monocarboxylates by dicarboxylates can also lead to dimer- 
ization; however, here the reaction is not so straightforward. Addition 
of 2,2-diethylmalonate (Et2mal 2-) to (NBun4)[Mn402(O2CMe)9(H20)] 
gives [MnsO4(O2CMe)12(Et2mal)2(H20)212-(34) (99), where the dicar- 
boxylates link the cages by chelating to a manganese site in one tetranu- 
clear fragment through O atoms in differing carboxylates, making a 
six-membered chelate ring, and to a manganese in the other fragment 
through both O atoms of a single carboxylate, making a four-membered 
chelate ring. A further bridging interaction is also provided by one of 
the oxide groups of the butterfly, which binds to a Mn body site in the 
other butterfly, hence becoming #4-bridging. The octanuclear cage is 
mixed-valent, containing six Mn(III) and two Mn(II) centers, whereas 
the precursor contains exclusively Mn(III) ions. The two Mn(II) sites 
are assigned as wing tip sites based on bond length considerations and 
the absence of Jahn-Tel ler  distortions at these sites. 

No magnetic studies of the picolinate-bridged cage were reported, 
and the interaction between the two tetranuclear  cages bridged by bpe 
in [Mn402(O2CMe)6(dbm)2(bpe)]2 is too small to be noticeable. For 34 
the magnetic moment could be fit from 2 to 300 K in a 10.0-kG field 
assuming only intra-butterfly interactions, which gave an S -- 5 ground 
state for each butterfly and no inter-butterfly coupling. However, the 
authors fit the reduced magnetization from 2 to 4 K using an S = 3 
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ground state with D = 4.92 cm -1. This value of D seems rather  large, 
and it is unclear whether  the magnetization data could have been fitted 
to a model of two noninteracting S = 5 centers with a smaller D value. 
It is also unclear why two subtly different, although not irreconcilable, 
models for the magnetic behavior are proposed in the same paper. 

I f  (NBun4)[Mn402(O2CPh)9(H20)] is treated with Me3SiC1, a homova- 
lent octanuclear Mn(III) cage is formed, but one which is not so 
clearly related to the tetranuclear precursor. The structure of (NBun4) 
[MnsO6C16(O2CPh)7(H20)2] (35) (100), shown in Fig. 13, contains an 
{Mn706C12} core, related to two {Mn403C1} cubes sharing an edge; how- 
ever, there are two oxides in the shared edge ra ther  than  one. These 
two oxides bridge to the eighth manganese center in the cage. The 
benzoate ligands are all 1,3-bridging. The cage shows two reversible 
electrochemical processes: a one-electron oxidation at 0.91 V and a one- 
electron reduction at  0.12 V (vs. ferrocene). Magnetic studies indicate 
an S = 11 ground state for 35, with a very small negative D value of 
-0 .04 cm-1. This small D value accounts for the absence of a peak in the 
out-of-phase a.c. magnetic susceptibility at  the temperatures measured 

FIG. 13. The structure of [MnsO6CI6(O2CPh)7(H20)2] (100). (Shading as in Fig. 12, plus 
C1, random shaded.) 
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(2.0--4.0 K). The formation of 35 should be compared with the quasi- 
designed synthesis tha t  gave the other octanuclear manganese cages. 
It shows that  disruption of the structure of a tetranuclear  cage can be 
sufficient to generate a larger complex without addition of ligands de- 
signed to bridge the fragments. The element of design is lost, but  the 
resulting cage, perhaps perversely, has more interesting magnetic and 
electrochemical behavior. 

A quite different approach has been adopted by Saalfrank and co- 
workers, and has produced two octanuclear manganese cages. Use of 
polydentate ligands, L2 and L3 (see Scheme 2), has led to two strikingly 
beautiful compounds. [MnsO2(L2)6] contains a trigonal prism of Mn(II) 
centers capped on the trigonal faces (101). Each of the six dianionic 
ligands binds to three manganese centers. The result  is a bis(triple- 
helicate) arrangement  of ligands about the metal core. [Mns(L3)s 
(HOPr)4], shown in Fig. 14, contains two differently sized Mn(II) 
squares with the same center, the large square being turned 45 ° rel- 
ative to the small one (102). The dianionic ligands again bridge three 
manganese centers. NMR studies of analogous, but  diamagnetic, zinc 
and cadmium cages indicate tha t  these structures are maintained in 
solution. No magnetic data are reported. 

The other octanuclear manganese cage known forms par t  of a s tudy 
of heterometallic alkoxides. (103). [MnsSb404(OEt)20] is made from 

FIG. 14. The structure of [Mns(L3)s(HOPr)4] (102). (Shading as Fig. 9.) 
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reaction of Na(OEt), Sb(OEt)3, and MnC12 in toluene. The oxides are 
all t~5-bridging, while both ~3- and ~2-ethoxides are present. Three 
Mn(II) sites are six-coordinate with distorted octahedral geometries, 
and two are five-coordinate with square-pyramidal geometries. The 
overall structure is perhaps best  described as two {Mn6Sb2} square 
antiprisms sharing a square face. 

The nonanuclear cage [Mn904(O2CPh)s(sal)4(salH)u(py)4] (36) 
(salH2 -- salicylic acid) (104) contains fragments tha t  can be recognized 
as te t ranuclear  butterflies; however, the synthesis is from the reaction 
of the oxo-centered triangle [Mn30(O2CPh)6(py)2(H20)] with salicylic 
acid in MeCN. Cage 36 contains a central {Mn(sal)4} 6- fragment, with 
an eight-coordinate Mn(II) center bound to the oxygen centers of four 
chelating carboxylates. Each of these carboxylate oxygens then bridges 
to Mn centers of the tetranuclear  {Mn402(O2CPh)4(salH)(py)} 3+ units 
that  sandwich this central fragment. The te tranuclear  units contain 
exclusively Mn(III) sites. The hydroxyl oxygens of the sal 2- ligands 
also bind to metals within the tetranuclear  units. The benzoate ligands 
act as 1,3-bridges within the butterflies. Cage 36 is therefore an early 
example of a "complex ligand," in this case {Mn(sal)4} 6-, bridging 
polynuclear cages. Very elegant modeling of the magnetic data for 36 
gave an S -- 3 ground state, with five excited states within 6 cm -1. This 
in turn  results in several states being thermally populated even at 4 K. 

The te tranuclear  cage (NBuna)[MnaO2(OuCPh)9(H20)] reacts with 
dibenzoyl peroxide to give a second nonanuclear cage, [Mn9Na207 
(O2CPh)Is(MeCN)2] (37) (100). Although the reagent  is an oxidizing 
agent, no oxidation state change is observed, as 37 contains only 
Mn(III). Similarly, [Mn30(O2CPh)6(py)2(H20)] reacts with PhIO to give 
[Mn907(O2CPh)13(py)2] (38) (105), which contains the same manganese 
core as 37--again  with no oxidation state change on reaction of a 
Mn(III) cage with an oxidizing agent. Finally, [Mn9K207(O2CCMe3)15 
(HO2CCMe3)2] (39), shown in Fig. 15, can be made from reaction of 
[Mn602(O2CCMe3)lo(THF)4] with permanganate  (82); however, here 
there is an oxidation state change from mixed-valent Mn(II)/Mn(III) 
in the hexanuclear cage to Mn(III) in the nonanuclear product. Com- 
pounds 37-39 have very similar arrays of manganese sites. If the alkali- 
metal  cations present  in 37 and 39 are included in the description, the 
polyhedron found in each case is very close to a centered icosahedron 
missing two vertices. No reversible redox processes were found in elec- 
trochemical studies of either 37 or 38. Magnetic studies of 37 conclude 
that  the cage has an S -- 4 ground state (99), with D = -0 .25  cm -1, 
with several low-lying excited states which complicate magnetization 
studies in high fields. 
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Fro. 15. The structure of [MnoK207(O2CPh)15(MeCN)2] (82). (Shading: Mn, hatched; 
O, striped; K, open; C, lines.) 

A nonanuclear manganese(II) 3 × 3 grid has also been reported. 
[Mn9(2poap)6] (for 2poap, see Scheme 2) contains a polydentate N,O 
donor with three "pockets" designed to bind to metal sites (106). Six 
such ligands bridge to create the planar metal  array. The magnetic 

5 ground state of the cage is S -- ~ owing to antiferromagnetic exchange 
between the Mn(II) centers. [Mn9(2poap)6] has an extremely rich elec- 
trochemistry, with five reversible redox waves found between +0.72 and 
+1.58 V (vs. SCE). The first wave is a four-electron oxidation, while each 
of the following waves corresponds to a one-electron oxidation. The most 
oxidized cage therefore corresponds to one Mn(II) and eight Mn(III) cen- 
ters; if this cage could be isolated, the magnetic properties might prove 
more interesting. 

The first decanuclear manganese cage reported was formed by aerial 
oxidation of a solution of Mn(CF3SO3)2 and N(CH2CH2NH2)3 (tren) in 
MeCN to give [Mn10014(tren)6] s+ (40) (107), shown in Fig. 16, which is 
mixed-valent containing four Mn(III) and six Mn(IV) centers. The cage 
consists of a planar core containing six octahedral Mn centers, with each 
octahedron sharing an edge with a neighbor. The 14 oxide ligands are 
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cry@ 
FIG. 16. The structure of [MnloO14(tren)6] s+ (107). (Shading: Mn, hatched; O, dotted; 

N, striped; C, lines.) 

found within this central raft. The four additional manganese centers 
are at tached above and below the raft, and are bound to four of the six 
tren ligands, with the final two tren ligands bound to the terminal Mn 
atoms of the raft. The cage displays no reversible redox behavior in the 
range 1.5 to -1 .5  V (vs. Ag/Ag+), and no detailed magnetic studies have 
been reported. 

The decanuclear cage [Mnl002C18{OCH2)3CMe}~] 2- (41) (108), re- 
ported by Zubieta and co-workers, is a direct analog of the equiva- 
lent cages made with vanadium and has the {MloO28} decametallate 
core with 18 of the bridging oxide sites replaced by alkoxides from the 
tripodal ligand and the eight terminal oxides replaced by chlorides 
(see Fig. 2). The cluster is mixed-valence, containing two Mn(II) and 
eight Mn(III) sites; the eight Mn(III) sites are those at tached to the 
terminal chloride ligands. The synthesis of the cage appears remark- 
ably straightforward--react ion of (NEt4)2[MnC14] with MeC(CH2OH)3 
in MeCN, followed by addition of MeOH, produces 41 in 50% yield. 
The magnetic properties have not been reported in detail, only a 
room-temperature moment  that  indicates antiferromagnetic exchange 
between the metal  centers. 

Two decanuclear cages have been reported using 2,2'-biphenoxide 
(biphen) as a ligand (Fig. 17). [Mn1004(biphen)4X12] 4- (X = C1, 42; 
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FIG. 17. The structure of [MnloO4(biphen)4X12] 4 (109). (Shading as in Fig. 16, plus 
C1, random shading.) 

X--Br ,  43) (109) can be made from reaction of appropriate man- 
ganese(II) halide with 2,2'-biphenol in the presence of a base (either 
tr iethylamine or te t ramethylammonium hydroxide); the bromide 
analog has been crystallized with four te t ramethylammonium coun- 
terions (43a) and with two [Et3NH] + and one [Mn(MeCN)4(H20)2] 2+ 
counterions (43b). In each case the structure of the cage consists of 
a central {Mn604} adamantane,  i.e., a tetrahedron of oxide ions with 
each edge containing a Mn center. Each oxide therefore binds to three 
Mn centers within the adamantane,  and also binds to a fourth Mn 
center, which creates a larger Mn4 tetrahedron outside this central 
adamantine core. The 12 halide ions have three distinct structural  roles: 
Four are bound terminally to the Mn centers of the external tetra- 
hedron; four are t~2-bridging between a Mn atom of the adamantane  
and a Mn of the tetrahedron; and the final four are t~3-bridging be- 
tween Mn centers within the adamantane.  Each of the four biphen 
ligands chelates to one Mn center of the adamantane,  then each 
O atom bridges in a t~2 fashion to an external Mn. The molecular struc- 
ture therefore has D2d symmetry, which is crystallographically imposed 
for 43b. As is usual for Mn cages, both 42 and 43 are mixed-valent. The 
four Mn(III) sites are the four metal  centers within the adamantane  
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that  do not lie on the principal rotation axis; the remaining sites are 
Mn(II). 

The magnetic properties of 42 and 43 have proved difficult to inter- 
pret (109). Susceptibility data alone do not differentiate between S = 
12, 13, or 14 ground states; however, EPR measurements  at 245 GHz 
support an assignment  of an S -- 12 ground state with D -- -0 .037 cm -1 
(8) for 43b and -0 .047  cm -1 for 42 (109). A single-crystal polarized neu- 
tron diffraction s tudy shows that  the spins of the four Mn(III) sites are 
aligned parallel, with the spins of four of the Mn(II) centers also aligned 
in this direction and the spins of two Mn(II) centers on the principal 
rotation axis aligned opposed to this direction (111). This would give 
S = 13, but  in the presence of spin frustration lower values of S are 
allowed, so S = 12 is not unreasonable. The negative D value means 
that  these cages are SMMs, albeit with very low energy barriers to re- 
orientation of the magnetization. This has been confirmed by a.c. sus- 
ceptibility, which gives Ea/k = 7.0 K, which is very close to the value 
calculated for DS 2 using the parameters  measured by high-frequency 
EPR (8). 

Two more recently reported decanuclear cages, [MnloOs(O2CPh)6 
(pic)s] (44) and [Mnl0Os(O2CPh)6(pic)6(dbm)2] (45) (112), can be made 
by dissolving the tetranuclear  cage [Mn402(O2CMe)6(pic)2(MeCN)u] in 
N, N1-dimethylacetamide, followed by dilution with CH2C12; the dif- 
ference in the two syntheses is that  the lat ter  compound requires 
addition of Hdbm to the reaction mixture. It is unclear why N,N'- 
dimethylacetamide should induce precisely this change in structure; 
the authors consider the good donor properties of the solvent impor- 
tant  in destabilizing the tetranuclear  butterfly precursor. It is worth 
contrasting this synthesis with the formation of the octanuclear cage 
[MnsO4(O2CMe)12(pic)4]; this required disruption of the structure of a 
butterfly cage by addition of a carboxylate-abstracting agent; however, 
the resulting structure is clearly a dimer of the precursor. Here the 
structural  t ransformation is more dramatic. The metal  cores of the two 
structures are identical, with an {MnloO8} 4+ core surrounded by the 
carboxylate ligands. The core can be described as two {Mn604} adaman- 
tanes sharing a Mn. . .Mn edge. The presence of the adamantane  frag- 
ment  relates 44 and 45 to the other decanuclear cages, 42 and 43. The 
magnetic properties of 44 and 45 are less interesting, however, with 
susceptibility studies indicating a diamagnetic ground state. All the 
metal  centers are Mn(III) in 44 and 45. 

The Christou group reported the only {Mn11} cage in 1991 (113). 
It was formed by disrupting the structure of a te tranuclear  but- 
terfly cage, [Mn402(O2CMe)7(bpy)2] +, by addition of Me,SiC1. The 
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structure of [MnllOloC12(O2CMe)ll(bpy)2(MeCN)2(H20)2] 2+ 46 (bpy= 
2,21-bipyridyl) has considerable aesthetic appeal. A linear trinuclear 
manganese core lies on a mirror plane and bridges between two 
{Mn403C1} heterocubanes. The bridges are provided by four tt3-oxides, 
each of which binds to two Mn centers of the trinuclear block and to 
one Mn from a cubane, and four carboxylates which bridge between 
the terminal Mn centers of the central fragment and Mn centers of the 
cubanes. The bpy ligands chelate to Mn centers within the cubanes. No 
properties were reported for 46. 

A dodecanuclear manganese(II) cage, [Mn12(OH)4(L4)6(O2CMe)2], 
was reported by Tuchagues and co-workers in 1988 (114), using a binu- 
cleating Schiff-base ligand (L4, see Scheme 2) formed by condensation 
of 2,6-diformyl-4-methylphenol with two equivalents of 2-aminophenol. 
Each pentadentate L4 ligand binds to two Mn(II) centers, with the phe- 
nol oxygens bridging to further Mn(II) centers, generating a cyclic belt- 
like structure. Magnetic susceptibilities studies indicate antiferromag- 
netic coupling between the metal centers, giving a diamagnetic ground 
state for the cage. 

This very beautiful structure has been largely overlooked because of 
the fascinating magnetic behavior of the other structural type found 
for dodecanuclear manganese cages. Lis first reported this structure 
in 1980 (14), but significant work on these cages dates from a report 
in 1988 by Christou, Hendrickson, and co-workers (115). In a recent 
paper, Yoo et al. list forty-six papers describing studies of these (Mn12} 
cages (116); this list is unlikely to be exhaustive. Given this level of 
interest, it is impossible to review all this work within a more general 
review; the following merely summarizes the major points of interest 
to chemists, without attempting to explain the controversial aspects of 
the quantum phenomena displayed by these extraordinary molecules. 
Given the level of excitement, it is reasonable to describe these {Mn12} 
cages as the coordination chemists' fullerenes. 

The cages have the general formula [Mn12012(O2CR)16(H20)4], shown 
in Fig. 18, with cages known for a wide range ofcarboxylates (2, 14, 117). 
The Christou and Hendrickson groups have also prepared, isolated, and 
studied the cages in three different oxidation states--neutral, mononeg- 
ative (118), and dinegative (119)--and a heterometallic [Fe4Mn8012 
(O2CMe)ldH20)4] cage (120). While the majority of physical studies 
have concentrated on the neutral [Mn12012(O2CMe)16(H20)4] (47) cage, 
the availability of other derivatives of this cage has given much insight 
into why this specific family of cages displays such unusual magnetic 
behavior. 
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FIG. 18. The structure of [Mn12012(O2CR)16(H20)4] (14). (Shading as in Fig. 16.) 

43 

The common structure for this family of cages consists of a {Mn404} 
heterocubane surrounded by an octanuclear manganese wheel, bridged 
by carboxylates and oxide ligands. The central heterocubane contains 
exclusively Mn(IV) sites, while the octanuclear wheel contains eight 
Mn(III) sites. Where the cages are redox-active, the reduction sites are 
the external Mn(III) centers (117), which means that  the mono- and 
dinegative cages contain three oxidation states--Mn(II) ,  Mn(III), and 
Mn(IV). Neither  the {Mn404} cubane nor the octanuclear manganese 
wheel can be found in isolation for this metal, although close struc- 
tural  analogs to each fragment are known for other elements; e.g., the 
octanuclear vanadium and chromium wheels (2 and 19) resemble the 
wheel in these {Mnl2} cages. 

The compounds are remarkably straightforward to make. Cage 47 
can be made in ~80% yield by reaction of manganese(II) acetate with 
potassium permanganate  in acetic acid (2). While other cages can be 
made directly by use of other manganese carboxylates in this compro- 
portionation reaction, they are more easily made by simple ligand ex- 
change of the carboxylates of 47. Thus, reaction of 47 with a 100% excess 
of benzoic acid subst i tutes most (but not all) of the acetates, while re- 
peating the reaction a second time leads to the completely exchanged 
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product [Mn12012(O2CPh)16(H20)4] (48) (2). The cages with other car- 
boxylates can be made in a similar manner. 

Cage 47 has an S - - 1 0  ground state, which arises because the 
antiferromagnetic exchange between the Mn(III) and Mn(IV) cen- 
ters is stronger than the antiferromagnetic exchange between either 
Mn(III)-Mn(III) or Mn(IV)-Mn(IV). This leads to the spins on the met- 
als of the central cubane being aligned parallel with each other but  
antiparallel to the spins on the metals  of the wheel. However, in such 
a complex system other ground states can be found; for example, 48 
has an S = 9 ground state in zero-field, but  S = 10 in field. The S = 10 
ground state is highly anisotropic, with D values of around -0 .5  c m  -1. 
This leads to the M~ = ~:10 being lowest in energy in zero-field. When 
cooled in a magnetic field, only one of these levels will be occupied and 
there will be a significant energy barrier  to reorientation of the mag- 
netization. Therefore, the cage behaves as a single molecule magnet, 
with very slow relaxation of magnetization in the absence of a field at 
sufficiently low temperatures.  

These cages were the first of the SMMs to be discovered, and remain 
the most heavily studied. The observations of steps on hysteresis loops 
of magnetization vs. field indicate the occurrence of quantum tunneling 
between Ms levels as an alternative to thermal relaxation ofmagnetiza- 
tion (12, 13). This has allowed physicists to s tudy the mechanism of the 
quantum tunneling of magnetization, offering an opportunity of testing 
theory against  experiment tha t  has proved difficult in other systems. 

The ability to vary the carboxylate in the {Mnl2} cages creates 
many possibilities for systematic s tudy of these materials. The large 
anisotropy of the spin in the cages results, in the main, because the 
Jahn-Tel ler  axes for all the Mn(III) centers in the cage are aligned par- 
allel. The Christou/Hendrickson groups have demonstrated that  vari- 
ation of carboxylate and even lattice solvation can change the relative 
orientations of these Jahn-Tel ler  axes, producing cages with a lower 
energy barrier to reorientation of the magnetization (117). Unfortu- 
nately, it appears tha t  the original systems were optimized, and no 
increase in the energy barrier  has yet been found, either in these cages 
or in the other SMMs. The ability to replace acetate in 47 with other 
carboxylates also allows introduction of long-chain carboxylates, which 
allows processing of SMMs into Langmuir-Blodget t  films. 

The monoreduced cages have been less intensively studied, but  are 
also SMMs (118). They have been made with a more limited range 
of carboxylates, only benzoate and propionate. The ground states are 
S -- ~ ,  with D values of around -0 .43  c m  -1, and the energy barrier  
to reorientation of the spin is slightly lower than that  for the neutral  
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species, with Ea/k of ~57 K. Quantum tunneling has again been ob- 
served, which was unexpected in the absence of an external field in a 
system with an odd number of unpaired electrons. However, the nu- 
clear spins on the Mn centers generate a considerable internal mag- 
netic field, which may make tunneling allowed. The heterometallic 
cage [Fe4MnsO12(O2CMe)16(H20)4] has much less interesting magnetic 
properties, with Fe(III) ions replacing Mn(III) ions in the octanuclear 
wheel (120). The ground state appears to be S = 2, which is probably 
too low for phenomena associated with SMMs to be observed at  mea- 
surable temperatures.  The dianionic members of the family reported, 
[Mn12012(O2CCR)16(H20)4] 2- [ R = CHC12, C6F5, C6H3(NO2)2], require 
electron-withdrawing carboxylate groups to stabilize the lower oxida- 
tion states. The spin ground state of [Mn12012(O2CCCHC12)~6(H20)4] 2- 
is S = 10, and the axial zero-field splitting was found to be -0.27 cm -1. 
Therefore, comparing the three oxidation states, the ground state spins 
are {Mn12}, S = 10; {Mn12}-, S 19. = y ,  {Mnl2} 2-, S -- 10. The D value 
declines as the cage is reduced, from about -0.5 cm -1 for the neutral  
species to about -0 .3  cm -1 for the dianion; this may reflect the replace- 
ment  of Mn(III) centers by Mn(II) centers in the reduced compounds. 

Several larger manganese cages are known. A tridecanuclear cage, 
[Mn13Os(OEt)6(O2CPh)12] (49), has perhaps the most appealing struc- 
ture (121), which is shown in Fig. 19. It is a supercubane, containing 
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Fro. 19. The structure of [Mn13Os(OEt)6(O2CPh)12] (121), with phenyl groups excluded 
for clarity. (Shading: Mn, hatched; O, open; C, lines.) 
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eight cubanes arranged in a cube. The central manganese site is a 
Mn(IV) center, and is shared by all eight cubanes. The 12 surround- 
ing Mn centers are half  Mn(III) and half  Mn(II), and can be assigned 
because the Mn(III) sites show a Jahn-Tel ler  elongated coordination 
geometry. Six oxides are found at the centers of the faces of the cube, 
and are tL5-bridging, while two oxides and six ethoxide oxygens are t~3- 
bridging at the corners of the supercubane. The 12 benzoates are all 
1,3-bridging between pairs of Mn sites on the faces of the supercubane, 
with two carboxylates per face. The magnetic properties of this cage can 
be interpretated as due to an S -- ~ ground state with D -- 0.33 cm -1. 
The synthesis of this cage involves two distinct steps: (1) addition of 
te t ramethylammonium hydroxide to a mixture of Mn(O2CPh)2.2H20 
and biphen in MeOH/THF followed by evaporation to dryness; (2) crys- 
tallization of the resulting red-brown material  from THF/EtOH/CH2C12. 
The presence of ethoxide in the structure suggests that  49 forms dur- 
ing the crystallization step as tha t  is the only stage where ethoxide is 
present. 

A hexadecanuclear manganese cage, [Mn16BasNa2C104(OH)4(CO3)4 
(H20)22(L5)s] (where L5 = 1,3-diamino-2-hydroxypropane-N,N' ,N~,N 1- 
tetraacetic acid), has been the subject of a U.S. patent  (122), but  no 
structure or magnetic properties have appeared in the open litera- 
ture. Two octadecanuclear cages have been reported. The earlier in- 
volves reaction of the butterfly cage (NnBu4)[Mn402(O2CPh)9(H20)] 
with the monopotassium salt of phthalic acid in MeCN. Phthala te  
(phth) displaces benzoate, and slow concentration of the solution gives 
[MnlsO16(O2CPh)22(phth)2(H20)4] 4- (50) (123), as shown in Fig. 20. The 
structure is complicated, and can be described as a central region con- 
taining three {Mn402} butterflies sharing body vertices, which gives 
an {MnloO6} "raft." This section links together two {Mn403} fragments 
where the Mn centers describe te t rahedra  that  are bridged on two faces 
by tt3-oxides and on the opposite edge by one further oxide. This ox- 
ide binds to the wingtip Mn site of the central {Mn402} butterfly of 
the raft, and is therefore also t~3-bridging. The benzoates all act as 
1,3-bridging ligands and the two phthalates are t~4-bridging. All 16 ox- 
ides are ~3-bridging. The magnetic properties of 50 show a diamagnetic 
ground state, indicating that  antiferromagnetic exchange between the 
18 Mn(III) centers dominates. 

The other octadecanuclear cage, [MnlsO14(OMe)14(O2CCMe3)s 
(MeOH6] (51), is mixed-valent, with a net fourteen Mn(III) and four 
Mn(II) sites (124); the core is shown in Fig. 21. The cage is made by 
mixing manganese(II) chloride, sodium pivalate, and Na(mhp) (mhp = 
the anion of 6-methyl-2-hydroxypyridine) in MeOH, which gives a 
brown precipitate. Extraction of this precipitate with hot MeOH gives 
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FIG. 20. The structure of [MnlsO16(O2CPh)22(phth)2(H20)4] 4- (123), with phenyl 
groups of benzoate ligands excluded for clarity. (Shading: Mn, hatched; O, striped; 
C, lines.) 

a very pale solution from which crystals of 51 grow after two weeks. 
The structure consists of a central cubane capped on each face by a 
further cubane, generating a heptacubane (Mn16014(OMe)2] core. Of 
the fourteen oxides, four are t~6-, two are tL4- and eight are ~3-bridges, 
while both methoxides are t~3-bridges. Twelve of the metal sites show 
some form of Jahn-Tel ler  distortion typical of Mn(III), while the 
remaining four sites need to be mixed-valent owing to charge-balance 
considerations. However, structural parameters do not distinguish 
between the sites and it appears they are a mixture of two Mn(II) and 
two Mn(III) sites. Whether this reflects genuine electron delocalization 
or static disorder in the crystal lattice is debatable. The two additional 
metal sites, which are attached to the heptacubane by ~4-bridging 
oxides, are clearly Mn(II). The pivalate ligands all act as 1,3-bridges. 

D. IRON 

The studies of high-nuclearity iron cages were originally motivated 
by a desire to unders tand biomineralization processes and the form of 
iron found in the iron-storage protein ferritin. Therefore, many of the 
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FIG. 21. The Mn--O core of [MnlsO14(OMe)14(O2CCMe3)8(MeOH6] (124). (Shading as 
in Fig. 20.) 

most important early papers were published by bioinorganic groups, 
especially that of Lippard. As with manganese, a very broad range 
of structures has been found. In contrast to manganese, diamagnetic 
ground states are much more common for iron cages, especially those 
with even numbers of metals, and homovalent cages tend to be the rule 
with Fe(III), the predominant oxidation state. 

The earliest hexanuclear iron complexes reported contain two {Fe30} 
carboxylate-bridged triangles linked by two tz2-hydroxide to form a pla- 
nar {Fe602(OH)2} unit. G~rb~l~u and co-workers reported the deriva- 
tive with pivalate ligands (125), followed closely by a report by Micklitz 
and Lippard of the benzoate analog (126). Magnetic studies of the ben- 
zoate analog show a diamagnetic ground state. Lippard and co-workers 
also demonstrated that oxo-centered iron triangles could be linked by a 
/z4-peroxide, to give a planar cage, [Fe6(O2)O2(O2CPh)12(H20)2] (127). 
Very recently, pivalate and trifluoroacetate analogs of the peroxide- 
bridged cage have been prepared with a variety of monodentate ligands 
attached to the terminal Fe sites of the triangles (128). These cages 
have been studied as mediators in the Gif-like oxygenation of organic 
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substrates by O2/Zn. Much more extraordinary is the trigonal-prismatic 
cage, [Fe6(O2)302(O2CMe)9]-, shown in Fig. 22, made by reaction of 
hydrogen peroxide with basic iron acetate (129). The cage contains two 
oxo-centered iron triangles arranged in a face-to-face fashion, forming 
a trigonal prism, with three ~2-t~4-peroxides placed within each rectan- 
gular face of the prism. Each of the nine edges of the trigonal prism 
is bridged by a tt2-acetate. The magnetic data on this cage indicate an 
S = 1 ground state for the cage. 

Further hexanuclear cages have been reported by Hendrickson 
and co-workers, using polydentate ligands featuring N-heterocycles. 
Reaction of 1,1-bis(N-methylimidazol-2-yl)-l-hydroxyethane (bimOH) 
with [Fe30(O2CMe)6(py)3](C104) in MeCN, followed by crystallization 
from CH2C12, gives [Fe602(OH)2(O2CMe)lo(bimO)2] (52) (130), where 
the hydroxy diimidazole ligand has displaced a terminal pyridine 
and a bridging carboxylate group from the original oxo-centered 
triangle, while two tt2-hydroxides and four 1,3-bridging carboxy- 
lates now bridge two triangles into a hexanuclear cage. A very 
similar cage, [Fe602(OH)2(O2CMe)lo(mimO)2] (53) (131), results i f  
2-(N-methylimidazol-2-yl)-2-hydroxypropane (mimOH) is used in this 
reaction. Reaction of 2-hydroxymethylpyridine (Hhmp) with hydrated 

FIG. 22. The structure of [Fe6(O2)302(O2CMe) 9] (129). (Shading: Fe, hatched; O, open; 
C, lines.) 
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iron(III) chloride in MeCN gives a further hexanuclear cage, [Fe602 
(hmp)8C14] (54) (131). This cage also has a core involving two bridged 
{Fe30} triangles. Magnetic studies of these cages il lustrate the com- 
plexity tha t  can result  in such compounds. Whereas the earlier hex- 
anuclear cages studied have diamagnetic ground states, 52 and 53 
have S -- 5 ground states while 54 has an S -- 3 ground state. Spin 
frustration in these complexes means  that  although antiferromagnetic 
exchange is found between every pair  of Fe(III) centers, the resulting 
spin ground states can still vary dramatically. 

Hegetschweiler and co-workers have made a series of octahedral 
iron(III) cages based on the {M6019} hexametallate core. [Fe60 
(OMe)ls] 2- (132) can be made by addition of sodium methoxide to 
a solution of anhydrous FeCI 3 dissolved in MeOH, while two cages 
are known with tripodal tris(alkoxide) ligands, [Fe60{(OCH2)3Et}6] 2- 
(133) and [Fe60{(OCH2)3Et}3(OMe)3C16] 2- (134). The yield of the 
homoleptic cage is ra ther  low (one crystal!); however, the mixed-ligand 
cage could be made in 20% yield by reaction of anhydrous FeC13 with 
(HOCH2)3Et in MeOH in the presence of [NMe4](OH) as a base. These 
cages are very similar to the hexavanadium cages reported by Zubieta 
(see above), with a central #6-oxide surrounded by an octahedron 
of iron(III) centers, while the remaining oxygen atoms of the hexa- 
metallate structure are provided by the alkoxide or chloride ligands. 
Magnetic studies show antiferromagnetic exchange between the Fe(III) 
centers, leading to diamagnetic ground states for these cages (134). 

Fur ther  octahedral iron cages result  from reaction of oxo-centered 
iron(III) triangles with Hhmp in MeCN. [Fe602(O2CR)6(hmp)6] 2+ cages 
result  for R = Ph and CMe3 (135). Here, two {Fe30(O2CR)3} trian- 
gles are linked by hmp ligands, with an oxygen of each hmp ligand 
tt2-bridging each Fe. . .Fe vector of the triangle while the pyridine ni- 
trogen binds to an Fe atom in the second triangle. The cages therefore 
have noncrystallographic $6 symmetry. Magnetic studies of these octa- 
hedral Fe cages indicate that  they have S = 0 ground states owing to 
antiferromagnetic exchange between the metal centers. 

A rare example of a high-nuclearity Fe(II) cage is formed when an- 
hydrous iron(II) chloride is reacted with NHEt2 and CO2 in toluene 
(136). [Fe(O2CNEt2)2]6 forms in good yield with a structure having the 
six Fe(II) centers arranged in an edge-sharing bitetrahedron. Six of 
the carbamate ligands are 1,3-bridging, four are 1,1,3-bridging, and 
two are 1,1,3,3-bridging. The iron sites are a mixture of five- and six- 
coordinate. Similar manganese and cobalt cages have been reported. 
Hydrolysis of the isopropyl derivative has led to an octanuclear Fe(II) 
cage, [FesO2(O2CNipr2)12] (136). This cage contains two oxo-centered 
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{Fe4} tetrahedra,  bridged by carbamate ligands. The iron sites are ei- 
ther four- or five-coordinate, and the carbamate ligands show both the 
1,3- and 1,1,3-bridging modes. 

The hexanuclear cage [NaFe6(OMe)12(dbm)6] + (55) (137) is closely 
related to 32; however, the iron analog of 33, where the transition 
metal  is also found at the center of the metallocrown, has not been re- 
ported. Cage 55 is made from anhydrous FeC13 reacted with Hdbm and 
Na(OMe) in MeOH. The ground state is diamagnetic. Larger wheels 
involving {Fe(dbm)} bridged by methoxide have also been reported 
when sodium is replaced by potassium or cesium. [Fe(OMe)2(dbm)]12 
(138) contains a twisted cyclic structure, which appears to be a compro- 
mise between the requirements of a regular dodecagon (where each 
Fe . . .Fe . . .Fe  angle would be 150 °) and the preferred angle in edge- 
sharing octahedra (120°). The ribbon structure is unprecedented. Mag- 
netic studies reveal an S = 0 ground state for both these cages. The 
dodecanuclear wheel reacts readily with sodium and lithium ions to 
form 55 (139). 

Control of the size of metallocrowns has also been reported for cages 
made with the ligands tr iethanolamine and N-methyldiethanolamine. 
Reaction of the former ligand with FeC13 in THF in the presence of 
either Na i l  or LiH gave [MFe6{OCH2CH2)3N}6]CI (56) (M = Li or Na) 
(140). The cage contains six iron centers at  the corners of a regular 
hexagon, bridged by alkoxide oxygens from the tripodal ligand. Six of 
these oxygens line the inside of the cage, creating a cavity for incorpora- 
tion of the alkali-metal ion. Use of Cs2CO 3 leads to an octanuclear cage, 
[CsFes{OCH2CH2)3N}s]C1 (57) (140), which has an octagon of Fe(III) 
centers in the metallocrown, encapsulating the larger Cs cation. Clearly 
the alkali metal  is templating the formation of one cage rather  than the 
other. With N-methyldiethanolamine, reaction with FeC13 in THF in the 
presence of Cs2CO3 leads to an empty cage, [Fe6C16{OCH2CH2)2NMe}6] 
(140), with bridging between Fe centers similar to tha t  in 56, but  with 
six terminal chloride ligands attached to the six Fe sites. 

Use of a bis(bipyridine) ligand has also generated a hexanuclear 
iron(III) cage, [Fe604C14(O2CPh)4(L6)2] 2+ (141), where L6 = 1,2-bis(2,2'- 
bipyridyl-6-yl)ethane. This cage contains an {Fe4Oa} ladder at its core, 
with two further  Fe(III) centers attached to the external oxides of the 
ladder. These final iron sites are tetrahedral ly coordinated to two ter- 
minal chlorides, the  bridging oxide, and an oxygen from a 1,3-bridging 
carboxylate. Each of the bis(bipyridine) ligands binds to two iron cen- 
ters of the ladder. The ground state for this cage is diamagnetic. 

A further hexanuclear cage has been reported simultaneously by two 
different groups (142, 143), using N-(2-hydroxypropyl)iminodiacetic 
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acid (hpida), which is a ligand very similar to those used previously 
by Heath  and Powell to make much larger iron cages (see below). The 
six Fe(III) sites in [NaFe6(hpida)603] + lie at the corners of a distorted 
trigonal-prism. A carboxylate group bridges each edge of the trian- 
gles of the prism, while oxides bridge the edges linking the triangles. 
Carboxylate oxygen atoms also form a trigonal-prismatic cavity where 
the sodium ion is encapsulated. The cage therefore acts as a metal- 
locryptand. Magnetic studies indicate that  the cage has a diamagnetic 
ground state owing to strong antiferromagnetic coupling between the 
iron sites bridged by oxides. 

A mixed-valent heptanuclear  iron complex has recently been re- 
ported using the the anion of bis(2-pyridylcarbonyl)amine (bpca) 
as the chief ligand (144). A mononuclear complex of this ligand, 
[Fe(bpca)C12(EtOH)], is reacted with NaOH to give a trinuclear anionic 
Fe(III) cluster, [Fe30(bpca)2C14(EtO)2]-, in which a T-shaped iron array 
is bridged by a/~3-0xide and two/~2-ethoxides. Reaction of this cage with 
[Fe(H20)6] 2+ gives a heptanuclear  cage, [Fe{Fe30(bpca)2C14(EtO)2}2 
(EtOH)2]. Magnetization studies suggest an S -- 6 ground state. 

The oldest octanuclear Fe(III) cage is also the iron cage with the 
most heavily studied magnetic properties. [Fes(O)2(OH)12(tacn)6] s+ (58) 
(tacn -- 1, 4,7-triazacyclononane), shown in Fig. 23, was first reported 

FIG. 23. The structure of [Fe8(O)2(OH)12(tacn)6] s+ (145). (Shading: Fe, hatched; O, 
dotted; N, striped; C, lines.) 
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by Wieghardt and co-workers in 1984 (145). The cage was made by 
hydrolysis of[FeC13(tacn)] at pH 9 in the presence of bromide. The struc- 
ture consists of a planar octanuclear iron core, bridged by two tt3-oxides 
and twelve t~2-hydroxides. The iron atoms can be considered to be a cen- 
tral {Fe402} butterfly capped on each edge by a further  Fe(III) center. 
The six tacn ligands bind in a tr identate fashion to all the iron atoms 
except the two Fe(III) atoms at the body of the butterfly. 

Later  magnetic studies indicated an S = 10 ground state (146) with 
slow relaxation of the magnetization at low tempera ture  (5); 57 is a 
SMM (29). The S -- 10 state arises because the spin on the two Fe(III) 
sites at the wingtips of the central butterfly are aligned antiparallel to 
the spins at the other six Fe(III) centers. Polarized neutron diffraction 
experiments are in agreement with this picture. High-field EPR (147) 
and inelastic neutron scattering experiments (148) have allowed deriva- 
tion of all the zero-field splitting parameters,  including the convention- 
ally considered quadrupolar  terms D and E, as well as hexadecupolar 
terms B4 °, B42 and B44. E is nonzero in 57, which leads to mixing of 
Ms states tha t  differ in Ms by ±2. This leads to a more complicated 
manifold of spin states than in the {Mn12} SMMs. Hysteresis  in mag- 
netization vs. field plots are observed below 1 K (5), and steps indicative 
of quantum tunneling are observed on these plots. The contribution of 
nuclear hyperfine fields to quantum tunneling can be demonstrated for 
58 by substi tut ion of natural-abundance Fe in the cage with 57Fe (I -- 5) 
(149); this increases the rate of relaxation of the magnetization by quan- 
tum tunneling by increasing the intrinsic width of the tunnel splitting. 
Deuterat ion of the hydroxide sites of 58 reduces the hyperfine field, 
thereby reducing the width of the tunnel splitting and slowing the re- 
laxation rate. Therefore, 58 is an excellent subject for studying these 
fundamental  physical phenomena. 

Replacement of the macrocyclic tr identate amine ligand tacn by 
the tripodal amine ligand tren leads to another octanuclear cage, 
[FesO5(O2CMe)s(tren)4] 6+ (59) (150). Cage 59 can be made by passing 
oxygen through a colorless slurry containing [Fe(tren)(O2CMe2] and 
Fe(CF~SO3)2 • 2MeCN in butyronitrile. The structure has noncrystallo- 
graphic $4 symmetry. There is a central {Fe40} square, with each edge 
of the square bridged by an acetate ligand and an oxide, which alter- 
nate in being either above or below the plane of the square. The oxides 
bridge to the four further Fe(III) centers, which are bound to the triden- 
tare tren ligands. Each of the final four acetates bridges between one 
Fe(III) of the square and an external Fe(III) site. Preliminary magnetic 
studies indicate tha t  antiferromagnetic exchange dominates, but  that  
either the ground state or a low-lying excited state is paramagnetic. 
NMR studies reveal that  the structure is maintained in solution. 
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A further cage with S4 symmetry, this time crystallographically 
imposed, is [Fe804(bmdp)4(OH)4(O2CMe)4] (151)(Hbmdp=N,N,N I- 
tris((N-methyl)-2-benzimidazoylmethyl)-N'-methyl- 1,3-diamino-2-pro- 
panol; see Scheme 2). This cage was made by reaction of hydrated 
iron(III) nitrate with the polydentate ligand in water/acetone followed 
by addition of sodium acetate. This gives a tetranuclear  tetracation. 
Metathesis  of the anion with tetrafluorborate leads to formation of 
the octanuclear cage. The Fe(III) centers lie on a square, with four 
centers at  the corners and four at  the midpoints of the edges. The 
Fe-. .Fe vectors are bridged al ternately around the square by either 
a 1,3-bridging acetate and an alkoxide oxygen from bmdp, or by a 
t~2-oxide. No magnetic data are reported for this cage. 

A cage of still higher symmetry is formed from reaction of anhydrous 
FeC13 with pyrazolate. [FesO4(pz)12C14] (60) (67) (Hpz -- pyrazole) has a 
central {FetO4} heterocubane, with each oxide binding to an additional 
Fe(III) center; the oxides are therefore ~4-bridging and the additional 
Fe centers form a second Fe te t rahedron around the first. Each contact 
between an Fe within the cubane and an external iron is bridged by a 
pyrazolate ligand, and each external iron has a terminal chloride at- 
tached. The cage therefore has noncrystallographic T symmetry. There 
is considerable resemblance to the octanuclear chromium benzoate cage 
18. The magnetic properties of 60 are not reported; however, the electro- 
chemical behavior is extremely interesting. Three reversible reductions 
are observed between -0 .43  and -1 .07  V (vs. ferrocene/ferrocenium). A 
fourth reduction is irreversible at  285 K, but  becomes quasireversible 
at  lower temperatures.  Coulometry is not reported, so it is not clear 
whether  these are one- or two-electron reductions. 

An octanuclear Fe(III) compound, [Fe804(OCH2CCMe3)2(O2CPh)14 
(HOCH2 CCMe3)2] (152) with an iron-oxo core based on an edge-sharing 
bitetrahedron, has recently been reported, bridged by oxide, alkoxide, 
and carboxylate ligands. The cage was made by reaction of the oxo- 
centered iron benzoate triangle with neopentanol in toluene. At the 
center of the cage six Fe(III) centers are arranged in a bitetrahedron, 
with a ~4-oxide at the center of each tetrahedron. The two centers in 
each tetrahedron that  are not in the shared edge are bridged by further  
oxides, which also bridge to the final iron centers in the polyhedron; 
these are therefore tL3-oxides. The carboxylates bridged in a typical 1,3- 
fashion, while the alkoxides are either t~2-bridging or terminal. Mag- 
netic studies reveal antiferromagnetic exchange, leading to an S = 0 
ground state. 

Reaction of FeC13 with Na(O2CR) (R = Ph or Me) and Na(hmp) in 
MeOH gave further octanuclear cages, [Fe8Oi(O2CPh)ll(hmp)5] (61) 
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and [FesO4(O2CMe)12 (hmp)4] (62) (135). The two structures are clearly 
related, involving four {Fe30} triangles linked either through a single 
Fe atom or through a shared Fe2 edge. The shared edge is at the cen- 
ter of the cage, creating an {Fe402} butterfly. In 61 the two terminal 
triangles are anti about the central butterfly, while in 62 they are syn. 
The carboxylates adopt their usual 1,3-bridging mode, except for one 
benzoate in 61, which is present as a terminal ligand. The hmp groups 
all chelate to one Fe center, and bridge to a second via the O atom. 
Cage 61 has an S = 0 ground state, while magnetic studies for 62 were 
not reported. 

A nonanuclear iron cage, [Fe90(cit)s(H20)3] 7- (63) (cit = citrate), has 
been reported (153) by Bino et al. from reaction of iron(III) nitrate, 
sodium citrate, and 2,9-dimethyl-l,10-phenanthroline (neocuproine) in 
water; the neocuproine is protonated during the reaction and acts as 
the counterion on crystallization. The pH of the solution is 2.2-2.3. 
The structure consists of three parallel {Fe3} units tha t  form a slightly 
distorted trigonal prism. Each exterior plane is connected to the cen- 
tral fragment by three te t radentate  cit 4- ligands, and is also capped 
by a further citrate. The central plane has a typical oxo-centered trian- 
gle structure, with a central t~3-oxo group surrounded by three Fe(III) 
atoms, with each Fe.- .Fe edge bridged by two carboxylates from citrate 
groups. The external planes have {Fe304} cores, with the O atoms sup- 
plied by the alkoxide groups of the deprotonated citrates. The remaining 
coordination sites on the Fe atoms are occupied by terminal carboxy- 
lares. No magnetic data are reported; however, MSssbauer spectroscopy 
supports stronger magnetic exchange within the central plane than 
within the exterior planes. 

The first decanuclear iron(III) cage reported was the "ferric wheel," 
reported by the Lippard group and shown in Fig. 24. This cage 
has the formula [Fe(OMe)2(O2CCH2C1)]10 (64) (154). Similar cages 
have since been reported with other carboxylates: acetate (155) and 
3-(4-methylbenzoyl)propionate (156). The original preparation involves 
reaction of the oxo-centered triangle of chloroacetate and hydrated 
iron(III) ni trate in MeOH; however, later reports suggest that  direct 
reaction of iron(III) nitrate with the sodium salt  of the carboxylate 
and sodium methoxide in MeOH can also be used. The structure con- 
sists of a decanuclear wheel, with each Fe-. .Fe edge bridged by one 
1,3-bridging carboxylate and two tt2-methoxides. Magnetic studies of 
these wheels all show antiferromagnetic exchange, leading to an S = 0 
ground state in zero-field (154). However detailed studies of 64 at 0.6 K 
have shown that  states of higher spin multiplicity become the ground 
state as the external field is increased. Thus at 4.6 T, a component of an 
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FIG. 24. The structure of [Fe(OMe)2(O2CCH2C1)]lO (154). (Shading as in Fig. 23, plus 
C1, open.) 

S -- I state becomes the ground state; then at higher field sequentially 
S -- 2, 3, 4, 5, 6, 7, 8, and 9 states could be made lowest in energy. The 
highest field reported was 50 T. 

[FeloO4(OMe)16(dbm)6] (65) (157a) can be made from a process very 
similar to that  which gives the metallocrown 52: reaction of FeC13 with 
Hdbm and Na(OMe) in MeOH. The yield of 65 is poor. The structure 
consists of three layers of a cubic-close-packed array of oxygen atoms, 
with five Fe(III) ions occupying octahedral holes between each of the 
layers. The five Fe(III) sites in each case describe a trapezium. The 
magnetic behavior of 65 indicates a low spin, probably S -- 0 ground 
state, which results from antiferromagnetic exchange between the iron 
centers. The same core has also been reported coated in methoxide and 
chloride (157b). 

In [Fel0Na206(OH)4(O2CPh)lo(chp)6(H20)2(Me2CO)2] (66) ( chp=6-  
chloro-2-pyridonate) (155), shown in Fig. 25, antiferromagnetic ex- 
change is also dominant, but  a very high spin ground state of around 
S = 11 or ~ results. Cage 66 can be made by reaction of [Fe2OC16] 2- 
with Na(chp) and Na(O2CPh) in MeCN, followed by crystallization 
from acetone/ether. The {FeloOlo} core is perhaps best described as 
two {Fe606} hexagonal prisms sharing a square face. The complicated 
structure and mixture of bridging groups present make modeling the 



HIGH-NUCLEARITY 3d-METAL COMPLEXES 57 

FIG. 25. The structure of [FeloNa206(OH)4(O2CPh)lo(chp)6(H20)2(Me2CO)2] (155). 
(Shading: Fe, striped top-left/bottom-right; O, striped top-right/bottom-left; N, dotted; 
C1, hatched; C, lines; Na, shaded.) 

variable temperature  magnetic data difficult; however, Cano et al. have 
recently reported Monte Carlo studies tha t  allow exchange parameters 
to be calculated (11). A.c. susceptibility studies also reveal that  66 is a 
SMM, with an energy barrier of 5.3 K to reorientation of the magneti- 
zation (11). 

The first undecanuclear iron cage, [FellO6(OH)6(O2CPh)15] (67), 
shown in Fig. 26, was also reported by the Lippard group (158). 
It is formed by controlled slow hydrolysis of a solution containing 
[Fe2OC16] 2- and Na(O2CPh) in MeCN. The structure consists of a pen- 
tacapped trigonal prism of Fe(III) centers, with six/~3-oxides inside the 
prism, each bridging between one iron at  the vertex of the trigonal 
prism, one cap on a t r iangular  face, and one cap on a rectangular face. 
The six t~3-hydroxides are on the exterior of the prism, and each bridges 
between two Fe centers tha t  make an edge of the prism and a cap on a 
rectangular face. The carboxylates bridged in a 1,3-fashion. Magnetic 
studies show a low-spin ground state, probably S = 1. ~, however, there 
are clearly low-lying excited states of higher spin multiplicity. The pres- 
ence of exterior hydroxides on this cage makes 67 a good model for iron 
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Fro. 26. The structure of [FellO6(OH)6(O2CPh)15] (158). (Shading: Fe, hatched; O, 
dotted; C, lines.) 

oxyhydroxide surfaces, and a derivative of 67 has been made with the 
corrosion inhibitor for mild steel, 3-(4-methylbenzoyl)propionate (156). 
This keto-carboxylate shows the same carboxylate binding mode as the 
benzoate in 67; however, the ketone groups form hydrogen bonds to the 
tt3-hydroxides. It has been suggested that  this H bond plays an impor- 
tant  par t  in the utility of 3-(4-methylbenzoyl)propionate as a surface- 
modifying agent; not only because it increases the binding strength of 
the ligand to a metal surface, but  also because it imposes a specific ori- 
entation of the organic backbone with respect to the surface, creating a 
hydrophobic layer. 

A mixed-valent dodecanuclear iron cage can be made from reaction 
of iron(II) acetate with li thium methoxide in MeOH, followed by care- 
ful addition of dry dioxygen. [Fe1202(OMe)1s(O2CMe)6(HOMe)4.67] (68) 
(159) contains four Fe(III) and eight Fe(II) centers arranged in a core 
which is related to the decametallates {M1002s} found for vanadium 
and manganese (see 41), with two additional octahedral Fe sites at- 
tached to the decametallate core. The terminal groups are methoxides 
or acetates, without the naked oxygen centers typical of the vanadium 
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cages. The four Fe(III) sites are assigned as the four metal  sites trans 
to the shared edge of a decametallate core. Magnetic studies show that  
68 has a diamagnetic ground state. 

A mixed-valent heptadecanuclear iron cage has also been reported 
by this group, as part  of a series of general formula [Fe16MOlo(OH)1o 
(OuCPh)2o] (M = Fe, Mn or Co) (160); the cage with M = Fe(II) is shown 
in Fig. 27. These cages are formed in low yield from reactions of the 
mixed-valent triangle [Fe30(O2CPh)6(H20)2(MeCN)]; the {Fe17} cage 
results from hydrolysis of a solution of the triangle in MeCN (with 
some 67 also found), while the cages containing Mn or Co involved re- 
action with suitable metal salts prior to crystallization. The structures 
of all three cages are virtually identical, and complicated. A core is, 
in each case, an {[Fe303(OH)]M} double cubane sharing a corner, with 
the divalent ion [Mn(II), Co(II) or Fe(II)] at  the shared corner. This dou- 
ble cubane is surrounded by an {FeloO4(OH)4} ring, with the surface 
coated with benzoate ligands. The authors also note structural simi- 
larities between these cages and 67. Magnetic studies show antiferro- 
magnetic exchange between the metal centers, giving low-spin ground 
states. 

FIG. 27. The structure of [Fe16MOlo(OH)1o(O2CPh)2o] (160). (Shading as in Fig. 26.) 
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Another heptadecanuclear cage, [Fe17015(OH)6(chp)12(phen)s(OMe)3] 
(161) can be formed by reaction of [Fe2OC16] 2- with Na(chp) and phen 
in MeCN, followed by crystallization from EtOAc--again with a poor 
yield. The structure is extremely irregular, perhaps due to packing of 
the chelating phen ligands, which leads to "ridges" along the cage. The 
central portion of the cage has some similarities to the core of 66, which 
also features a pyridonate ligand. 

Heath  and Powell (162) report  a further heptadecanuclear cage 
which is cocrystallized with a nonadecanuclear cage; this heptadecanu- 
clear cage is shown in Fig. 28. More recently, Goodwin et al. (163) 
have isolated the pure nonadecanuclear cage by variation of the 
polydentate ligand used. In the original work, the ligand heidi 
[H3heidi--N(CH2COOH)2(CH~CH2OH)] was reacted with hydrated 
iron nitrate in water, with the pH controlled by addition of pyridine. 
The more recent work uses methyl- or ethyl-substi tuted derivatives, 
N(CH2COOH)u(CHRCH2OH) (R -- Me, metheidi; R = Et, etheidi), 
which exclusively trap the larger cluster. The structures contain a core 
that  resembles a fragment of an {Fe(OH)2} lattice, which is surrounded 

FIG. 28. The structure of [Fe19(metheidi)lo(OH)1406(H20)12] (163). (Shading: Fe, 
hatched; O, striped; C, lines.) 
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by tripodal ligands that prevent formation of an insoluble "rust." Orig- 
inal magnetic studies indicated that the two cages had very high-spin 
ground states, but the presence of both cages in one lattice restricted dis- 
cussion. The more recent work demonstrates that the spin ground state 
for the cage [Fe19(metheidi)~0(OH)1406(H20)~2](NO3) (69) is S = ~ ,  and 
that a small negative zero-field splitting is present. Therefore, 69 is a 
SMM with one of the highest spin ground states known. However, the 
small magnetic anisotropy leads to a very low energy barrier for reori- 
entation of the magnetization. Subtle variation of the ligand produces a 
pure material; it is possible that further variation may allow inclusion 
of more anisotropic ions, hence leading to SMMs with higher blocking 
temperatures. 

The final iron cage discussed is the largest known ferric wheel. 
The octadecanuclear wheel, [Fe(OH)(XDK)Fe2(OMe)4(O2CMe)2]6 (70) 
[XDK--the dianion of m-xylylenediamine bis(Kemp's triacid imide); 
see Scheme 2] (164), shown in Fig. 29, is made from reaction of the di- 
nuclear iron complex of XDK with [NEt4](O2CMe) in methanol, followed 

FIG. 29. The structure of [Fe(OH)(XDK)Fe2(OMe)4(O2CMe)2]6 (164). (Shading: Fe, 
hatched; O, open; C, lines.) 
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by addition of 1-methylimidazole. Cage 70 retains the dinuclear units of 
the precursor, but  these are linked by additional Fe(III) centers which 
are bridged to the dinuclear units  through two/~2-OMe bridges and one 
acetate br idge-- the same links tha t  appear in the decanuclear wheel 64. 
Magnetic studies reveal the usual  antiferromagnetic exchange between 
Fe(III) centers, resulting in a diamagnetic ground state. The existence of 
cyclic {Fe6}, {Fel0}, {Fel2}, and {Fels} wheels is of great value for physi- 
cists interested in finite size effects in antiferromagnetically coupled 
systems. 

The polynuclear iron chemistry, therefore, has produced a very large 
number  of cages, which show a range of fascinating magnetic properties. 
The contribution to understanding iron storage in ferritin is perhaps 
more debatable. The majority of large iron cages can be related to close- 
packed arrays of oxides with iron centers occupying octahedral sites 
between the layers; however, there are many exceptions. Finally, the 
diversity of structures is clearly very dependent on the ligands present; 
thus, extrapolating from these clusters with simple bridging ligands to 
ferritin, which contains ~4500 iron centers and polypeptide ligands, is 
difficult. 

E. COBALT 

Many fewer high-nuclearity cages are known for cobalt than for man- 
ganese or iron, and their magnetic properties have not been well stud- 
ied. Unless otherwise stated, magnetic data have not been reported for 
the following complexes. 

The first hexanuclear cobalt(II) cage reported was a [Co6(O2CNEt2)12] 
(165), which has a structure similar to that  of Mn(II) and Fe(II) com- 
plexes of the same ligand (see above). The cage was prepared by ad- 
dition of anhydrous cobalt(II) chloride to a toluene solution of diethyl- 
amine, which had previously been treated with CO2. The cage consists 
of an edge-sharing bi tetrahedron of cobalt centers. Both five- and six- 
coordinate cobalt sites are found, and the carbamate ligands show three 
different bridging modes: 1,1-,1,1,3-, and 1,1,3,3-bridges are found. 

A hexanuclear cobalt(II) metallocrown has been reported by Thorn- 
ton and co-workers (166). Reaction of Na(OMe) with cobalt(II) acetate 
and Hmhp in MeOH apparently gives [Co6Na(mhp)12] +, and anion was 
not located in a highly disordered crystal structure. A yield is not re- 
ported, and crystallization required a period of months. The structure 
contains six tetrahedral  Co(II) centers, each bound to two N and two 
O donors from pyridonate ligands. Six of these oxygen atoms lie within 
the metallocycle, and form an ideal cavity for coordination of sodium. 
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This cage is closely related to the previously reported hexanuclear cop- 
per metallocrown [Cu~Na(mhp)12] + (see below) (167). 

A better  characterized cobalt wheel is made from the solvather- 
mal reaction of hydrated cobalt ni trate with the tripodal ligand 
N(CH2PO3H2)(CH2CO2H)2 in the presence of KOH in MeOH (168). 
Within K2[Co{N(CH2PO3)(CH2CO2)2}]6 each cobalt(II) center is five- 
coordinate, with a trigonal-bipyramidal geometry. One apical site is oc- 
cupied by the N donor of the tripodal ligand, while the three equatorial 
sites are occupied by O atoms from carboxylate or phosphonate groups. 
The final apical site is occupied by an O atom from a phosphonate at- 
tached to a neighboring cobalt, producing a cyclic structure. This com- 
pound shows a room-temperature magnetic moment  consistent with 
noninteracting cobalt(II) centers, but  at  14 K there is a magnetic phase 
transition to a canted antiferromagnetic state (167). This appears to be 
the first observation of canting in a molecular inorganic compound. 

A planar hexanuclear cobalt cage, [Co~{(PhSiO2)6}2Cl(solvent)6]-, 
which has the same metal core as the manganese(II) cage 28, has been 
reported (87). The experimental details are so limited that  it is difficult 
to identify the molecules attached in the axial positions of the six cobalt 
centers. 

A very recent report of a further hexanuclear cobalt cage involves 
6-(diethylamino)-2-hydroxo-4-sulfanyl-l,3,5-triazine (H2OSta) and a 
condensation product of this ligand (169). The cage was formed 
in very poor yield by reaction of Na(OSta) with cobalt(II) chloride 
and Na(O2CPh). The complex has the formula [Co6NaO(OSta)7(L7)2 
(O2CPh)2(H20)2], and a complicated array of two Co(III) and four Co(II) 
sites. The structure is virtually indescribable. 

Six cobalt centers are also found in the mixed-metal cage [Co 6 Cu  2 

(OH)4(mhp)2(O2CPh)10(mhp)2(Hmhp)4(H20)2] (71) (170), which is 
formed by reaction of a mixture of copper and cobalt benzoates with 
Hmhp, followed by crystallization from EtOAc. The structure is dom- 
inated by oxo-centered metal triangles. At the core of the cage is a 
{Co402} butterfly. Each wingtip cobalt site is then par t  of a further 
{Co2CuO} triangle. All Co(II) sites have octahedral coordination geom- 
etry, while the two Cu(II) sites are five-coordinate. The benzoate ligands 
show three different binding modes: Two are bound through a single 
oxygen to a cobalt; two are 1,1,3-bridging; and the remainder  bridge 
in the conventional 1,3-fashion. The mhp ligands chelate to the copper 
sites, and bridge to a cobalt atom through the oxygen donor. 

The equivalent reaction involving copper and cobalt acetates reacted 
with Hchp gives a nonanuclear cage, [CoTCu2(OH)2(chp)lo(O2CMe)6] 
(72) (170). Here the copper sites are both five-coordinate, while the 
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cobalt atoms are found with either five or six ligands bound to them. 
The polyhedron defined by the metal  sites is extremely irregular. The 
seven Co(II) sites can be described as belonging to two {Co402} butter- 
flies tha t  share a body vertex. The two Cu(II) atoms then cap opposite 
edges of this central {Co704} fragment. Magnetic studies indicate anti- 
ferromagnetic exchange between the metal centers, which gives a spin 
ground state of S -- ~ at mos t .  

A series of heptanuclear cobalt cages have been reported of gen- 
eral formula [CoT(OH)2(O2CR)4(chp)s(solv)] (73) (171), where R = Ph 
or CMe3 and solv -- MeCN or 0.69 Hchp : 0.31 MeCN or 0.75 Hchp : 0.25 
H20. The structure, i l lustrated in Fig. 30, consists of a square-based 
pyramid of Co(II) centers, capped on one tr iangular  face and on the ad- 
jacent edge of the squarebase by two further cobalt atoms. One of the ~3- 
hydroxides bridges between the capping atom on the edge and the two 
atoms within the edge, while the second ~3-hydroxide bridges the three 
Co centers in the tr iangular  face opposite. The four carboxylates are all 
1,3-bridging; however, the eight pyridonates show four different bond- 
ing modes. These are best described using Harris notation (169), where 
the binding mode is referred to as [X.Y1Y2Ys . . . . .  Yn], where X is the 
overall number of metals bound by the whole ligand, and each value of 
Y represents the number of metal  atoms attached to the different donor 

FIG. 30. The structure of [Co7(OH)2(O2CR)4(chp)8(solv)] (171). (Shading: Shading: Co, 
striped top-left/bottom-right; O, striped top-right/bottom-left; N, dotted; C1, hatched; 
C, lines.) 
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atoms. Therefore for chp, there will be two values for Y. The ordering of 
Y is listed by the Cahn-Ingold-Prelog priority rules; hence O precedes 
N here. The four binding modes observed in these cages are therefore 
the 2.21, 2.20, 3.31, and 3.21. For consistency, the binding mode found 
for the carboxylates would be described as 2.11. A polymeric structure 
involving similar heptanuclear  cobalt cages linked through carboxylate 
bridges has also been reported (171). 

The other heptanuclear  cobalt(II) cage in the l i terature involves 
o-mercaptophenolate ligands. [CoTNa2(1,2-OSC6H4)s(DMF)12] (172) is 
formed from reaction of CoBr(PPh3)3 with sodium mercaptophenolate 
in DMF. The structure consists of an almost linear chain of five tetra- 
hedrally coordinated Co(II) and two sodium centers, with two further 
Co centers at tached at the end of the chain. Four of the cobalt cen- 
ters are bound to two S and two O donors from mercaptophenolate 
ligands, two are bound to four DMF molecules (one of which bridges in a 
tt2-fashion via the oxygen in each case), and one cobalt center is bound to 
two DMF molecules and two O donors from mercaptophenolate ligands. 
The room-temperature magnetic moment  is a little lower than would 
be expected for seven cobalt(II) centers. 

The octanuclear cobalt cages fall into two categories. A number  of 
mixed-valence clusters based on cubane cores have been reported, 
and two cyclic structures are known. The cubane cages have two 
distinct structures.  The earlier structure, found in [CosO4(O2CPh)12 
(solv)3(H20)] (74) (66) (solv = MeCN or DMF), contains a central 
{Co404} heterocubane, with each oxide also bridging to a further cobalt 
site and thus  acting as a t~4-bridge. These structures are therefore di- 
rectly analogous to the octanuclear chromium cage 18. These cobalt 
cubanes are made from addition of hydrogen peroxide to cobalt(II) ben- 
zoate dissolved in either DMF or MeCN. Charge balance requires four 
Co(III) and four Co(II) sites in the structure. Structural  parameters  
indicate tha t  the molecule is trapped-valence, the cobalt sites within 
the heterocubane being Co(III) while the external sites are Co(II). Each 
Co(III)...Co(II) contact is bridged by a 1,3-bound benzoate. The external 
Co(II) sites have trigonal-bipyramidal coordinate geometries, with the 
fifth coordination site occupied by a solvent molecule. Magnetic studies 
show a decline in magnetic moment with temperature;  however, this 
decline is probably due to single-ion effects of the five-coordinate Co(II) 
sites ra ther  than an antiferromagnetic exchange between them. These 
cages also show interpretable 1H NMR spectra, suggesting that  the 
structures are maintained in solution. 

The second cubane-related structure, originally found in [Co804(OH)4 
(O2CMe)6(L8)2] 2+ (75) (173) (L8 = 1,2-bis(2,2'-bipyridyl-6-yl)ethane), is 
shown in Fig. 31. The cage forms from t rea tment  of an ethanol solution 
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FIG. 31. The structure of [Co804(OH)4(O2CMe)6(L8)2] 2+ (173). (Shading: Co, hatched; 
O, open; N, dotted; C, lines.) 

of cobalt(II) acetate and L8 with hydrogen peroxide. The structure con- 
sists of a triple-cubane structure, with the central {Co404} hetero- 
cubane containing four Co(III) centers and the four Co(II) centers in the 
exterior sites of the cage. In 74 the four t~4-oxides have almost tetrahe- 
dral geometries, but  in 75 they have a sawhorse arrangement.  There 
are also four t~3-hydroxides which bridge within the exterior cubanes. 
Each Co(II). • -Co(II) edge is bridged by a bis(bipyridyl) ligand while the 
carboxylate ligands bridge in a 1,3-fashion across six of the faces of 
the triple cubane. Magnetic studies again show a decline in magnetic 
moment  with temperature.  

A very similar structure is found for [CosO4(O2CMe)6(OMe)4C14 
(OHn)4] (76) (n = 1 or 2) (69), which is formed by passing ozone through 
a solution of cobalt(II) acetate in acetic acid. The triple cubane and 
the bridging modes adopted by carboxylate and ~4-oxide ligands are 
identical to those in 75. The role of the tt3-hydroxides is taken by 
~3-methoxides. The four terminal sites, occupied by the bis(bipyridyl) 
ligand in 75, are occupied by chloride and hydroxide/water ligands in 
76. As written, the formula suggests that  at least six Co(III) centers are 
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present; however, the room-temperature magnetic moment  reported is 
too high for this proposition to be correct. 

The two octanuclear cobalt(II) wheels contain very different ligands. 
In [Co8(L9)12(C104)] 3+ (77) [L9 = bis{3-(2-pyridyl)pyrazol-l-yl}dihydro- 
borate; see Scheme 2] (174), each of the eight Co(II) centers is bound 
to three ligands which act as bidentate ligands to individual centers, 
then bridge to a second. Either one or two L9 units  bridge the Co...Co 
edges of the octagon. A perchlorate anion is found at the center of the 
ring. Electrospray mass spectrometry indicates tha t  the structure is 
maintained in solution, including the encapsulated anion. Evidence for 
a similar nickel wheel is presented, but  no crystal s tructure is reported. 

[Cos(O2CMe)s(OMe)16] (175) is a much more typical wheel, clearly 
related to the ferric and chromium wheels described above. The cage 
is formed by dissolution of cobalt(III) acetate in MeOH in the presence 
of NH4PF6. Each Co...Co edge is bridged by two methoxides and one 
carboxylate. An ammonium cation is found at the center of the cage. As 
the cage contains exclusively Co(III) centers, it is diamagnetic. 

The nonanuclear  cobalt(II) cage [Co9(chp)18] (78) (176), shown in 
Fig. 32, is a rare example ofa  homoleptic paramagnetic cage. It is formed 
by reaction of freshly prepared cobalt hydroxide with Hchp at 130°C, fol- 
lowed by crystallization from EtOAc. The structure has crystallographic 
D3d symmetry and contains four {Co406} adamantanes,  sharing either 
{Co303} faces or a single cobalt vertex. Each chp ligand binds in a 2.21 
fashion (Harris notation), i.e., chelating to one cobalt center through 
both N and O donors and bridging to a second cobalt through the oxygen. 

FIG. 32. The structure of [Co9(chp)ls] (176). (Shading: Co, random shading; O, striped, 
N, dotted; C, lines.) 
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The nonanuclear cobalt(II) cage, [Co9{(py)2CO2}4(O2CMe)s(OH)2] 
(79) (177), shown in Fig. 33, is formed by reaction of cobalt(II) acetate 
and di-2-pyridylketone, (py)2CO, in MeCN. This structure contains two 
{Co5} square-based pyramids sharing a cobalt vertex. The two hydrox- 
ides bridge the four cobalt centers within the square bases while each 
of the eight acetates bridges an edge of the base. The two pyramids are 
bridged by the {(py)2CO2} dianions, which act as 5.3311 ligands (Harris 
notation); i.e., each oxygen is t~3-bridging while each pyridyl-nitrogen 
binds to one of the metal  centers to which an oxygen binds. The central 
Co atom is bound to all eight oxygens from the four {(py)2CO2} dianions. 
Magnetic studies reveal a fall in magnetic moment  with temperature.  

The four known decanuclear cobalt cages all come from similar chem- 
istry, which was originally said to give a dodecanuclear cage, [Co12(OH)6 
(mhp)12(O2CMe)6] (80) (178). This complex, reported by Garner and co- 
workers in 1983, formed from reaction of cobalt acetate with Hmhp. 
The structure, shown in Fig. 34, contains a centered-pentacapped 
trigonal prism; however, although the dodecanuclear nickel analog 
has since been reported, no further  studies of 80 have been possible. 
Two decanuclear cages, [C010(OH)6(mhp)6(O2CPh)7(Hmhp)3Cl(MeCN)J 

FIG. 33. The structure of [Co9{(py)2CO2}4(O2CMe)s(OH)2] (177). (Shading: Co, 
hatched; O, open; N, dotted; C, lines.) 
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Co 04 

FIG. 34. The structure of [Co12(OH)6(mhp)12(O2CMe)6] (178). (Shading: Co, random 
shading; O, striped; N, dotted; C, lines.) 

(81) and [Colo(OH)6(mhp)6(O2CCMe3)7(Hmhp)CI(MeCN)3] (82) contain 
a similar core, but  it is now a centered tricapped-trigonal prism (ttp) 
missing the two caps on trigonal faces found in 80 (179). 

The central cobalt site in 80-82 is bound to six t~3-hydroxides that  
bridge to the nine further metals forming the ttp. The metal atoms 
at the vertices of the prism share one ~3-OH with the central cobalt, 
while the metal  atoms capping the rectangular faces of the prism share 
two/~3-hydroxides with Co(1), forming three M202 rings. The exterior 
of this central t tp is bridged by six mhp and six acetate ligands. Each 
mhp ligand adopts the 3.31 bonding mode, chelating to one of the cobalt 
atoms at the vertices of the prism and bridging to two further Co sites 
through the exocyclic O atom. The six t~3-O donors from the pyridonates 
occupy the six tr iangular  faces around the "waist" of the ttp; e.g., they 
center the faces bounded by one-cap- and two-vertex-metal  sites. The 
carboxylates bridge in a 2.11 fashion between cap and vertex sites, with 
each cap at tached to two acetate ligands. The result  of these various 
bridges is to create a central [M1o(/~3-OH)6(~2,/~3-xhp)6(~2,tt2-O2CR)6] 2+ 
fragment, and this fragment recurs in nickel trigonal prisms (see be- 
low), differing only in the carboxylate present. 

The metal  sites are all six-coordinate, with the central metal bonded 
exclusively to /~3-hydroxides. The capping sites are bonded to two 
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~3-hydroxides, two t~-O atoms from mhp, and two oxygens derived 
from carboxylates. The vertex sites are bound to just five donors from 
within this central fragment: one tz3-hydroxide, two tz3-O atoms from 
mhp, one oxygen from a carboxylate, and one N donor from an mhp 
ligand. The final coordination site for these vertex metals is where the 
structural variation in these cages takes place. In 80, each of the six 
tL2-O atoms from mhp ligands occupies one of these sites, these ligands 
being part of two [Co(mhp)3]- fragments that occupy both the upper 
and lower triangular faces of the trigonal prism. In 81 and 82 these 
faces are occupied by disordered arrays of solvent molecules, chlorides, 
and Hmhp ligands. 

Two further decanuclear cages have been crystallized. [Co10(OH)4 
(chp)10(O2CCMe3)6(EtOH)2] (83) (179) was made from reaction of cobalt 
chloride with Na(chp) and Na(O2CCMe3) in MeOH, followed by crystal- 
lization from EtOH. The core of 83 appears to be quite different from 
the ttp structures; however, it is related to the pentacapped centered- 
trigonal prism in 80, but is missing two metal centers from one edge 
of the prism. Complex 83 is held together by four/z3-OH ligands, six 
1,3-bridging carboxylates, and ten pyridonate ligands. The pyridonates 
adopt four different bridging modes, described as 1.11, 2.21, 3.31, and 
3.21 using Harris notation. 

[Colo(OH)6(mhp)6(O2CCPh3)6(Hmhp)3(HCO3)3] (84) (180) is formed 
in very low yield from reaction of cobalt chloride with Na(mhp) and 
Na(O2CCPh3) in MeOH, followed by crystallization from EtOAc. The 
structure contains a centered-trigonal prism; however, this prism is 
capped on the midpoint of the edges of the prism rather than on the 
rectangular faces (as in 80-82). The central cobalt site is Co(III) rather 
than Co(II), and it is surrounded by six/~3-hydroxides, each of which 
bridges to a cobalt at a vertex of the prism and a capping cobalt site. 
The triphenylacetate ligands bind in the 2.11 mode, while each mhp 
ligand adopts the 2.21 mode. A curiosity of the structure is the apparent 
presence of coordinated hydrogen carbonate. 

No undecanuclear paramagnetic cobalt cage has been reported. A 
second dodecanuclear cage, [Co12(chp)ls(OH)4C12(Hchp)2(MeOH)2] (85), 
shown in Fig. 35, can be made in a three-step procedure (181). Cobalt 
chloride is reacted with Na(chp) in MeOH, followed by evaporation 
to dryness. The resulting paste is heated under vacuum for several 
days, and the resulting powder is then dissolved in CH2C12 and crys- 
tallized by diffusion of ether vapor into the solution. Cage 85 is cen- 
trosymmetric and contains two {Co403C1} cubanes linked by a central 
eight-membered ring involving four Co(II) centers and four O atoms 
from pyridonate ligands. The final cobalt sites are at the periphery of 
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FIG. 35. The structure of [Co12(chp)ls(OH)4C12(Hchp)2(MeOH)2] (181). (Shading as in 
Fig. 34, plus C1, hatched.) 

the cage and are attached to the cubanes through t~2-oxygen atoms 
from chp ligands. The chp ligands show four different bonding modes 
in 85. 

A tridecanuclear cobalt cage, [Co13(chp)20(phth)2(OH)2] (86) (171), 
shown in Fig. 36, can be made by the procedure that gives the hep- 
tanuclear cages 73, but replacing the monocarboxylate ligand benzoate 
with the dicarboxylate ligand, phthalate. An irregular, centrosymmetric 

CO 

Co 

FIG. 36. The structure of [Cols(chp)20(phth)2(OH)2] (171) with all C-atoms of pyrido- 
nate ligands except C2 removed for clarity. (Shading: Co, hatched; O, striped; N, dotted; 
C, lines.) 
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cage, 86 can be considered to contain two square-based pyramids of 
Co(II) centers arranged about  a central cobalt, which lies on the crys- 
tallographic inversion center. Two further Co(II) sites cap edges of the 
square bases of the pyramids. The two phthlate ligands are both bound 
to four metal centers, with a 4.1111 mode in Harris  notation, while the 
twenty pyridonate ligands adopt three binding modes: 3.21, 2.21, and 
3.31. The cage can be related to the structure of 73, with the square- 
based pyramid common to both. 

The largest cobalt cage reported is [Co24(OHhs(OMe)2C16(mhp)22] 
(87) (182). This complex is formed by reaction of partially hydrated 
cobalt chloride with Na(mhp) in MeOH, followed by evaporation to dry- 
ness and crystallization from EtOAc. The structure is based on the 
structure of cobalt hydroxide, with a central raft  of {Co8(OH)4} incom- 
plete cubanes sharing edges, surrounded by mhp ligands. Ten of the 
cobalt(II) sites at  the center of the cage have regular octahedral geome- 
tries, while the cobalt sites at  the periphery have very distorted geome- 
tries. The mhp ligands adopt three binding modes: 2.11, 2.21, and 3.21. 
It is clear that  the immense coordinative flexibility of the pyridonate 
ligands is of vital importance in stabilizing these large cobalt cages. The 
structure of 87 is clearly related to that  of the (Fe17} and {Fe19} cages 
reported by Heath  and Powell (162, 163). 

F. NICKEL 

High-nuclearity cage complexes of nickel(II) with O- or N-donor li- 
gands are rather  rare; this is surprising, as ferromagnetic exchange is 
frequently found for this metal  in smaller cages, and hence high-spin 
ground states could be expected. Some of the chemistry is very similar 
to that  discussed above for cobalt. 

A heterometallic cage, [Ni6Zn202(O2CNipr2h2], was made by addi- 
tion of [Ni(MeCN)6][ZiC14] to a toluene solution of HNipr2 which had 
been previously saturated with CO2 (183). The structure is very simi- 
lar to that  of [FesO2(O2CNipr2)12] (136) and contains two oxo-centered 
{Ni3Zn} tetrahedra,  bridged by carbamate ligands. The nickel sites 
have trigonal-bipyramidal geometries and the zinc sites are tetrahe- 
dral. The carbamate ligands show both the 1,3- and 1,1,3-bridging 
modes, with the former mode used to bridge between Zn and Ni centers 
and the latter used to bridge Ni centers exclusively. No magnetic data  
were reported. 

The hexanuclear cage [Ni6{(PhSiO2)6}2CI(ROH)6] (88) ( R - - E t  or 
nBu) (184) is very similar to the manganese cage 28. Magnetic studies 
show antiferromagnetic exchange between the nickel centers, leading 



HIGH-NUCLEARITY 3d-METAL COMPLEXES 73 

to an S = 0 ground state (184). A related octanuclear nickel cage has 
also been reported (185). 

Three further  heterometallic cages containing six nickel centers have 
been reported. The first, [Ni6Cu2(OH)4(mhp)2(O2CPh)lo(mhp)2(Hmhp)4 
(H20)2], is isostructural  with the cobalt cage (71) and is made by 
an analogous procedure (170). The other two contain central 4f  
ions surrounded by nickel-containing "complex ligands." Yukawa and 
co-workers reported [Sm{Ni(pro)2}6] 3+, which is shown in Fig. 37, 
in 1997 (pro = L-prolinate) (186), and the SchrSder group reported 
[La{Ni(L1)}6] 3+ in 1999 (96). Very similar principles apply to both struc- 
tures. A nickel(II) center is coordinated by two N and two O donors from 
the ligands, either two prolinates or one L1 ligand, with a square ge- 
ometry. Six of these units then coordinate to a lanthanoid ion, which 
has an icosahedral coordination geometry. Carboxylate oxygens from 
neighboring units bind to the apical positions of the nickel centers, 
making the nickel sites octahedral and hence paramagnetic.  No mag- 
netic data are reported for any of these complexes. The complex ligand 
{Ni(L1)} can also be used to construct a nonanuclear cage, [Na4{Ni(L1}9 
(H20)(MeOH)(C104)] 3+ (96), in which the Ni centers are arranged in a 
tricapped trigonal prism encapsulating the four sodium ions. This sur- 
prising change in nuclearity may be related to the size of the cavity of 

Fro. 37. The structure of [Sm{Ni(pro)2}6] 3+ (186). (Shading: Ni, hatched; Sm, striped 
top-left/bottom-right; O, striped top-right/bottom-left; N, dotted; C, shaded.) 
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the metallocryptand; the icosahedral cavity formed in [La{Ni(L1)}6] 3+ 
is probably too large for a single sodium center but  too small for two. 

Several heptanuclear nickel(II) cages are known. [Ni7(OH)n(NO2)8 
(OHpn)2(Opn)2] (89) (OHpn = 1, 3-diamino-2-propanol) was reported in 
1996 (187), but  without any description of the preparation. The struc- 
ture consists of a distorted hexagon of Ni(II) centers, with a seventh 
nickel at  the center. This central nickel site is coordinated to four hy- 
droxides, two t~2- and two ~3-bridging, and the two oxygen atoms from 
nitrite groups. The nickel atoms of the hexagon fall into three groups: 
Two are bound to two nitrite nitrogens, two ~2-alkoxides, and two N 
atoms from amines; two are bound to two nitrite N atoms, an O atom 
from a third nitrite, one ~3-hydroxide, and one amine nitrogen; and 
two are bound to two nitrites, one t~2-alkoxide, two hydroxides, and one 
amine nitrogen. Magnetic studies reveal antiferromagnetic exchange 
between the spin centers, giving a low-spin ground state, presumably 
S = 1 .  

Two heptanuclear  cages related to 78 have been reported (176). 
[NiT(chp)12C12(MeOH)6] (90) and [NiT(chp)12(OH)2(MeOH)6] (91) are 
formed from reaction of freshly prepared nickel hydroxide or methox- 
ide with Hchp at 130°C, followed by crystallization from MeCN/MeOH. 
Both cages contain {Ni406} adamantanes  sharing a nickel vertex. The 
oxygen atoms on the Ni . . .Ni  edges are from chp ligands, all adopt- 
ing the 2.21 bonding mode. In 90 the adamantane cages are regular, 
and the vacant  sites on the exterior tr iangular nickel faces are occu- 
pied by six MeOH ligands, which then H-bond to two chloride coun- 
terions. In 91 this regularity is lost, as a ~3-hydroxide is found at 
the center of each of these faces. A closely related nonanuclear cage, 
[Ni9(chp)16(OH)2(MeCN)2] (92), has also been prepared. This is an ex- 
tension of 91, but  with two of the coordination sites on each tr iangular 
face occupied by O donors from {Ni(chp)3} "complex ligands"; the third 
O atom of this unit  H-bonds to the tt3-hydroxide group. Magnetic studies 
are not reported. 

The final heptanuclear  nickel cage is equivalent to the chro- 
mium(II) cage [Cr7(teptra)4Cl2] ( teptraH3--tetrapyridyltr iamine).  
[Ni7(teptrahC12] is made by reaction of nickel chloride with the ligand in 
refluxing naphthalene in the presence oft-butoxide as a base (188). The 
structure has approximately/94 symmetry, with the linear {NIT} wire 
surrounded by four polydentate ligands. The inner five Ni centers have 
square-planar geometries, disregarding Ni . . .Ni  contacts, and are there- 
fore diamagnetic, while the outer  two Ni centers are square-pyramidal.  
Antiferromagnetic exchange is found between these two paramagnetic 
centers. 



HIGH-NUCLEARITY 3d-METAL COMPLEXES 75 

An octanuclear nickel(II) cage, [Ni4(cit)3(OH)(H20)]25-, is formed 
from the reaction of nickel hydroxide and citric acid in water  at pH 9.20 
(189). The s t ructure  consists of two highly distorted te t rahedra  of Ni(II) 
centers whose coordination sites are occupied, in the main, by oxygen 
donors from the citrate ligands. The two te t rahedra  are related by an 
inversion center, and are bridged by a carboxyl oxygen from each of two 
citrate units. Six of the nickel centers have octahedral geometries, the 
other two centers having square-pyramidal geometries. No magnetic 
data are reported. 

An allegedly mixed-valent nonanuclear nickel cage has been re- 
ported with t r imethylacetate ligands (190). [Ni90~(OH)3(O2CCMe3)12 
(HO2CCMe3)4] (93), shown in Fig. 38, can be made by reaction of nickel 
chloride with potassium pivalate in water, followed by extraction of 
the precipitate in CH2C12, benzene, or hexane. A mirror plane passes 
through the center of the molecule. Six of the Ni centers form a trigonal 
prism, the three further  nickel centers forming a {Ni30} oxo-centered 
triangle. A t~4-oxygen links the two Ni atoms in one edge of the prism 
to two Ni atoms comprising one edge of the triangle. The exterior of 
the cage is then coated with carboxylate ligands, which show a range of 
binding modes, including 1,3- and 1,1,3-bridging and terminally bound 
through one O donor. The authors suggest tha t  Ni(III) is present  in 
addition to Ni(II); however, neither the synthesis nor the structural  

Ni 

FIG. 38. The structure of [Ni903(OH)8(O2CCMe3)12(HO2CCMe3)4] (190). (Shading: Ni, 
shaded; O, open; C, lines.) 
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parameters  for each Ni center support  this proposition. It is a good deal 
more likely that  additional protons are present, possibly at tached to 
the "oxide" ligands. Such problems have also been found from chromium 
cages, e.g., 16. Magnetic data are reported down to 83 K, which suggests 
weak antiferromagnetic exchange between metal  centers. 

A further nonanuclear cage, [Ni9(CO3)(OH)6(chp)3(Hchp)3(O2CCH2N 
Me3)9C1] 6+ (94) (180), is formed from the reaction of hydrated nickel 
chloride, Na(chp), and O2CCH2NMe3 in MeOH, followed by evaporation 
to dryness, and extraction of the green powder with EtOAc. The yield 
is extremely poor. Two features dominate the structure: first, a central 
carbonate ion which is t~6-bridging, leading to a planar hexagon of Ni 
centers [Ni(1), Ni(2), and s.e.]; second, the preference of the ter t iary 
ammonium groups of the nine betaine ligands to lie as far apar t  as 
possible, leading to a very open structure. Three of the betaines bridge 
alternate Ni . . .Ni  vectors of the hexagon in a 1,3-fashion. Three further  
betaines at tach three additional Ni atoms below the hexagon, while the 
final three betaines bridge in a 1,1,3-manner, using one O donor as a 
tt2-bridge between Ni atoms within the hexagon, and the second O donor 
to bind to one of the Ni atoms below the hexagon. There are also six 
hydroxide anions in the cage. Three are t~3-bridging and are arranged 
so that  the H atoms point toward the trigonal axis of the cage where a 
chloride anion is held by H bonds. The remaining three OH groups are 
t~2-bridging and lie above the hexagon, with the H atoms now involved 
in an interaction with a [Ni(chp)3]- anion. 

Decanuclear, undecanuclear, and dodecanuclear nickel cages related 
to 80-82 can be made by chemistry similar to that  employed for 
the cobalt cages (179). The decanuclear cages [Nilo(OH)6(mhp)6.5 
(O2CCHMe2)6.5(Hmhp)3CI(H20)] (95) and [Nil0(OH)6(chp)6(O2CCH 
Ph2)6(C1)2(Hchp)(H20)2(MeOH)] (96) both involve carboxylates 
with two subst i tuents  at  the a-carbon, while the undecanuclear  
cages [Ni11(OH)6(mhp)9(O2CMe)6(H20)3] + (97) and [Ni11(OH)6(mhp)9 
(O2CMe)7(Hmhp)2] (98) both involve acetate. The dodecanuclear cage 
[Ni12(OH)6(mhp)12(O2CCH2C1)6] (99) contains the same core as 80, and 
involves chloracetate as the carboxylate. These subtle variations in 
carboxylate must  in some way cause the differences in the nuclearity 
observed for the cages, but  it is far from clear how. In the undecanuclear  
cages, one of the Ni centers capping the trigonal face of the prism is 
missing when compared with 80 or 99; in the decanuclear cages, both 
trigonal caps are absent. 

Magnetic studies of these cages reveal a very complicated picture 
(179). Considering only the trigonal-prismatic core, the presence of six 
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t~3-hydroxides around the central Ni(II) site creates a position where 
six distorted {Ni3(OH)} triangles intersect at this point. The relative 
magnitudes of the exchange interactions along the edges of these tri- 
angles determine the spin ground states for the cages. It appears that  
the t tp core of 99 has an S = 8 ground state, tha t  of 97 has an S -- 4 
ground state, and that  of 96 has an S = 2 ground state. 

Decanuclear nickel equivalents of 83 have also been made 
(179). [Nilo(OH)4(mhp)10(O2CCMe~)6(MeOH)2] and [Nilo(OH)4(mhpho 
(O2CCMe3)6(H20)2] contain the same polyhedral core, which can be de- 
scribed as a pentacapped centered trigonal prism missing an edge of 
the prism. No magnetic studies of these cages have been reported. 

A further decanuclear nickel cage contains two fused pentanu- 
clear nickel(II) metallocrowns (191). The cage has the rather  long- 
winded formula [Ni2(mcpa)2][Ni4(shi)2(pko)2(MeOH)2][Ni4(shi)3(pko) 
(MeOH)(H20)][Hmcpa = 2-methyl-4-chlorophenoxyacetic acid, Hpko--  
di-(2-pyridyl)ketone oxime, H3shi = salicylhydroxamic acid]. The cage 
was made in good yield by reaction of nickel chloride with H3shi and 
Hpko and NaOH in MeOH, followed by addition of Na(mcpa). While 
other groups have frequently introduced two potential bridging ligands, 
this use of three different bridging ligands in one pot is unusual.  The 
structure consists of two {Nis} planes joined by N i - O  and N i - N  bonds 
between the two planes. The {Ni5} fragments contain a Ni square, with 
a fifth nickel at  the center. Magnetic studies show antiferromagnetic 
exchange between the nickel centers. 

The undecanuclear cage [{Ni6(OH)6}{Ni(mhp)3}5(Hmhp)Cl(H20)2] 
(100) can be made by reaction of nickel hydroxide with Hmhp at 
160°C, followed by crystallization from MeCN (124). Complex 100 has 
a {Ni6(OH)6} double-cubane core, with five {Ni(mhp)3} complex li- 
gands that  bind to faces of the cubane, using either three or two of 
the O atoms of the pyridones. All the nickel sites are six-coordinate, 
with terminal water, chloride, or Hmhp ligands completing the coor- 
dination environment of four of the nickel centers within the cubane. 
Magnetic studies show antiferromagnetic exchange between the metal 
centers. 

[Ni12(chp)12(O2CMe)12(THF)6(H20)6] (101) (28), shown in Fig. 39, is a 
cyclic molecule made from reaction of nickel acetate with Hchp, followed 
by crystallization from THF. Each of the Ni . . .Ni  contacts within the 
dodecanuclear wheel is bridged by two t~2-oxygens, derived from a chp 
ligand, a water, or an acetate, and a 1,3-bridging carboxylate. Ferromag- 
netic exchange between the nickel(II) centers leads to an S = 12 ground 
spin state; however, the exchange is weak and lower spin levels are still 
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FIG. 39. The structure of [Ni12(chph2(O2CMe)l 2(THF)6(H20)6] (28). (Shading: Ni, ran- 
dom shading; O, striped; N, dotted; C1, light shading; C, lines.) 

occupied at 1.8 K. The equivalent cage with 6-bromo-2-pyridonate can 
also be made (192). 

[Ni16Na6(chp)4(phthho(Hphth)2(MeOho(OH)2(MeOH)2o] (102) (193), 
shown in Fig. 40, is made from reaction of nickel chloride with Na(chp) 
and Na2(phth) in MeOH. The structure consists of four nickel cubanes 
arrayed about a central sodium octahedron. The {Na6} octahedron pro- 
vides the anchor point for the structure; a phthalate ligand bridges 
from each face of this octahedron to one of the nickel cubanes. There 
are therefore two phthalate bridges between each cubane and the cen- 
tral octahedron. The cubanes are imperfect, with three vertices occu- 
pied by ~3-O atoms from methoxides or hydroxides while the fourth 
vertex is occupied by a ~2-O atom from a phthalate ligand. This leaves 
one Ni...O edge of the cubane unmade. The Ni sites are all octahedral, 
with the remaining coordination sites occupied by one chelating chp and 
five MeOH ligands per cubane. Magnetic studies are consistent with an 
S = 2 ground state for each cubane, with immeasurably weak coupling 
between the cubanes. 

The largest nickel(II) cage known is [Ni24(OH)s(mpo)16(O2CMe)24 
(Hmpoh6] (Hmpo = 3-methyl-3-pyrazolin-5-one) (194), shown in Fig. 41, 
which can be made from reaction of nickel acetate with Hmpo in MeOH, 
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FIG. 40. The structure of [Nil6Na6(chp)4(phth)lo(Hphth)2(MeO)lo(OH)2(MeOHi2o] 
(193). (Shading: Ni, random shading; O, dotted; N, striped; Na, light shading; C1, hatched; 
C, lines.) 
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% 

FIG. 41. The structure of [Ni24(OH)s(mpo)16(O2CMe)24(Hmpo)16] (194). (Shading: Ni, 
hatched; O, striped; N, dotted; C, lines.) 
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followed by crystallization of the green precipitate from MeCN. The 
structure consists of an octamer of chemically equivalent trinuclear 
building blocks {Ni3(OH)(mpo)2(O2CMe)3(Hmpo)2}. Each Ni . . .Ni  con- 
tact is bridged by a 1,3-carboxylate and two #2-0xygens, with the lat- 
ter groups derived from mpo, acetate, and hydroxide groups. The Ni24 
structure is much less circular than other cyclic structures. The trin- 
uclear fragments are so disposed that  they point approximately at the 
center of the neighboring unit  ra ther  than at the end, with a 51 ° angle 
between the line described by one trinuclear unit  and its neighbor. In 
addition to the metal- l igand bonding, the structure is stabilized by a 
large quanti ty  of H bonding. The majority of these interactions arise 
from the proton on the second N atom within the pyrazolinone ligands. 
All the metal  centers are six-coordinate, with approximately octahedral 
symmetry. Four of the crystallographically independent sites are bound 
to one N and five O donors, while the remaining two sites have two N 
and four O donors. Magnetic measurements  indicate that  while the 
magnetic behavior is dominated by antiferromagnetic exchange, this is 
rather  weak and many magnetic s tates remain populated even at very 
low temperatures.  

G. COPPER 

The high-nuclearity cages reported for copper(II) contain a greater  
variety of ligands than for other 3d-metal cages. Cages of earlier 
3d-metals tend to be stabilized by simple O-donor ligands (e.g., carboxy- 
lates, alkoxides), but  for copper a number  of polydentate and macro- 
cyclic N-donor ligands have been used, with a relatively small number  
of O donors. 

With carboxylates the "lantern" structure of copper(II) acetate is 
most commonly found, i.e., two copper centers bridged by four ligands. 
An exception is the hexanuclear cage formed by phenoxyacetate (195). 
[Cu(O2CCH2OPh)2]6 contains a compressed trigonal antiprism of copper 
centers bridged by phenoxyacetate ligands, which adopt one of two bind- 
ing modes. Six bridge in the conventional 1,3-fashion common for car- 
boxylate ligands, while the remaining six use the ether oxygen to bond 
in addition to the carboxylate group, which binds in a 1,1,3-fashion. 
The ether  oxygen bonds to one of the three Cu(II) centers to which the 
carboxylate is bound, forming a five-membered chelate ring. The com- 
pound is prepared from reaction of copper carbonate with the acid in 
water. No magnetic data  are reported for this compound. 

Addition of alcohols to dimeric copper carboxylates can also 
produce hexanuclear complexes. Dissolving copper(II) acetate in 
2-diethylaminoethanol, followed by addition of ether, produces 
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[Cu6(O2CMe)6(OH)2(OCH2CH2NEtu)4(H20)] (196). The structure is de- 
scribed as two distorted copper-oxygen heterocubanes sharing a com- 
mon face. The oxygen vertices within the shared face come from 
aminoalkoxide ligands, while two hydroxides and two aminoalkoxide 
oxygens occupy the four external O sites of the dicubane. Two of the ac- 
etate groups are 1,3-bridging, with the remainder  bound unidentately. 
A very similar cage, [Cu6(O2CCH2C1)6(OH)2(OCH2CH2NEt2)I(H20)], is 
found for chloropropionate (197). No magnetic data  are reported for 
either compound. 

A hexanuclear complex is also known where aminoalkoxide ligands 
are present  without  carboxylates. [Cu6(amp)8](C104)4 (amp = 2-amino- 
2-methyl-l-propanolato) is formed from reaction of copper(II) perchlo- 
rate with Hamp in MeOH (198). The structure consists of a bicapped 
Cu404  heterocubane, with the four O atoms within the cubane derived 
from t~3-O atoms from amp ligands and the remaining coordination sites 
of the copper centers occupied either by amino groups or by ~2-bridging 
oxygens from further  amp ligands that  at tach the two capping Cu cen- 
ters to the central cubane. The magnetic behavior of the cage shows a 
diamagnetic ground state. The variable-temperature susceptibility be- 
havior can be modeled with three exchange interactions; two of which 
are strongly antiferromagnetic and one ferromagnetic. 

With 1,3-bis(dimethylamino)-2-propanolato (bdmap), a hexanuclear 
copper cage, [Cu6(bdmap)3C16(O2H)], with an elongated trigonal anti- 
prismatic s tructure is found (199). Each of the three bdmap ligands 
chelates to two copper centers, with the alkoxide oxygen shared between 
the two coppers. This creates the edges of the trigonal antiprism. The 
trigonal faces have a central oxygen atom, these lying below the face 
of the {Cu3} triangle with an O.. .O separation of 2.45 A; a H atom lies 
between these two O atoms, forming a very strong H bond. Each of the 
six chlorides is terminally bound to a copper site. Magnetic studies show 
antiferromagnetic exchange, leading to a diamagnetic ground state. 

Reaction of copper(II) pivalate with sodium methoxide in ethanol 
(presumably a source of ethoxide not methoxide) produces a cyclic hex- 
anuclear s tructure [Cu(O2CCMe3)(OEt)]6 (103) (200). The Cu-- -Cu vec- 
tors are al ternately bridged by two 1,3-carboxylates or two tt2-ethoxide 
oxygens. The bridging motifs are therefore similar to those found for 
metal wheels discussed above, e.g., the octanuclear chromium wheel 22. 
Magnetic studies of 103 show strong antiferromagnetic exchange to 
between the Cu(II) centers. 

Two hexanuclear cages with oxime ligands have been re- 
ported: [Cu30(dpmieo)3 (C104)]2 (104) [dpmieo = 1,2-diphenyl-2- 
(methylimino)ethanone l-oxime] (201) and [Cu30(bibo)3(C104)]2 (105) 
[bibo=3-(benzylimino)butanone 2-oxime] (202). In both cases two 
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triangular {Cu30} fragments are linked through C u - O  bonds to 
form the hexanuclear unit. The oxime ligands bridge the edges of the 
triangle. The cages are formed from reaction of copper(II) perchlorate 
and the ligand in MeOH containing triethylorthoformate for 104 and 
MeOH-EtOH-MeNO2 for 105. Magnetic studies of 104 indicate a 
diamagnetic ground state, while electrochemical studies of 105 indi- 
cate a reversible one-electron oxidation per triangle to a mixed-valent 
species. 

Linked copper triangles are also found in [Cu6(OH)2(PZ)6(NO3)4 
(Hpz)6] (Hpz = pyrazole) (203). Each triangle has a central hydroxide 
group, with each edge of the triangle bridged by a pyrazolate ligand. 
The triangles are linked by two nitrate groups, which bridge in a 1,3- 
fashion. One further nitrate binds to the upper face of each triangle in 
a ~3, ~4-fashion. The Hpz ligands bind through one N atom to a copper 
site. 

[Cu2(OMe)2(tftbd)2]3 [tftbd = 4,4,4-trifluoro-l-(2-thienyl)-butane-l,3- 
dionate] (204) consists of three planar  methoxo-bridged copper dimers, 
joined by out-of-plane copper-oxygen bonds involving either the 
methoxide or fi-diketonate ligands. The former ligands are therefore 
present as both t~2- and t~3-bridges, and the lat ter  ligands are either 
chelating or chelating and bridging within the structure. The mag- 
netic properties of the cage can be fitted to a model where exchange 
within the dimeric units is important,  being different between the "in- 
ner" dimer and the two "outer" dimers, but  inter-dimer interaction can 
be neglected. This generates a Hamiltonian containing two exchange 
interactions, both of which are strongly antiferromagnetic. 

Linked fl-diketonates are found in [ K c  {Cu3(L3)3}2(OMe)] (205), 
which contains triangles of copper(II) centers, with each edge of the 
triangle bridged by a bis(fl-diketonate). The O atoms of six L9 ligands 
then form a cavity in which a single potassium ion is found. This cage 
is prepared by adding potassium hydroxide to a solution containing 
copper(II) chloride and H2L9 in MeOH. The analogous reaction with 
sodium generates [Na c {Cu3(L3)3}(X)]2(X = CuC12 or BF4) in which 
the Na centers sit within the copper triangles. The [CuC12]- anions con- 
tain copper(I). A triple-decker cage, [Na C {Cu3(L3)3}(BF4)]3, can also 
be made (102). No magnetic data  are reported for these cages. 

A hexanuclear copper(II) cage, [Cu6{(PhSiO2)6}2(EtOH)6]-, related to 
manganese (28), nickel (88), and cobalt cages, has been reported (87) 
(see Fig. 10); it differs from the cages of the other metals in lacking the 
central t~6-chloride. The cage has also been reported with terminal DMF 
ligands on the copper sites (206). The beauty  of these structures, and 
the ability to make the same cage with at least four different transition 
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metals, makes them an intriguing class of compounds for study. It is 
unfortunate that  the experimental details concerning the synthesis of 
these cages are so sparce. 

[Cu3(OH)(CO3)(bipy)5]6+2 is a centrosymmetric hexanuclear cop- 
per(II) cage (207), shown in Fig. 42. The center of the cage is a 
{Cu2(OH)2} ring, with each five-coordinate Cu atom of this ring bound 
to one chelating bipy ligand. The apical site of the square-pyramidal 
copper sites is occupied by an O atom from carbonate. These carbonate 
groups are t~3-bridging, attaching the remaining copper sites to this cen- 
tral core. Each of the external copper sites is bound to two chelating bipy 
ligands. The cage is made from reaction ofbipy with copper hydroxide in 
air, followed by addition of sodium perchlorate or hexafluorophosphate. 
The carbonate ions therefore come from fixing of atmospheric carbon 
dioxide. Magnetic studies of the cage show ferromagnetic exchange be- 
tween the metal  sites, and a resulting S = 3 ground state. The magnetic 
behavior was modeled with four exchange parameters,  which vary from 
+2.75 to +24.5 cm -1 in the best  fit. 

[Cu6(ox)3(N3)2(tmen)6(H20)2] 4+ also contains simple dimine ligands, 
in this case N,N,N',N'-tetramethylethane- 1,2-diamine (tmen) (208). Six 
copper centers, to each of which is coordinated a chelating tmen ligand, 

C~ 

FIG. 42. The structure of [Cu3(OH)(CO3)(bipy)5]6+ 2 (207). (Shading: Cu, hatched; O, 
dotted; N, small hatched circles; C, lines.) 
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are alternately bridged by oxalate or azide groups. The azide ligands 
bridge in a 1,3-fashion. The cage is made by mixing copper(II) perchlor- 
ate, tmen, sodium oxalate, and sodium azide in water. Magnetic studies 
indicate antiferromagnetic exchange between the metal centers, lead- 
ing to a diamagnetic ground state. The variable-temperature suscepti- 
bility data  could be modeled with the Bleaney-Bowers equation, i.e., as 
noninteracting dimers, which indicates that  the predominant exchange 
interaction is via the oxalate ligands. 

The ligand 2-(4-imidazolyl)-ethylimino-6-methylpyridine (HL10; see 
Scheme 2) contains four N donors, and can form a cyclic hexameric 
structure depending on the pH of the solution (209). Reacting HL10 
with copper(II) chloride in MeOH at pH 7-8 gives a monomeric com- 
plex, [Cu(HL10)C12], in which the five-coordinate metal is bound to one 
imidazole N atom and the pyridine and imine N donors, as well as 
two chlorides. At higher pH values a cyclic hexamer, [Cu(L10)]6(C104)6, 
shown in Fig. 43, could be crystallized, where the second imidazole 
N atom has been deprotonated. Within the hexamer each copper site 
is four-coordinate, bound to the pyridine and imine N atoms and one 

FIG. 43. The structure of [Cu(L10)]6(C104)2 (209). (Shading: Cu, hatched; O, dotted; N, 
striped; C1, open; C, lines.) 
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imidazole N atom from one ligand, and the second imidazole N atom 
from the neighboring atom. 

Several hexanuclear  copper cages are known with more complicated 
ligands. With the tris-tridentate ligand L l l  (see Scheme 2), a hex- 
anuclear copper(II) complex is formed from the reaction of the trin- 
uclear copper(I) complex with air in the presence of sodium azide (210). 
[Cu3(OH)2(N3)(L11)] 6+ contains a central {Cu2(OH)2} ring, with the re- 
maining coordination sites on the central copper sites occupied by one 
tr identate uni t  from L l l .  The remaining tr identate  binding sites bond 
to the four further  copper(II) atoms. These are arranged in two pairs, 
with the Cu . . .Cu  vector bridged by t~2-azides and hydroxides. No mag- 
netic data are reported; however, EPR spectroscopy suggests that  strong 
antiferromagnetic exchange is present within each dinuclear unit. 

A hexanuclear complex also results from reaction of 1,1,6,6- 
tetrakis(imidazol-2-y])-2,5-diazahexane (Htidah) with copper chloride 
in ethanol (211). [Cu6(tidah)2Cll0(H20)4] contains an irregular centro- 
symmetric array of copper(II) centers, bridged by imidazole groups from 
tidah and four tL2-chlorides; the remaining chlorides are terminally 
bound to copper sites. The structure can be described as a central cop- 
per rectangle, with opposite edges bridged by chloride or imidazolate 
groups. The additional two copper sites are at tached to the rectangle by 
bridging chlorides which are approximately collinear with the Cu.. -Cu 
vector bridged by the imidazolate. Magnetic studies show antiferromag- 
netic exchange between the copper(II) centers, giving a low-spin ground 
state. 

Reaction of 2,6-bis(aminomethyl)-4-methylphenol monohydrochlo- 
ride, 2,6-diformyl-4-methylphenol, copper(II) acetate, and (NBu4)(BF4) 
in boiling MeOH gives a cyclic hexanuclear cage bound to a hexa- 
Schiff base macrocyclic ligand (L12; see Scheme 2) (212). The 
cage [Cu6(L12)(O2CMe)2(OH)2(MeOH)2(H20)2] 2+ contains the six cop- 
per centers having a cyclohexane-like boat configuration, with each 
Cu. . .Cu vector bridged by a phenolate O atom from L12 and one further 
bridge. This is provided either by a ~2-hydroxide or by a 1,1,3-bridging 
acetate ligand. The yield of the complex is moderate (30%). No magnetic 
data are reported. 

A similar reaction of 2,6-diformyl-4-methylphenol or 4-tert-butyl-2,6- 
diformylphenol with 1,5-diamino-3-hydroxypropane in MeOH in the 
presence of copper salts generates a series of te t ranuclear  cages (213). 
Slow recrystallization of these tetranuclear  cages from DMF-MeOH, 
or from dry MeOH in presence of a base, generates octanuclear cages. 
[Cu40(L13)(C104)]2+2 has been structurally characterized (L13 is shown 
in Scheme 2), and shows that  a planar te t ranuclear  copper cage is 
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encapsulated within the Schiff base macrocycle, with the four copper 
centers bound to a central oxide. This oxide bridges to a copper of the 
second tetranuclear fragment within the cage. The magnetic behavior 
of the cage indicates antiferromagnetic exchange between the Cu(II) 
centers. 

A similar reaction involving 2,6-diformyl-4-methylphenol with 1,3- 
diamino-2-hydroxypropane in the presence of copper ni trate gives a 
second hexanuclear cage encapsulated within a macrocyclic ligand, L14 
(see Scheme 2) (214). A difference is tha t  in [Cu6(L14)(OH)312(NO3)6 the 
planar hexanuclear cages "dimerize" via out-of-plane Cu-O bonds to 
create a dodecanuclear array, as shown in Fig. 44. Within the hexanu- 
clear cage, Cu. . .Cu contacts are al ternately bridged by a single pheno- 
late oxygen or by a phenolate oxygen and an exogenous hydroxide. Two 
of the hydroxides also bridge to Cu centers in the second hexanuclear 
cage in the dimer. Magnetic properties show strong antiferromagnetic 
exchange between the Cu centers within the hexanuclear cages, and 
could be modeled with a single exchange constant, despite the presence 
of two nonequivalent bridging motifs. 

F/G. 44. The structure of [Cu6(L14)(OH)312 (214), with the upper hexanuclear unit 
shown in heavy lines, and the lower as open lines. (Shading: Cu, hatched; O, open; N, 
dotted; C, lines.) 
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Two hexanuclear copper "metallocrowns" have been reported, formed 
from the solid-state reaction of copper(II) nitrate with Na(mhp), fol- 
lowed by crystallization from CH2C12 (215). [Na c Cu6(mhp)12](NO3) 
(106) is related to earlier metallocrowns, with six four-coordinate copper 
sites bridged by pyridonate ligands, which are 1,3-bridging with regard 
to Cu sites alone. Six of the mhp O atoms form a central cavity, in which 
the sodium ion is found. The analogous cage, [Cu C Cu6(mhp)12] 2+ with 
copper at the center, has been reported (216). No magnetic data have 
been reported for either of these metallocrowns. 

A heptanuclear  complex results from the reaction of Na(O2N2NEt2) 
with copper(II) chloride and Na(OMe) in MeOH (217). The struc- 
ture contains a central linear trinuclear copper unit, [Cu3(OMe)4 
(O2N2NEt2)2], in which each of the Cu . . .  Cu contacts is bridged by two 
methoxides, with O2N2NEt2 ligands chelating to the external copper 
sites. This trinuclear unit  is bound through Cu.. .O(methoxide) con- 
tacts to two dinuclear [Cu2(OMe)2(O2N2NEt2)2] fragments. Preliminary 
magnetic measurements  suggest strong antiferromagnetic exchange 
between the copper centers. 

Crystals of a vertex-sharing double cubane, [Cu7(OH)s(bpym)~ 
(H20)2] 6+ (107) (bpym=2,2'-bipyrimidine),  can be grown from slow 
evaporation of an aqueous solution of copper(II) nitrate, bpym, and 
sodium carbonate (218). The structure is shown in Fig. 45. The central 
(CuT(OH)s} double cubane is somewhat distorted, the two trans C u - O  
bonds involving the shared copper vertex being longer than other C u - O  
bonds within the cubane. The bpym ligands chelate to the six copper 
vertices that  are not shared. Magnetic studies show weak ferromag- 
netic exchange between the copper(II) centers, with an S -- ~ ground 
state. A fit of the magnetic data allowed four exchange constants to be 
derived, which vary from +0.4 to +5.4 cm -1 (218). 

Work from the Perlepes group has produced a series of copper cages 
using ligands derived from di-2-pyridyl ketone, (py)2CO. A heptanu- 
clear cage, [Cu7{(py)2CO2}3(O2CMe)6(OH)2] (108), and a dodecanuclear 
cage, [CuI2{(py)2CO2}6(O2CMe)12] (109), result  from reaction of cop- 
per(II) acetate with (py)2CO in hot MeCN, followed by layering the re- 
action solution with ether/hexane (219). The smaller cage form s green 
crystals, while the lat ter  gives violet-blue crystals. With cobalt(II) ac- 
etate a nonanuclear cage, 79 results (177) (see above). Complex 108 
contains a highly distorted vertex-sharing copper dicubane core. The 
(py)2CO22- gem-diolate ligands adopt two bridging modes, 3 : 2211 and 
4.3211 (Harris notation), and lie at the center of the cage. This con- 
t rasts  with the 5.3311 mode adopted in 79. The acetate groups bridged 
the external edges of the cage in the classic 1,3-mode (2.11 by Harris  
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FIG. 45. The structure of [Cu7(OH)8(bpym)6(H20)2] 6+ (218). (Shading as in Fig. 44.) 

notation). Magnetic studies demonstrate  tha t  108 has an S = I ground 
state. 

Complex 109 is the minor product of the reaction; it has a beautiful 
"flywheel" structure (219), as shown in Fig. 46. Six internal Cu centers 
form a chair-shaped cluster, which lies within a second, larger chair- 
shaped cluster consisting of the outer copper(II) sites. All the (py)2CO22- 
ligands adopt the 4.3211 bonding mode, bridging one outer and three 
inner copper sites. Six acetate ligands bridge between copper centers of 
the inner and outer chair in a 2.11 fashion, while the final six acetate 
ligands bind monodentately to exterior copper sites. No magnetic data  
are reported for this unique cluster. 

When copper(II) acetate and (py)2CO are mixed in water, followed 
by addition of sodium perchlorate and slow evaporation of the so- 
lution, an octanuclear copper cage, [Cus{(py)2CO(OH)}s(O2CMe)4] 4+ 
(110), can be isolated (220). This features two {Cu404} heterocubanes 
bridged by acetate ligands, with the oxoatom of the (py)2CO(OH)- li- 
gands occupying the O-atom vertices. The bonding mode of the ligand 
is therefore 3 : 3011, with the hydroxyl oxygen not bound to any metals. 
Magnetic studies of 110 show that  antiferromagnetic exchange within 
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FIG. 46. The structure of [Cu12{(py)2CO2}6(O2CMe)12] (219). (Shading as in Fig. 44.) 

the cubanes dominates the behavior, leading to a low-spin ground state. 
EPR studies suggest that  a spin triplet may be the ground state, but  
this is a tentat ive assignment. 

A further octanuclear cage featuring (py)2CO22- has recently 
been reported (221). [Cus{(py)2CO2}4(O2CMe)4(Hhp)4]4+(Hhp=2 - 
hydroxypyridine) (111) is formed from reaction of copper acetate with 
(py)2CO in MeCN/H20, followed by addition of Hhp, sodium acetate, 
and sodium perchlorate. The structure is in some ways reminiscent of 
109, containing an inner and outer portion. In 111, the inner copper 
structure is a te trahedron while the outer s tructure is a distinctly flat- 
tened tetrahedron. The (py)2CO22- ligands adopt a new 4 : 2211 mode, 
while an acetate ligand bridged in a 2.11 fashion and the Hhp 1]gands 
are at tached through the exocyclic oxygen atom. Magnetic studies show 
that  antiferromagnetic exchange is dominant, giving a low-spin ground 
state. The cage also shows two quasireversible reduction processes. 

The copper cage [(Cu30(L15)}2Cu] is mixed-valent, containing two 
oxo-centered copper(II) triangles, bridged by a single copper(I) center, 
bound to the two oxo groups (222). The triangles are encapsulated in a 
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polydentate N-donor ligand L15 (see Scheme 2). It is prepared in two 
steps. First, tris(2-aminoethyl)amine and formaldehyde are reacted to- 
gether in the presence of Cu(II) ions, to give the trinuclear unit. This 
is then dissolved in DMSO in the presence of KOH, and the solution 
gradually changes color from green to brown. The heptanuclear  cage 
crystallizes after addition of acetone. Magnetic studies show antiferro- 
magnetic exchange between the Cu(II) centers, giving a diamagnetic 
ground state. 

An octanuclear copper complex containing uridine (urid) as a ligand 
has been reported (223). The cage [Cus(urid)sNa(H20)6] 7- contains cop- 
per centers bound to a pyrimidine nitrogen atom from one uridine, and 
ribose oxygen atoms from two different uridines. The resulting cage has 
a square antiprismatic array of copper centers, with the eight bridging 
uridine ligands forming a torus. A {Na(H20)6} + cation is found at  the 
center of the cage. No magnetic data  are reported for this cage. 

Reaction of polymeric copper(I)-3,5-dimethylpyrazolate (dmpz) sus- 
pended in wet CH2C12 with dioxygen gives [Cu(dmpz)(OH)]s (112) (224). 
Complex 112 contains a planar  ring of copper(II) centers, with each 
Cu . . .  Cu vector bridged by a dmpz and hydroxide. No magnetic data  
are reported for the compound. Complex 112 oxidizes a number  of or- 
ganic species, including triphenylphosphine. 

Two series ofoctanuclear copper complexes have been reported using 
pyridonate ligands. Wang and co-workers have reported heterometallic 
{Y2Cu8} and {Nd2Cus} cages (225), and discussed their use as precur- 
sors for synthesis of high-temperature superconductors, while Blake 
et al. have made a series of homometallic cages (26). 

[Y2CusO2(hp)12C12(NO3)4(H20)2] and [Nd2CusO2(hp)12Cl2(OMe)4 
(H20)4] (hp = 2-pyridonate) are made from reaction of copper methox- 
ide with Hhp in MeOH, followed by addition of either yt t ium nitrate 
or neodymium chloride (225). The metal core is similar in both com- 
pounds, with a central {M2Cu4} octahedron (M = Y or Nd), with the 
heterometallic centers trans to one another. The final four copper(II) 
centers are then arranged in two pairs parallel to the M. . .M axis. Two 
tt4-oxides are found within the {M2Cu4} octahedra, while all the hp 
ligands adopt the 3.21 bridging mode. Antiferromagnetic exchange is 
found between the copper centers. 

The homometallic cages [CusO2(O2CR)4(xhp)s] (26) (R = Me, Ph or 
CF3; xhp = 6-chloro-, 6-bromo- or 6-methyl-2-pyridonate), shown in 
Fig. 47, can be prepared either from reaction of the copper carboxy- 
late with the neutral  ligands, or by reaction of the copper carboxylate 
with copper complexes of pyridonate ligands, [Cu2(chp)4] (226) or 106 
(215). The structures consist of a central edge-sharing oxygen-centered 



HIGH-NUCLEARITY 3d-METAL COMPLEXES 91 

:u }Cu 

FIG. 4,7. The s t ructure  of [CusO2(O2CR)4(xhp)8] (26). (Shading as in  Fig. 44.) 

bitetrahedron (Cu602}, surrounded by two {Cu(xhp)4} 2- "complex li- 
gands." Each carboxylate ligand bridges in a 2.11 fashion, while the 
pyridonate ligands adopt both the 2.11 and 3.21 binding modes. Mag- 
netic studies of the cages show a decline in magnetic moment  at low 
temperature.  The exchange within the bitetrahedron can be modeled 
using three exchange interactions, two of which are antiferromagnetic 
and one ferromagnet ia  The ground state is sensitive to the relative 
sizes of the two antiferromagnetic terms, and can be either S = 0 or 
S = 1 (26); both cases are found for different cages. 

A further octanuclear cage has been crystallized using 6,6'-oxybis[ 1,4- 
bis(2'-pyridylamino)phthalazine] (obpp), which binds to four copper 
centers, with  the resulting cage linked through a nitrate group to give 
[{Cu4(obpp)(OH)2(NO3)2(H20)7}2(NO3)] 7+ (227). The ligand obpp con- 
tains two distinct cavities, in each of which is bound a {Cu2(OH)} frag- 
ment. In one cavity of the pair a nitrate ion bridges between 4he two 
copper centers, while in the second cavity the ni trate present bridges to 
a neighboring tetranuclear  fragment, generating the complete octanu- 
clear cation. The magnetic behavior of the compound could be modeled 
with the Bleaney-Bowers  equation, using a large antiferromagnetic 
exchange constant. 

The trianion of a pentadentate  Schiff base, 2-hydroxy-l,3- 
propanediylbis (acetylacetoneimine) (hpbaa), reacts with copper(II) 
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perchlorate in MeOH to give the octanuclear cage [Cus(hpbaa)4(OH)3] + 
(228). The cage has an unusual  structure containing four dinuclear 
{Cu2(hpbaa)} units linked through hydroxides. No magnetic data  are 
reported for the cage. 

An octanuclear copper complex has been reported featuring the 
immunosuppressant  drug azathioprine (aza) as a coligand with 
the fi-diketonate 2,2,6,6-tetramethylheptane-3,5-dione (thd) (229). 
[Cu4(aza)2(thd)5(OH)]2 was made by reaction of [Cu(thd)2] with aza in 
MeCN. The cage contains {Cu3(OH)} fragments, with two edges of the 
triangles bridged in a 1,3-fashion by aza ligands. The second N atom of 
the imidazole ring binds to further  copper atoms, in one case binding 
a fourth copper center to the triangle and in the second case bridging 
to the second triangle within the octanuclear cage. Magnetic measure-  
ments indicate antiferromagnetic exchange between the copper centers 
within the triangle. 

A nonanuclear cage, [Cu9(O2CCHC12h0{OCH2C(NH2)Me2}6(OH)2], 
can be made from reaction of copper(II) dichloroacetate with 2- 
dimethylaminoethanol in ethanol (230). The structure consists of two 
distorted copper heterocubanes bridged, via carboxylate and hydrox- 
ide ligands, through a central ninth copper center. The carboxylates 
adopt both the conventional 2.11 bonding mode and the less frequently 
found 3.21 mode. The aminoalkoxide ligands triply bridge through the 
O atom, with the N donor bound to one of the three copper centers to 
which the O atom is bound- - the  3.31 bonding mode in Harris  notation. 
The magnetic behavior of the cage is complicated and suggests antifer- 
romagnetic exchange between the copper centers, leading to a doublet 
ground state. 

The nonanuclear cage [Cu9(2poap)6] 12+ can be crystallized with ni- 
t rate or sulfate counterions (231). The structure is closely related to the 
equivalent manganese cage [Mn9(2poap)6] (106), containing a 3 × 3 grid 
of copper(II) centers bridged by the linear polydentate ligand. Magnetic 
studies support an assignment of an S = 7 ground state cage owing to 
predominant ferromagnetic exchange between the copper(II) centers. 
These two cages resemble the ladders and grids reported by Lehn and 
co-workers (232), but  differ in the use of paramagnetic metal centers, 
which leads to interesting magnetic behavior as well as unusual  archi- 
tectures. 

The majority of cages containing twelve copper(II) centers are 
heterometallic. The first to be reported was [Cu12Las(OH)24(NO3)21.2 
(Hmhp)13(H20)5.5][NO3]2.s, which contains a cuboctahedron of cop- 
per(II) centers within a cube of eight lanthanums, with a ~3-hydroxide 
at the center of each Cu2La triangle (215). The remaining ligands are 
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bound to the l an thanum sites, except for a central ni trate anion, which 
is encapsulated within the cage. The cage is formed in very low yield 
from hydrolysis of 106 by lan thanum nitrate in CH2C12. No magnetic 
data have been reported for this cage. 

A curious observation is tha t  the same copper and hydroxide arrays 
are found in several other heterometallic cages formed with betaine and 
carboxylate ligands. Thus, [Cu12M6(OH)24(O2CCH2NC5H5)12(H20)1s 
(C104)](C104)17 (M--Y, Nd or Gd) (233), [Cu12M6(OH)2a(O2CCH2CH2 
NC5H5)12(H20)16(C104)](C104)lT(M = Sm or Gd) (234), and [Cu12M6 
(OH)24(O2CRh2(H20)ls(C104)](NO3)4(OH) (R = CHeC1 or CC13; M =  
La or Nd) (235) all contain a copper cuboctahedron, but in these cages 
the second metal  forms an octahedron, as shown in Fig. 48. The encap- 
sulated perchlorate ions found in all these cages are t~12-bridging. Mag- 
netic studies (233, 235) reveal antiferromagnetic exchange between cop- 
per(II) centers to be the dominant magnetic interaction in most cases. 
However, for [Cu12Gd6(OH)24(O2CCH2NCsH5)12(H20)ls(C]O4)](C104)17, 

FIG. 48. The structure of [Cu12M6(OH)24(O2CCC13)12(H20)18(ClO4)] (235) with chlorine 
atoms of the carboxylate groups excluded for clarity. (Shading: Cu, hatched; Nd, random 
shading; O, striped; C, lines.) 
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this coupling appears to be less overwhelmingly important (233) and 
the decline in moment as temperature decreases is much slower. This 
suggests that either the Cu. . .  Cu coupling is weaker or a second ex- 
change interaction, possibly Cu-. .  Gd, is important here. 

A further dodecanuclear copper(II) cage also contains a cuboctahe- 
dron of copper centers. The ligand is the trianion of 2,4,6-triazophenyl- 
1,3,5-trihydroxybenzene (tapp; see Scheme 2), which acts as a 
tri-bidentate chelator (236). The centroids of these ligands in 
[Cu~2(tapp)8], illustrated in Fig. 49, are at the corners of a cube, plac- 
ing the copper centers at the midpoint of the edges of this cube--thus 
creating a cuboctahedron. The cage is made from reaction of H3tapp in 
DMF with [NMe4](OH) in MeOH, followed by addition of copper nitrate 
dissolved in DMF. No magnetic data are reported for this extraordinary 
complex, which contains an approximately 816/k 3 cavity. 

Recently a mixed-ligand cage has been reported, which also con- 
tains a dodecanuclear copper core (237). [Cu12C16(dmpz)10(O3ptBu)6 
(HOaptBu)2], shown in Fig, 50, contains an elaborate array of metal 
centers held together by ~s- and t~4-chlorides, t~2~pyrazolates, t~8- and 

FIG. 49. The structure of [Cul2(tapp)s] (236). (Shading: Cu, hatched; N, open; O, striped; 
C, lines.) 
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FIG. 50. The structure of [Cu12C16(dmpz)lo(O3PtBu)6(HO3PtBu)2] (237). (Shading: Cu, 
hatched; O, striped; N, dotted; P, random shading; C, lines.) 

t~2-phosphonates, and t~2-hydrogenphosphonates. The cage consists of 
two linked hexanuclear units. Within each unit  there is a {Cu4C12} but- 
terfly, the two wingtip copper sites being linked by a third chloride. This 
chloride bridges to the fifth copper of the hexanuclear block, with one of 
the chlorides within the butterfly binding to the sixth copper. The com- 
pound was made by mixing copper(II) chloride and dmpz in CH2C12, fol- 
lowed by addition of tert-butylphosphonic acid and NEt3 also dissolved 
in CH2C12. This green solution was evaporated to dryness and extracted 
with benzene. Magnetic measurements  show weak antiferromagnetic 
exchange between copper centers (237). 

Two mixed-valent tetradecanuclear cages, [Cu(II)6Cu(I)s{SC(Me)2 
CH2NH2}12] 7+ (238) and [Cu(II)6Cu(I)s(pen)12C1] 5- [H2pen = 
D-penicillamine, HSC(Me)2CH(CO2)NH3] (239), also contain a mixture 
of high-symmetry polyhedra. The lat ter  cage is made by mixing 
D-penicillamine and copper chloride in water, followed by layering with 
a solution containing a suitable cation--[Co(NH3)6] 3+, [Ru(NH3)6] 3+, or 
T1 + can be used. The purple crystals contain a central chloride anion, 
surrounded by the S atoms from twelve pen ligands, which form an 
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icosahedron. The eight Cu(I) centers are at the centers of eight of the 
tr iangular  faces of the icosahedron, and hence bound to three S atoms. 
No two Cu(I) atoms are in adjacent triangles. These Cu(I) centers 
therefore lie at the corners of a cube. The six Cu(II) atoms bond to pairs 
of S atoms which define edges of the icosahedron, and are also bound 
to amino nitrogen atoms from the pen ligands. These six Cu(II) atoms 
lie at the corners of an octahedron. No magnetic data are reported, 
beyond a s tatement  tha t  the room-temperature value for the magnetic 
moment of these compounds is consistent with ~40% of the copper 
being present as copper(II). 

IV. Families of Cages 

The structures discussed above show an enormous range of struc- 
tural  types, and a frustration in this area is the inability to recognize 
any central organizing principle to describe and rationalize these struc- 
tures. Several "families of cages" exist, however, in which cages can be 
grouped by the metal polyhedron displayed. Three of these families of 
cages are discussed briefly below. 

A. WHEELS AND METALLOCROWNS 

Cyclic structures have an enormous aesthetic appeal. For cages rang- 
ing upward from hexanuclear, wheels (Table II), which contain no cen- 
tral  metal, are more common than  the metallocrowns (Table III), which 
contain a further metal encapsulated within the cyclic array. Pecoraro 
and co-workers have made many  smaller metallocrowns, and have re- 
cently reviewed the area (240). 

An obvious observation concerning these larger cyclic structures is 
tha t  they always contain an even number of metal centers within the 
backbone of the wheel or crown. There is no straightforward explana- 
tion for the absence of hepta- and nonanuclear wheels, especially as 
metallocrown analogs of 15:crown-5 are well known (240). Hexa- and 
octanuclear wheels are known for most of the 3d metals--chromium is 
absent from hexanuclear wheels, while no octanuclear nickel wheels are 
known. An octanuclear titanium(IV) wheel has been included for com- 
pleteness (241). These cages involve a range of ligands tha t  bridge the 
M . . .  M edges of the wheel in a variety of ways. For octanuclear cages, 
bridging by two 1,3-carboxylates and one further ~2-bridge (fluoride, 
hydroxide, methoxide, or oxide) is the most common motif, but many 
other variants are known. For decanuclear wheels, only one bridging 
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TABLE II 

METAL WHEELS 

Cage Reference 

Hexanuclear 
[V6Olo(O2CPh)9] 41 
[Mn(hfac)2(NITPh)]6 83 
[Mn6{(PhSiO2)6}2CI(EtOH)6] - 87 
[Fe6C16{ OCH2CH2)2NMe}6] 140 
[Co{N(CI-I2PO3)(CH2CO2)2}]62- 168 
[Co6{(PhSiO2)6}2Cl(solvent)6]- 87 
[Ni6{(PhSiO2)6}2CI(EtOH)6] 184 
[Cu(O2CCMe3)(OEt)]6 200 
[Cu6{(PhSiO2)s}2(EtOH)6]- 87 
[Cu(L10)]6 209 

Octanuclear 
[TiO(O2CC6Fs)218 241 
[Vs(OH)4(OEt)s(O2CMe)12] 32 
[(VO)s(OMe)16(C204)] 2- 46 
[CrF(O2CCMe3)2]s 59a 
[Cr(OH)(O2CPh)2]8 64 
[FesO4(bmdp)4(OH)4(O2CMe)4] 151 
[Fe(O2CCMe3)2]8 59b 
[Cos(L9)12(C104)] 3+ 174 
[Cos(O2CMe)s(OMe)16] 175 
[Cu(dmpz)(OH)]8 224 

Decanuclear 
[Cr(O2CMe)(OMe)2]lo 73 
[Cr(O2CMe)(OEt)2]lo 73 
[Fe(OMe)2(O2CCH2CI)] lO 154 
[Fe(OMe)2(O2CMe)]lo 155 
[Fe(OMe)2(O2CCH2CH2C(O)--C6H4Me)]lo 156 

Dodecanuclear 
[(R2NH2)3{Cr6F11(O2CCMe3) lo}(H20)]2 74 
[Fe(OMe)2(dbm)]12 138 
[Ni12(chp)12(O2CMe)12(THF)6(H20)6] 28 
[Nil2(bhp)12(O2CMe)12(THF)6(H20) 6] 192 

Higher nuclearities 
[Fe(OH)(XDK)Fe2(OMe)4(O2CMe)2]6 164 
[Ni24(OH)s(mpo)16(OuCMe)24(Hmpo)16] 194 

97 

type is seen, the bis-t~2-alkoxide and single 1,3-carboxylate bridge orig- 
inally seen for the ferric wheel (154). This nuclearity is also seen 
only for the metal centers in the ÷3 oxidation state. The two cages 
with higher nuclearity both consist of repeating trinuclear units; the 
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TABLE III 

METALLOCROWNS 

Cage Reference 

Hexanuclear 
[Mn C Mn6(OH)3C13(hmp)9] 2+ 93 
[Na c Mn6(dbm)6(OMe)12] + 94 
[Mn c Mn6(dbm)6(OMe)12] 95 
[Na c Fe6(OMe)12(dbm)6] + 137 
[Li C Fe6{OCH2CH2)3N}6] + 140 
[Na c (Co6(mhp)12] + 166 
[Na c Cu6(mhp)z2] + 215 
[Cu c Cu6(mhp)12] 2+ 216 

Octanuclear 
[Cs C Fes{OCH2CH2)3N}8] 140 

octadecanuclear Fe(III) cage is a hexamer oftr inuclear fragments (164), 
while the tetraicosanuclear Ni(II) cage is an octamer oftr inuclear blocks 
(194). Therefore, if still larger wheels are to be constructed, a design 
principle might be to look for either larger oligomers of trinuclear frag- 
ments or oligomers of higher-nuclearity building blocks. 

Only one metallocrown containing more than six metals in the 
cyclic backbone has been reported (140). This may be due to prob- 
lems with templating larger metallocrowns. Where larger cations or 
more than one cation are encapsulated, spherical cages or "metal- 
locryptands" tend to result, for example, in the nonanuclear cage 
[Na4{Ni(L1}9(H20)(MeOH)(C104)] 3+ reported by Doble et al. (96) where 
four sodium ions lie within a tr icapped trigonal prism of Ni(II) centers. 

B. CUBANES 

These are very common building blocks in larger cages (Table IV). 
Inclusion of incomplete {M304} cubanes would increase the members  
of the family to include most of the planar structures described above. 
The structures listed in Table III contain only those with at least one 
complete {M4X4} cubane core. 

There are several points worth noting. Face-sharing cubanes exist 
for dicubanes, tricubanes, heptacubanes,  and octacubanes, with ad- 
ditional capping metal  centers found for di-, tri-, and heptacubanes.  
The decavanadate core is described here as a "face-sharing dicubane, 
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TABLE IV 

CUBANES 

Cage Description Reference 

Hexanuclear 
[Cr604(O2CCMe3)ll]- 
[Cr602(OH)2(O2CCMe3)I 1] + 
[Cu6(O2CMe)6(OH)2(OCH2CH2NEt2)4(H20)] 
[Cu6(O2CCH2C1)6(OH)2(OCH2CH2NEt2)4(H20)] 
[Cu7(OH)8(bpym)6(H20)2] 6+ 
[Cu7((py)2CO2} 3(O2CMe)6(OH)2] 

Octanuclear 

[CrsO4(O2CPh) 16] 
[Mn806CI6(O2CPh)7(H20)2J- 
[FesO4(PZ)12C14] 
[CosO4(O2CPh) 12(solv)3(H20)] 
[Co804(OI-I)4(O2CMe)6(L8 )2] 2+ 
[CosO4(O2CMe)6(OMe)4C14(OHn)4] 
[CUB{ (py)2CO(OH) }8(O2CMe)4] 4+ 

Nonanuclear  
[Cu9(O2CCHCI2)lo{OCH2C(NH2)Me2} 6(OH)2] 

Decanuclear 
[VloO16-x(OH)x((OCH2)3CR}4] n -  

[Mnl002Cls~OCH2)3CMe}6] 2- 

Undecanuclear 
[{Ni6(OH)6} {Ni(mhp)3 }5(Hmhp)CI(H20)2] 

Dodecanuclear 
[Cr1208(OH)4(O2CCHMe2)16(HO2CCHMe2)4] 

[Mn12012(O2CR)16(H20)4] 

[Fe1202(OMe) ls(O2CMe)6(HOMe)4.67] 

[Co12(chp)ls(OH)4C12(Hchp)2(MeOH)2] 

Higher  nuclearities 
[Mn13Os(OEt)6(O2CPh)12] 

[V16020{(OCH2)3CCH2OH}8(H20)4] 

[Ni16Na6(chp)4(phth)10(Hphth)2(MeO)10 
(OH)2(MeOH)20] 

[Fe16MOlo(OH)10(O2CPh)20] 

[MnlsO14(OMe)14(O2CCMe3)8(MeOH6] 

Cubane, capped by two Cr centers 65 
Cubane, capped by two Cr centers 65 
Face-sharing dicubane 196 
Face-sharing dicubane 197 

Vertex-sharing dicubane 218 
Vertex-sharing dicubane 219 

Cubane, capped by four Cr centers 64 
Dicubane, sharing an edge 100 
Cubane, capped by four Fe centers 67 
Cubane, capped by four Co centers 66 

Triple cubane, sharing two faces 173 
Triple cubane, sharing two faces 69 

Two linked cubanes 220 

Two cubanes linked 230 
via a Cu center 

Face-sharing dicubane, capped 49, 50 
by four V centers 

Face-sharing dicubane, capped 108 
by four Mn centers 

Face-sharing dicubane, capped 
by five further Ni centers 

124 

Face-sharing tricubane, capped 68 
by four Cr centers 

Cubane surrounded by ring 2, 14 
of eight Mn centers 

Four cubanes, sharing one 159 
face and two edges 

Two linked cubanes 181 

Eight cubanes sharing faces, 121 
arranged in a cube 

Two linked cubanes, each 56 
capped by four V centers 

Four linked cubanes 193 

Double cubane sharing a vertex 160 
surrounded by ring of 
ten Fe centers 

Six cubanes arranged on the faces 124 
of a seventh cubane capped 
by two Mn centers 
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capped by four V centers"; each of these capping V centers is par t  of 
an incomplete cubane that  shares edges with the central dicubane. 
In the dodecanuclear iron cage [Fe1202(OMe)ls(O2CMe)6(HOMe)4.67] 
(159), the presence of two additional iron centers completes these 
additional cubanes. Similarly, in the hexanuclear vanadium cage 
[V16020{(OCH2)3CCH2OH}s(H20)4] (56), the additional centers are par t  
of incomplete cubanes. 

The capping atoms in the hexa-, octa-, dodeca-, and octadecanuclear 
structures listed in Table III all have the same disposition; i.e., they 
are attached to a/~4-0xo group of the central cubane(s) to complete a 
tetrahedral  coordination geometry about this site. This contrasts with 
the additional metal sites in the decanuclear cages, where they are 
attached to t~6-0xo groups which have octahedral geometries. 

C. TRIGONAL PRISMS 

Whereas examples of this polyhedron are formed for chromium, man- 
ganese, and iron, the majority of structures containing this core are 
formed for cobalt and nickel (Table V). All nuclearities between hexa- 
and dodecanuclear are observed, differing in the presence of additional 
metal  centers. Thus, simple hexanuclear trigonal prisms have been 
found for iron(III), as well as two centered heptanuclear trigonal prisms 
for manganese(II). If  only the trigonal faces of the prism are capped, an 
octanuclear manganese(II) cage is observed, while capping exclusively 
on the edges of the rectangular faces or on these faces themselves gen- 
erates nonanuclear cages. 

Decanuclear cages can be formed in three ways, but  all require the 
presence of a central atom. They are found with caps on the edges of the 
rectangular faces, on the rectangular faces, and with caps on all faces 
of the prism but  with one edge of the prism missing. Undecanuclear  
cages form two related polyhedra: capped on both trigonal and all three 
rectangular faces, but  without the central metal site; and centered, but  
lacking one cap on a trigonal face. The three dodecanuclear cages are all 
centered and capped on all five faces of the trigonal prism. No clearcut 
examples of linked trigonal prisms have been reported, although the 
heptanuclear  [Fe1~MO10(OH)1o(O2CPh)20] cages can be related to the 
undecanuclear iron(III) cages. 

Although the regular occurrence of cages based on cubane units can 
be easily rationalized as related to the sodium chloride structure, it 
is considerably more difficult to rationalize the regular occurrence of 
trigonal prisms. An at tempt has been made to relate the cobalt and 
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TABLE V 

TRIGONAL PRISMS 

Cage Description Reference 

Hexanuclear 
[Fe6(O2)302(O2CMe)9] - 
[NaFe6(hpida)603] + 

Heptanuclear 
[Mn706(OEt) ls(HOEt)2] 
[Mn{Mn(L1)}6] 2+ 

Octanuclear 
[MnsO2(L2)6 

Nonanuclear 
[Fe90(cit)s(H20)3] 7- 

[Na4{Ni(L1}9(H20)(MeOH)(C104)] 3+ 

Decamiclear 
[COlo(OH)6(mhp)6(O2CPh)7(Hmhp)3Cl(MeCN)] 

[COlo(OH)6(mhp)6(O2CCMe3)7(Hmhp)Cl(MeCN)3] 

[Colo(OH)4(chp)lo(O2CCMe3)6(EtOH)2] 

[Colo(OH)6(mhp)s(O2CCPha)6(Hmhp)3(HCO3)3] 

[Nilo(OH)6(mhp)6.5(O2CCHMe2)6.5(Hmhp)3CI(H20)] 

[Nil0(OII)6(chp)6(O2CCHPh2)6(C1)2(Hchp) 
(H20)2(MeOH)] 

[Nilo(OI-I)4(mhp)lo(O2CCMe3)6(MeOH)2] 

[Nilo(OH)4(mhp) lo(O2CCMe3)6(H20)2] 

Undecanuclear 
[Fe1106(OH)6(O2CPh) 15] 
[FellO6(OH)6(O2CCH2CH2C(O)C6H4Me)15] 
[Ni11(OH)6(mhp)9(O2CMe)6(H20)3] + 

[Nil l(OI-I)6(mhp)9(O2CMe)7(Hmhp)2] 

Dodecanuclear 
[Crl209(OH)3(O2CCMe3)15] 
[Co12(OH)6(mhp)12(O2CMe)6] 
[Niz2(OH)6(mhp)12(O2CCH2C1)6] 

129 
142, 143 

Centered 92 
Centered 96 

Capped on trigonal faces 101 

Capped on edges linking 153 
triangles 

Capped on rectangular faces 96 

Capped on rectangular faces 179 
and centered 

Capped on rectangular faces 179 
and centered 

Pentacapped, centered, 179 
missing one edge 

Capped on edges linking 180 
triangles and centered 

Capped on rectangular 179 
faces and centered 

Capped on rectangular 179 
faces and centered 

Pentacapped, centered, 179 
missing one edge 

Pentacapped, centered, 179 
missing one edge 

Pentacapped 158 
Pentacapped 156 
Capped on rectangular faces 179 

and one trigonal face, 
centered 

Capped on rectangular faces 179 
one trigonal face, 
centered 

Pentacapped and centered 
Pentacapped and centered 
Pentacapped and centered 

61 
178 
179 
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nickel structures to the structure of the M(OH)2 hydroxide (171), but  
whether  this relationship is meaningful remains to be proved. 

V. Conclusions 

There are now a large number  of high-nuclearity paramagnetic 
cages known, and the rate at  which the number  of cages increases is 
accelerating. The diversity of s tructures is remarkable,  and has pre- 
vented any guiding structural  principles from being proposed. It is 
already clear that  the cages do not correspond in a straightforward 
manner  to fragments of common minerals or to polyhedral archetypes, 
but  rather, display a richness of topology and nuclearity that  is unpre- 
dictable but  intriguing. 

Many gaps remain in this field. Ligands that  are regularly applied to 
one metal  may not feature at all in the cage chemistry of another metal. 
The tendency in the area is for O-donor ligands to be used with early 3d 
metals, with nitrogen donors becoming more common as the transit ion 
series is traversed. Although this obeys the "hard-soft" principle, it is 
not clear whether  the absence of alkoxide cages of nickel or pyrazolate 
cages of chromium is because these cages cannot be made or because 
no one has yet looked. The recent paper by Chandrasekar  and Kingsley 
(237) is a very rare example of a phosphonate ligand used with a 3d 
metal other than vanadium. 

Heterometallic cages are ra ther  rare, and, in the context of magnetic 
behavior, could be very interesting. The few examples known are ra ther  
disappointing, in contrast to the heterometallic cyanate cages known 
(18-24). Application of rigid, polydentate ligands is rare, except for the 
work of Saalfrank (101, 102) and Thompson (106, 231), in contrast  to 
the many diamagnetic cages produced by Lehn and co-workers (232). 
This approach could generate many exciting cages, with the advantage 
of control of structure. 

The reactivity of these cages is clearly something of a mystery. The 
paramaguet ism makes NMR a technique of limited applicability, es- 
pecially in cases where some ligands are weakly bound, creating ad- 
ditional problems of fluxionality. Vibrational and electronic spectra of 
such cages contain too many and too few spectroscopic handles, respec- 
tively, to be useful. Therefore, solution studies have been limited. The 
growing use of electrospray mass  spectrometry suggests more will be 
known in the future. There are several systems in which several cages 
can be crystallized from very similar reaction mixtures, and an exam- 
ination of which of these cages is present  in solution would be a step 
toward understanding how, and when, cages form. 
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NOTE ADDED IN PROOF 

There are doubtless many omissions in this account. One must be corrected: There is 
no reference to the beautiful polyol work of Klfifers and co-workers. This is unusual and 
exciting chemistry, and the Fe14 (242) and CM16 (243) clusters made by this method are 
important molecules. 
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I. Introduction 

The first stable complex with transition metal-noble gas bonds has 
recently been reported by Seppelt and co-workers (1), thereby mark- 
ing a key development in nearly 30 years of research worldwide. The 
reduction of AuF3 with elemental xenon in HF/SbF5 solution resulted 
in the formation of [AuXe2+][Sb2F~I]2. Crystallization at -78°C pro- 
duced dark red crystals of [AuXe2+][Sb2F~I]2, which were stable up to 
-40°C. Indeed, under  a xenon pressure of 10 bar this novel  complex 
remained stable in solution up to room temperature.  The X-ray crys- 
tal structure of [AuXe2+][Sb2F~]2 is shown in Fig. 1. It consists of the 
square-planar cation AuXe 2+ with four covalent Au-Xe bonds rang- 
ing in length from 272.8 to 275.0 pm. Three weak contacts between 
the Au center and the anion complete the coordination sphere. The 
complex was also characterized by Raman spectroscopy. A strong band 
was observed at 129 cm -1, which was assigned to the totally symmetric 
stretching vibration of AuXe 2+ on the basis of the prediction of this band 
at  ~100 cm -1 by a series ofab initio and density functional theory cal- 
culations. From these calculations the mean Au-Xe bond dissociation 
energy (BDE) was estimated to be 199 ± 49 kJ mo1-1, with the xenon 
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Xe qL  

FIG. 1. T he  X-ray  c rys ta l  s t r u c t u r e  of  [AuXe2+][Sb2F~l]2 recen t ly  i so la ted  by Seppe l t  
a n d  co-workers  (1). Coord ina tes  were  ob t a i ned  f rom the  ICSD. 

atoms functioning as simple a donors toward Au 2+. The isolation of 
this molecule therefore represents  a major breakthrough in the s tudy 
of transition metal a complexes. 

The noble gases are extremely stable, chemically unreactive elements 
with closed electron shells and high ionization energies. Their chem- 
istry is very limited, indeed, of the six noble gases, only krypton, xenon, 
and radon have so far been found to form stable compounds with other 
atoms at room temperature,  most of which involve the most electroneg- 
ative elements fluorine and oxygen. This can be at t r ibuted to the de- 
crease in ionization energy and increase in polarizability on going down 
the group (see Table I). 

Despite predictions of possible compounds containing bonds to helium 
and neon (2, 3), these elements retain the "noble gas" s tatus  and such 

T A B L E  I 

SOME PROPERTIES OF THE NOBLE GASES 

First  ionization Melting Boiling Critical 
energy Polarizability point at  point at  Critical p ressure  

E lement  Symbol (kJ mo1-1) (x 10 -30 m 3) 1 a tm (K) 1 a tm (K) temp. (K) (arm) 

Hel ium He 2372 0.21 1.0 4.2 5.3 2.3 
Neon Ne 2080 0.40 24.6 27.1 44.4 26.2 
Argon Ar 1520 1.64 83.3 87.3 150.9 48.3 
Krypton Kr 1351 2.48 115.8 119.8 209.4 54.3 
Xenon Xe 1169 4.04 161.4 165.0 289.7 57.6 
Radon Rn 1037 5.30 202.0 211.3 378.2 62.0 



TRANSITION METAL-NOBLE GAS COMPLEXES 115 

molecules are yet to be observed. The technique of low-temperature 
matrix isolation spectroscopy has facilitated the generation of highly 
reactive argon compounds. However, only a few of these compounds 
have been produced. UV photolysis of Be atoms and molecular oxy- 
gen in an argon matrix at 10 K resulted in the formation of ArBeO (4), 
which was identified in the infrared by its p(Ar-Be) stretch (1526 cm-1). 
The extremely high charge density of the Be 2+ cation of BeO was ca- 
pable of polarizing the Ar atoms, resulting in an induced dipole (i.e., 
van der Waals) interaction with the metal center. Theoretical calcu- 
lations at the MP4 level, performed by Veldkamp and Frenking (5), 
predicted that the At -Be  bond energy in this species would be 28.0 kJ 
mo1-1. This should be contrasted with a recent very elegant study by 
Khriachtchev and co-workers (6), who succeeded in producing the first 
direct evidence 1 for a neutral species possessing a covalent bond to an 
argon atom. UV photolysis (127-160 nm) of HF in an Ar matrix at 7.5 K 
resulted in the appearance of three new bands in the infrared spectrum 
at about 1969.5, 687.0, and 435~7 cm -1, which were completely absent 
from the spectrum obtained with a pure Ar matrix. Identification of 
these bands was achieved through a series of isotopic substitution ex- 
periments. Changing the matrix from 4°At to 36Ar and replacing HF 
with DF resulted in precise shifts in the positions of the IR bands 
(see Fig. 2). These shifts enabled them to assign the three bands to 
v(H--Ar), 8(H--At-F) and v(Ar-F) vibrations of HArF, isolated in solid 
Ar. The molecular properties of HArF were investigated using pertur- 
bation theory (MP2) and coupled cluster [CCSD(T)] molecular orbital 
calculations, These indicated that the molecule is linear with a strong 
degree of (HAr)~F - charge transfer in the HArF electronic structure. 
Pyykk5 has recently discussed the nature of the A r - H  bond through 
an analysis of the calculated bond lengths (7). The H - A t  bond length 
was calculated to be 133 pm, which corresponds to an argon radius of 
103 pm. This is extremely close to the covalent radius of Ar (98 pro), 
which can be deduced from the bond lengths of the two gas-phase ions 
ArH + (8) and ArF + (9), suggesting that the Ar -H  interaction in HArF is 
highly covalent in nature. In contrast, the effective Ar radius in ArBeO 
(obtained from the calculated At -Be  bond length of 205 pro) is 126 pm, 
and although this is much lower than the van der Waals radius of Ar 
(188 pro), it demonstrates that the bonding in Ar--BeO is only weakly 
covalent. 

l i t  should be noted t h a t  a l though Turner  and co-workers originally discovered a cova- 
lent  Ar interact ion in Cr(CO)sAr in 1975, the evidence they obtained for this  bond was 
indirect. 
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FIG. 2. The infrared absorptions of HArF in an argon matrix at 7.5 K, showing how 
4°AF/36Ar and H/D isotopic substitutions allowed the identification of these bands. Repro- 
duced with permission from Fig. 1 in Ref. (6). 

The chemistry of krypton is considerably more extensive than that  
of argon; nevertheless, it is still ra ther  restricted. A series of krypton 
species containing K r - H ,  Kr-C,  and Kr--C1 bonds were recently formed 
in low-temperature matrix isolation experiments by R~is~inen and co- 
workers (10). The only bulk compounds of krypton that  have been iso- 
lated a r e  K r F 2  (a  very powerful fluorinating agent) and a series of 
cationic species derived from it, e.g., [KrF]+[SbF6] - (11). All of these 
compounds contain krypton in the ÷2  oxidation state. 

Xenon is much more reactive, forming a number of different fluorides, 
fluorocations, fluoroanions, oxides, and oxofluorides. The first noble 
gas compound to be discovered contained xenon-- the orange/yellow 
solid Xe+[PtF6] - discovered by Bart let t  (12) in 1962. 2 The oxidation 

2The original formulation of Xe+[PtF6] - is now known to be incorrect. The material is 
actually thought to contain both [XeF]+[PtF6] - and [XeF]+[Pt2Fll ]-. 
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states of Xe, which have been found since, range from +2 to +8 and its 
compounds exhibit a rich variety of stereochemistries. The fluorides 
(XeF2, XeF4, and XeF6) are prepared by the direct reaction of xenon 
with fluorine. Most of the other compounds of xenon, e.g., the oxides 
and oxofluorides, are prepared from these binary fluorides. Reaction 
of fluoride-ion donors and acceptors with the binary fluorides and oxo- 
fluorides gives a variety of cationic and anionic derivatives. However, 
xenon has been found to form chemical bonds with elements other than 
fluorine and oxygen. For example, a stable Xe-C-bonded molecule, 
[C6F5Xe]+[B(C6F5)3F], - was isolated in 1989 (13, 14). In condensed 
phases (15, 16), xenon readily forms the dixenon cation, Xe +. A series 
of neutral  compounds possessing Xe-H,  Xe-I ,  Xe--Br, and X e - S  bonds 
have also recently been formed in low-temperature matrices (10). 

In principle, radon should be even more reactive than xenon. In prac- 
tice, the fact that  it is intensely radioactive, with the longest-lived iso- 
tope (222Rn) having a half-life of only 3.8 days, means that  it is very 
difficult to study. The a-particles resulting from its decay destroy both 
the reagents and products; however, radiochemical tracer techniques 
have permitted the observation of a small number  of species, e.g., RnF2 
and [RnF]+[TaF6] - . For more details on recent advances in the main- 
group chemistry of the noble gases, see the excellent review by Holloway 
and Hope (17). 

II. The History of Transition Metal-Noble Gas Complexes 

A. 1V[_ATRIX-IsoLATION STUDIES 

Despite the fact tha t  a transition metal-noble gas complex has been 
isolated only very recently, the study of noble gas coordination of transi- 
tion metals actually has a long history. Early experiments used the tech- 
nique of matrix isolation (18). Under the cryogenic conditions of frozen 
inert matrices, highly reactive photoproducts become sufficiently long- 
lived to allow their  detection at leisure by conventional spectroscopic 
techniques such as UV/visible, IR, and EPR spectroscopy. 

Following the discovery in 1972 by Turner  and co-workers (18) that  
Cr(CO)5 could form complexes with CH4, Poliakoff and Turner used 
matrix isolation and infrared spectroscopy (19) to s tudy the photoly- 
sis of Fe(CO)5. Photolysis of Fe(CO)5 in a neon or argon matrix pro- 
duced Fe(CO)4, which was found to have a relatively unusual  struc- 
ture with C2v symmetry. The energy-factored (or Cotton-Kraihanzel) 
force field (EFFF) is a powerful method used in the analysis of the 
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v(C-O) vibrations of metal carbonyls (20). The structure of Fe(CO)4 
was established by performing a series of experiments using partial  
13CO enrichment and comparing the observed IR spectra with those 
predicted for different geometries using E F F F  calculations. The best  fit 
was obtained for a C2v structure with angles between equivalent pairs 
of CO groups of about 120 ° and 145 ° . The angles are compatible only 
with a paramagnetic 3B2 electronic ground state expected on the basis 
of  angular overlap (21), extended Hiickel (22), and ab initio calcula- 
tions (23) as well as more recent calculations. The paramagnet ism of 
Fe(CO)4 was subsequently confirmed using magnetic circular dichro- 
ism (MCD) spectroscopy (24). Triplet Fe(CO)4 was also generated in Xe 
and CH4 matrices. However, in these matrices irradiation with near-IR 
light from the Nernst  glower of an IR spectrometer or with IR radiation 
(~2000 cm -1) from a CO laser (25) led to interesting changes in the  
IR spectrum. These spectroscopic changes were interpreted in terms of 
a geometry change in which the angle between one pair of CO groups 
increased from 150 ° to 173.5 °. It was  proposed that  the  new species 
were singlet Fe(CO)4Q (Q ~-- Xe or  CH4),  with the Q species coordinated 
in an equatorial position. A series of experiments using Ar matrices 
doped with Xe or CH4 supported this explanation. Therefore Fe(CO)4Xe 
could reasonably be called one of the  first transition metal-noble gas 
complexes. 3 At the t ime it was recognized that  Fe(CO)4Xe was isoelec- 
tronic with [Fe(CO)4I ] - ,  a completely stable anion, so the existence 
of Fe(CO)~Xe did not seem totally unexpected. The authors also pre- 
sented tentat ive evidence for the formation of Fe(CO)4Kr. (For a de- 
tailed discussion of the matrix isolation studies of Fe(CO)4, see Refs. 26 
and 27.) 

In 1975, Perutz and Turner  reported the first detailed and systematic 
matrix-isolation s tudy (28) of noble gas coordination to transit ion metal  
centers in an investigation tha t  followed the UV/visible photochemistry 
of M(CO)6 (M = Cr, Mo, and W) in noble gas, methane, and other ma- 
trices at  4 and 20 K. By comparing the IR spectra obtained with 13CO- 
enriched metal  hexacarbonyls with the results of EFFF calculations 
(29), it was demonstrated that,  upon short-wavelength UV photolysis 
of M(CO)6 in the matrix, a molecule of CO was ejected and a M(CO)~ 
fragment with square-pyramidal (C4v) geometry was produced. The 

3Cr(CO)sAr had already been observed in early matrix experiments (18), but the sig- 
nificance of the noble gas coordination was not considered in the literature until 1975 
(28). 
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M(CO)5 fragments exhibited long-wavelength visible absorption bands, 
and irradiation into these caused regeneration of M(CO)6 [Eq. (1)]. 

0 0 
C C 

OC/°" r ,,~xcO hv (UV), matrix, 4 K OO/O~,,/.,,,~'~cO 

o C t , :  ¥" " ~ C o  hv (visible), matrix, 4 K O C ~ "  ~ ' ~ C o  
C 
0 

+ c o  (1) 

Although the IR spectra hardly changed in frequency between ma- 
trices, the visible absorption band of Cr(CO)5 was very sensitive to the 
matrix material  (624 nm in Ne, 560 nm in SF6, 547 nm in CF4, 533 nm in 
Ar, 518 nm in Kr, 492 nm in Xe, and 489 nm in CH4) (Fig. 3). These shifts 
were very large when compared with those of related 18-electron com- 
plexes, e.g., Cr(CO)sNH3, which were only of the order of 5 nm. In mixed 
matrices, such as Ne + 2% Xe, Cr(CO)5 showed two visible absorption 
bands in positions similar to those seen in the respective pure matrices 
and displayed substi tutional photochemistry. Selective photolysis into 
one of these absorption bands caused a decrease in the intensity of that  
band, with a corresponding increase in the intensity of the other band. 
Furthermore,  despite the small proportion of Xe in the mixed matrix, 
the band associated with the Xe matrix was much more intense than 
the one associated with the Ne matrix. These results demonstrated con- 
clusively that  the shift in visible absorption maximum was not due to 
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FIG. 3. Diagram representing the visible absorption maximum of Cr(CO)5 in different 
low-temperature matrices [adapted from Fig. 3 in Ref. (28).] The broken line is the value 
obtained from flash photolysis of Cr(CO)6 in cyclohexane solution (Kelly, J. M.; Hermann, 
H.; Koerner von Gustorf, E. J. Chem. Soc., Chem. Commun. 1973, 105). 
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TABLE II 

IR AND VISIBLE ABSORPTION BANDS OF Cr(CO)sL (L = MATRIX SPECIES) IN Low-TEMPERATURE 
MIXED MATRICES a 

IR band positions (cm -1) 
Visible band 

Matrix e Low-frequency al High-frequency al (nm) Assignment 

Ne-2%Xe 1971 / 1933 / 628 Cr(CO)5Ne 
1966 ] 1943 ] 487 Cr(CO)sXe 

Ne-2%Ar 1972 1941 630 sh Cr(CO)5Ne 
533 Cr (CO)sAr 

Ar-2%Xe 1964.5 / 1936.3 2092.4 525 Cr (CO)sAr 
1962.9 | 1939.1 2088.6 490 Cr(CO)sXe 

Ar-2%CH4 1964.9 1934.8 525 Cr(CO)sAr 
1964.3 1937.7 490 Cr(CO)5CH4 

CH4-10%Ar 1961 1933 491 Cr(CO)5 CH4 

a The data have been taken from Ref (28). Pairs of bands bracketed together were poorly 
resolved. 

a genera l i zed  so lvent  effect  a n d  hence  were  i n t e r p r e t e d  as ev idence  for 
a s tereospecif ic  i n t e rac t ion  b e t w e e n  Cr(CO)5 and  the  m a t r i x  m a t e r i a l ,  
which  occupied the  s ix th  coord ina t ion  si te as a w e a k  l igand.  F r o m  o the r  
m i x e d - m a t r i x  expe r imen t s ,  P e ru t z  and  T u r n e r  found  t h a t  the  s t r e n g t h  
of the  Cr (CO)5-L  in t e r ac t ion  inc reased  in the  order  L = Ne  < SF6 < 
CF4 < Ar  < Kr  < Xe < CH4, 4 a n d  only in a Ne  m a t r i x  could t he  M(CO)5 
species be cons idered  as  e s sen t i a l ly  "naked."  

High- reso lu t ion  IR s pec t r a  were  recorded  in the  , ( C - O )  reg ion  in 
the  m i x e d - m a t r i x  expe r imen t s .  This  enab led  smal l  shif ts  in the  IR  
b a n d  posi t ions  to be detected,  a n d  the  a s s i g n m e n t  of  t hese  v(C--O) 
b a n d s  to the  a l  and  e s t r e t ches  of  the  two Cr(CO)5-matr ix  complexes  
(Table II). By ana lyz ing  the  in tens i t i es  of  the  IR b a n d s  in p u r e  a n d  
mixed  (Ar + 2% Xe ) m a t r i c e s  and  ca lcu la t ing  CO-fac tored  force con- 
s t a n t s  for the  two species,  t he  a x i a l - e q u a t o r i a l  C - M - C  bond  angle ,  
a ,  was  e s t ima ted .  The  ca lcu la ted  angle  decreased  f rom 95.5 4- 1 ° in 
Cr(CO)5Ar to 91.3 4- 1 ° in Cr(CO)DXe. This  change  in bond ang le  was  
i n t e r p r e t e d  as  be ing  the  m a i n  r e a s o n  the  visible abso rp t ion  b a n d  of 
Cr(CO)5 shif ted w i th  coord ina t ion  of the  d i f ferent  noble  gas  and  a l k a n e  
l igands.  These  f indings were  in a g r e e m e n t  wi th  those  of G u e n z b u r g e r  
et al. (30) and  B u r d e t t  (21), who h a d  prev ious ly  shown  t h a t  a sma l l  
inc rease  in a can  g e n e r a t e  a l a rge  decrease  in the  ene rgy  of the  e --> a l  
t r ans i t i on  (the visible abso rp t ion  band)  (see Fig. 4). 

4Similar, but slightly less dramatic, shifts in ~m~ were observed for Mo(CO)5 and 
W(CO)5. 
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FIG. 4. The orbital energies of the d 6 Cr(CO)5 C4v fragment as a function of the axial-  
equatorial C--M--C bond angle, a. The energy of the e --> al  t ransit ion is very sensitive 
to a. Adapted from Fig. 4 in Turner, J. J.; Burdett, J. K.; Perutz, R. N.; Poliakoff, M. Pure 
Appl. Chem. 1977, 49, 271. 

Following the original discovery (28) of an interaction between no- 
ble gas atoms and transition metal centers by Turner  and Perutz, 
many more transit ion metal-noble gas complexes have been observed 
using matrix isolation. Numerous experimental and theoretical inves- 
tigations have demonstrated that  these elements coordinate to un- 
saturated transit ion metal centers via a donation. The bonding in 
these a complexes is fairly weak by conventional standards, and at 
room tempera ture  they generally live, at  most, on the microsecond 
timescale. In the majority of cases, the noble gas complex is formed 
by the UV photodissociation of a ligand (usually CO) from a precur- 
sor complex, followed by reaction of the photogenerated unsatura ted  
intermediate with the noble gas (which is generally acting as both a re- 
actant  and matrix/solvent). Perutz and Turner's elegant mixed-matrix 
experiments confirmed that  the large shifts in ~max for the visible ab- 
sorption bands of unsa tura ted  transition metal complexes in different 
noble gas matrices were caused by coordination of the noble gases to 
the metal. Therefore, subsequent  matrix-isolation studies have used the 
shift in the matrix visible spectrum between argon and xenon matrices 
as evidence for transition metal-noble gas bonding. 
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The UV photochemistry of HMn(CO)5 and CH3Mn(CO)5 has been in- 
vestigated (31, 32) in Ar and CH4 matrices at  20 K. It was demonstrated 
by 13CO isotopic labeling that  photolysis of HMn(CO)5 in the matrix 
(31) produced the coordinatively unsa tura ted  species HMn(CO)4 in a 
square-pyramidal configuration. Shifts in the visible absorption max- 
imum between the Ar matrix (445 nm) and the CH4 matrix (400 nm) 
prompted the suggestion that  the CH4 matrix was interacting with the 
Mn center as a weak sixth ligand. However, in light of the body of ev- 
idence (28) concerning noble gas coordination of transition metals, it 
is likely that  the Ar matrix also coordinated to this unsa tura ted  inter- 
mediate. Analogous experiments with CH3Mn(CO)5 showed that  UV 
photolysis in the matrix resulted in the formation of two isomers of 
CH3Mn(CO)4 (C4v and C8), each having a square-pyramidal structure. 
Again, shifts in the visible absorption maxima of both isomers between 
the Ar and CH4 matrices suggest  tha t  the matrices coordinate to the 
unsa tura ted  Mn center (32). 

In other studies, (~2-dfepe)Cr(CO)4 [dfepe=(C2F5)2PCH2CH2P 
(C2F5)2] was photolyzed (33) in an Ar matrix at 12 K and a Xe matrix 
at 30 K. The UV/visible spectra of (~2-dfepe)Cr(CO)4 were essentially 
identical in both matrices. Upon photolysis, changes in the , ( C - O )  IR 
bands demonstrated that  a cis-carbonyl ligand was ejected, result ing 
in a 16-electron unsa tura ted  photoproduct. This product exhibited a 
strong visible absorption band at 554 nm in the Ar matrix and at 490 nm 
in Xe. The large shift in visible absorption maximum proved that  the 
species generated by photolysis were actually fac-(~2-dfepe)Cr(CO)3L 
(L = Ar or Xe). 

Transition metal-noble gas complexes containing a dS-metal cen- 
ter have also been characterized using matrix-isolation spectroscopy. 
In addition to Fe(CO)4Xe (19), discussed above, a series of ruthe- 
nium complexes have been reported. Photolysis of Ru(CO)2(PMe3)2H2 
and Ru(CO)3(PMe3)2 (34) in Ar and Xe matrices resulted in the pho- 
toejection of a molecule of hydrogen and CO, respectively, and for- 
mation of Ru(CO)2(PMe3)2L (L = Ar or Xe). The related complexes, 
Ru(CO)2(dmpe)L (dmpe--Me2PCH2CH2PMe2; L = Ar or Xe) were also 
generated following photolysis of Ru(CO)3(dmpe) in Ar and Xe matri- 
ces (35). Confirmation of noble gas coordination in these complexes was 
again obtained from shifts in the visible spectra between the Ar and Xe 
matrices. The shifts in the energy of the visible absorption bands for 
the d 6 Cr, Mo, W, and Mn complexes were on the order of 2000 cm -1, 
whereas the shifts observed for the d s complexes were much greater, be- 
ing on the order of 4800 cm -1. Another complex for which an interaction 
with an Ar matrix has been postulated is the unsatura ted  intermediate,  
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Rh2(t~-C1)2(CO)3 (36). This was generated by UV photolysis of {Rh(tt-C1) 
(CO)2}2 in Ar, CH4, and N2 matrices at 12 K. Evidence from IR and 
UV/visible spectra suggested that  the primary photoproduct, Rh2(t~- 
C1)2(CO)3, results from ejection of a terminal  CO group and tha t  the 
molecule retains the bridging C1 ligands. On the basis of the visible ab- 
sorption spectrum, it was suggested that  the unsa tura ted  complex has 
a weak interaction with the Ar and CH4 matrices. 

Seventeen-electron species have also been found to form com- 
plexes with noble gases. For example, the two paramagnetic  radicals 
KrMn(CO)5 and [KrFe(CO)5] + have been detected by EPR spectroscopy 
by Morton, Perutz, and co-workers following the y-radiolysis of 
HMn(CO)5 and Fe(CO)5 in krypton matrices at 77 and 20 K, respect- 
ively (37). Evidence for the interaction of Kr with the unpaired electron 
on the metal  center  came from the observation of hyperfine coupling 
with a single SSKr nucleus in the EPR spectra of these species. As an 
example, the EPR spectrum obtained from y-radiolysis of HMn(CO)5 in 
a matr ix of krypton enriched to 42% in the isotope S3Kr (I = 9) is shown 
in Fig. 5. The spectrum shows the resonances of the Mn(CO)5 radical 
with characteristic decets of satellites due to hyperfine interaction 
between the unpaired spin on Mn and a S3Kr nucleus. 

Matrix isolation spectroscopy has proved an invaluable technique for 
the isolation and characterization of transition metal-noble gas com- 
plexes (see Table III). However, this technique has obvious limitations. 
Although photoproducts in low-temperature matrices can be made to 
react with added dopants, it is impossible to accurately predict their  re- 
activity and mechanisms in solution at room temperature.  Therefore, 
in the years following the original discovery of transit ion metal-noble 
gas interactions in matrices, new techniques have been used to probe 
these species in solution, gas phase, and supercritical fluids. 

B. LIQUEFIED NOBLE GAS STUDIES 

The liquid ranges of the individual noble gases are extremely short 
at atmospheric pressure (e.g., 161.4-165.0 K for Xe; see Table I). If  the 
pressure over the liquid is allowed to rise, however, a substantial  liquid 
temperature  range becomes available (e.g., 160-248 K for Xe at 22 atm; 
see Fig. 6). The solubilities of organometallic complexes in liquefied 
noble gases, particularly xenon, are generally comparable to those in 
organic hydrocarbon solvents such as heptane at the same temperature.  
Furthermore,  the noble gases are completely t ransparent  throughout 
the IR, visible, and UV regions, providing a clear spectroscopic window 
and permitt ing very long cell path lengths to be used, thus overcoming 
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FIG. 5. Par t  of the  EPR spectrum of KrMn(CO)5, obtained following y-radiolysis of 

HMn(CO)5 in a mat r ix  of krypton enriched to 42% in the  isotope S3Kr (I = 9). Coupling 
between the unpai red  spin and the  S3Kr nucleus is demonstra ted by the decets of satel- 
lites. Reproduced wi th  permission from Fig. 2 in Ref. (37). 

TABLE III 

SPECTROSCOPIC DATA USED TO CONFIRM THE FORMATION OF TRANSITION METAL--NOBLE 
GAS COMPLEXES IN MATRIX-ISOLATION EXPERIMENTS 

Complex v(C--O) (cm -1) )~max (nm) Reference 

Fe(CO)  4 in an  Ar mat r ix  1995, 1989, 1973 
Fe(CO)4Xe 2085, 1990, 1983, 1950 - -  19 
Mn(CO)5Kr and [Fe(CO)sKr] + - -  - -  37 
fac-(~2-dfepe)Cr(CO)3Ar 2020, 1965, 1922 545 
fac-(~2-dfepe)Cr(CO)3Xe 2013, 1957, 1924 490 33 
mer-(~2-dfepe)Cr(CO)sXe 2034, 1949 sh 
Ru(CO)2(PMe3)2Ar 1850 423 34 
Ru(CO)2(PMe3)2Xe 1844 352 
Ru(CO)2(dmpe)Ar 1966, 1904 410, 600 35 
Ru(CO)2(dmpe)Xe 1960, 1896 345, 457 
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FIG. 6. Diagram showing the liquid range of the noble gases from 1 to 15 arm. Repro- 
duced from Fig. 1 in Poliakoff, M.; Gadd, G. E.; Simpson, M. B.; Turner, J. J.; Upmacis, 
R. K. Proc. 4th Int. Symp. Horn. Catal. 1985, Leningrad, 873. 

any problems of low solubility. The use of liquefied noble gases as sol- 
vents therefore permits the formation and detection of unstable species 
in solution. 

The first transit ion metal-noble gas complex to be observed in lique- 
fied noble gas solution was Cr(CO)5Xe (38). Continuous UV photolysis 
of Cr(CO)6 dissolved in liquid Xe at 175 K or liquid Kr doped with 5% Xe 
at 151 K produced a new species. This new species had v(C-O) IR bands 
(Fig. 7) which could be assigned to Cr(CO)5Xe by comparison with those 
of Cr(CO)sXe in a Xe matrix [Eq. (2)]. When the photolysis was halted, 
Cr(CO)sXe decayed with a lifetime of ~2 s. The activation energy for 
the thermal  decay of Cr(CO)5Xe in liquid Kr + 5% Xe was determined to 
be Ea -- 15 ± 2 kJ  mo1-1. The surprisingly long lifetime of Cr(CO)sXe in 
solution at this temperature was attr ibuted to the high concentration 
of Xe and the extremely low concentration of the other reactants. 

o c Xe 
oct,, I ,,,~co h,, (uv) oco,,, J ,,,~co 

'"Cr" ~, "'Cr'" 
oClP~"" I "~ecO liq. Xe, 175 K, or oOZe" I ""%C0 

C liq. Kr + 5%Xe, 151 K C 
o o 

+ CO (2) 

More recently, Weiller (39) has extended this work by performing a 
detailed rapid-scan FTIR study ofM(CO)6 (M -- Cr or W) in liquid Xe and 
liquid Kr. A pulsed UV laser source, synchronized to the moving mirror 
of the FTIR interferometer, was used to photolyze the hexacarbonyls. 
M(CO)5Kr was characterized in liquid Kr, Cr(CO)5Xe in liquid Xe, and 
W(CO)sXe in liquid Xe and liquid Kr doped with 5% Xe. M(CO)sKr has 



126 GRILLS AND GEORGE 

1.7- 

T ( i )  
0 

W 

0 
,,Q 

(a) 

c) 

2030 

).12-- 

0 .5 - -  

( i i )  

0.07-:- 

x l O  I I x 5  

1905 1040 2030 198,5 1940 

W a v e n u m b e r  (cm-1) 

FIG. 7. FTIR spectra of Cr(CO)6 dissolved in (1) pure liquid Xe at 175 K and (2) liq- 
uid Kr doped with 5% Xe at 151 K. (a) Spectra before photolysis; (b) spectra during 
UV photolysis; (c) spectra after photolysis. The total time of the experiment is ~1 min. 
In each spectrum, the strongest band is due to Cr(CO)6 and other bands are assigned 
as follows: black, Cr(CO)sXe; O, Cr(CO)5(13CO) (natural abundance); @, Cr(CO)5N2 
formed from a small amount of N2 impurity. Reproduced with permission from Fig. 1 in 
Ref. (38). 

a lifetime of ~0.1 s at  150 K in liquid Kr, while W(CO)sXe has a lifetime 
of -~1.5 min at 170 K in liquid Xe. In order to elucidate the mecha- 
nism of the substitution of W(CO)sXe by CO to regenerate W(CO)6, the 
observed rate of decay (kobs) of W(CO)5Xe was measured as a function 
of CO concentration at six tempera tures  from 173 to 198 K. Applying 
the steady-state approximation to equations (3)-(4) for a dissociative 
substi tution gives an expression (5) for kobs that  predicts a linear rela- 
tionship of kobs with [CO]. 

kl 
W(CO)5Xe, ' W(CO)5 -b Xe (3) 

k-1  

W(CO)5 + CO k~ ~ W(CO)6 (4) 

klk2[CO] Klk2[co] kl 
kobs ---- k_l[Xe] + k2[CO] ~ [Xe] where K1 - k-1 (5) 

However, it was noted that,  under  the conditions of the experiment 
(i.e., when CO is in excess and the intermediate reacts via pseudo-first- 
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order kinetics), an associative mechanism could also predict a linear 
relationship of kobs with [CO] [Eqs. (6)-(7)]. 

W(CO)5Xe -F CO ka ) W(CO)6 + Xe (6) 

kobs = ka[CO] (7) 

Ideally, the measurement  of kobs as a function of Xe concentration 
would have provided strong evidence for the type of mechanism, since 
for a dissociative mechanism, kobs c< 1/[Xe], whereas  an associative 
mechanism would have no dependence on [Xe]. However, it is not possi- 
ble to vary the concentration of Xe in liquid Xe, and so pre-exponential 
factors A obtained from Arrhenius plots were used to differentiate the 
two mechanisms. The value oflogA was found to lie within the expected 
range for a unimolecular dissociation reaction, and it was concluded 
that  this reaction occurs by a dissociative substi tution mechanism in 
liquid Xe. The Arrhenius plot therefore gave an est imate of the W - X e  
BDE, AHw-xe = 35.1 i 0.8 kJ  mo1-1. 

Time-resolved infrared (TRIR) spectroscopy, a combination of 
UV/visible flash photolysis and fast infrared detection, is a powerful 
tool for probing highly unstable organometallic complexes in solution 
(40). Fast  TRIR spectra may be obtained using a cw IR source (globar 
or tunable IR CO or diode laser) to monitor the change in absorbance 
at one IR frequency following UV/visible flash photolysis (see Fig. 8). 
IR spectra are built  up using the point-by-point approach by repeating 
this measurement  at  different frequencies and plotting the changes in 
absorbance versus wavenumber. An alternative approach to TRIR spec- 
troscopy on the nanosecond timescale is time-resolved step-scan FTIR 
(s2-FTIR) (41). s2-FTIR is a technique that  exploits spectral multiplex- 
ing, increased IR throughput,  and fast data  acquisition. The s2-FTIR 
technique involves the movable mirror of the interferometer being dis- 
placed in a stepwise manner  (see Fig. 8). At each mirror position, the 
t ime-dependent change in IR intensity is measured following excitation, 
producing a series of t ime-dependent interferograms. Fourier transfor- 
mation of an interferogram corresponding to a part icular time delay 
following excitation yields the spectral intensity changes at that  par- 
ticular time slice, and this can easily be converted to the corresponding 
IR absorption spectrum. Repeating this process at  a variety of time 
delays following excitation results in a series of time-resolved spectra. 

Bergman and co-workers used IR laser-based TRIR spectroscopy to 
investigate alkane C--H activation with (~5-CDMe5)Rh(CO)2 in liquid 
Kr and liquid Xe in the presence of cyclohexane (42-44) and neopen- 
tane (45). This permitted the detection of the noble gas intermediates, 
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FIG. 8. (a) Schematic diagram of the point-by-point TRIR apparatus at Nottingham. 
Solid lines represent laser beams while broken lines indicate electrical connections. Com- 
ponents are labeled as follows: BS, beam stop; C, IR cell; D, IR detector; DSO, digital 
storage oscilloscope; IR, cw IR laser; OC, optical chopper; PA, preamplifier; PC, personal 
computer; PD, photodiode; UV/Vis, pulsed UV/visible laser. (b) Schematic diagram of the 
step-scan FTIR apparatus at Nottingham which is based around a Nicolet Magna 860 
interferometer. Solid lines represent beams and dashed lines indicate electrical connec- 
tions. Components are labeled as follows: B, beamsplitter; BS, beam stop; C, IR cell; D, 
IR detector; DB, digitizing board; F, fixed mirror; G, globar IR source; I, iris; M, moving 
mirror; PA, preamplifier; PC, personal computer; PG, pulse generator; UV/Vis, pulsed 
UV/visible laser. The inset shows an example of the series of time-dependent interfero- 
grams that are generated during the experiment. 
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(~5-C5MeD)Rh(CO)L (L = Kr and Xe), and the observation that  the Kr 
complex decays much more rapidly than the Xe complex, owing to the 
stronger metal-noble  gas bond in the latter. 

Me Me 
M e - - M e  M e - - M e  
MeV I "Me hv (248 nm) ~, Me"" I ,v Me 

R h  liq. Xe, 162 K R h  

oc z \oo oJ \×e 

+ cO (8) 

In an effort to calculate the Rh-Xe  bond energy, Bergman and col- 
leagues measured  the CO substitution kinetics of (~5-CDMe5)Rh(CO)Xe 
in liquid Xe with TRIR spectroscopy (46). In liquid Xe at 162 K, photol- 
ysis of (~5-C5Me5)Rh(CO)2 [Eq. (8)] resulted in a new , (C-O)  IR band, 
which was consistent with (~5-CDMes)Rh(CO) previously observed (47) 
in low-temperature matrices. The reaction of(~5-C5Me5)Rh(CO)Xe with 
dissolved CO was found to be very fast, with a rate constant kco = 5.7 
( ±  0.6) x 105 to 1.9 ( ± 0.2) x 10  6 d m  3 mo1-1 S - 1  o v e r  the temperature  
range 202-242 K. Bergman used a similar approach to that  used pre- 
viously by Weiller, calculating the Arrhenius pre-exponential factor to 
identify the mechanism of CO substitution in liquid Xe. The kinetics for 
the reaction of (~5-CsMe5)Rh(CO)Xe with CO were consistent with an 
associative substi tut ion mechanism, with the following activation pa- 
rameters  for the bimolecular rate constant: log(A) = 8.8 ± 0.3 (AS s -- 
-83 .7  ± 4.2 J mol - lK  -1) and E a  -~ 11.7 ± 1.3 kJ  mo1-1 (A/-/* = 10.0 ± 
1.3 kJ  mol-1). Therefore, only a lower est imate for the Rh-Xe  bond 
energy could be calculated: AHRh--Xe >_ 11.7 ± 1.3 k J  mo1-1. 

Similar TRIR experiments were performed with Tp*Rh(CO)2 and 
Bp*Rh(CO)2 [Tp*--hydridotris(3,5-dimethylpyrazolyl)borate;  B p * =  
dihydridobis(3,5-dimethylpyrazolyl)borate] in liquid Xe solution at 
223 K (48). From the positions of the observed transient  infrared 
bands, it was found that  the Tp* species forms two xenon complexes 
upon photolysis, (~3-Tp*)Rh(CO)Xe and (~2-Tp*)Rh(CO)Xe, and that  
Bp*Rh(CO)Xe is produced from Bp*Rh(CO)2. 

The group VII complex CpRe(CO)2Xe was characterized in liquid Xe 
at 170 K and proved to be remarkably stable at  this temperature  (49). 
Continuous UV photolysis of CpRe(CO)3 dissolved in liquid Xe resulted 
in the formation of two new , (C-O)  IR bands, which were readily as- 
signed to CpRe(CO)2Xe by comparison with previous matrix-isolation 
and TRIR studies (see below). By monitoring the decay of the , (C-O)  
bands, it was shown that  CpRe(CO)2Xe has a lifetime of 3.5 min at 
170 K in liquid Xe. This is very similar to the lifetime of the analogous 
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alkane complex CpRe(CO)2(n-heptane), which has a lifetime of 2.5 min 
in n-heptane at 190 K. The significance of these lifetimes is discussed 
further in Section II,D, when we examine photochemistry in supercrit- 
ical noble gas solution. 

C. GAs-PHAsE STUDIES 

The advantage of the gas phase for studying reactive organometal- 
lic intermediates is that  it is solvent-free, permitting naked 16-electron 
fragments to be produced more easily than in solution. Therefore, the ef- 
fect of coordination of noble gas atoms is more easily detected than in the 
liquid phase owing to changes in both the spectrum and kinetics upon 
addition of the noble gas. However, photogenerated intermediates are 
often observed in vibrationally excited states and can undergo multiple 
ligand dissociations, whereas in studies in solution and solid matrices, 
collisional deactivation produces the ground vibrational state on the 
picosecond time scale. Since gas-phase studies are performed at room 
temperature,  the resulting noble gas complexes will be extremely short- 
lived, although the lifetimes are sometimes lengthened by the reduced 
rates of intermolecular collisions in the gas phase. Therefore, a pulsed 
UV source is used to initiate the reaction, which is probed in real t ime 
in the UV/visible or infrared with flash lamps or IR lasers, respectively. 
In 1981, Breckenridge and co-workers performed laser flash photolysis 
experiments on Cr(CO)6 vapor in the presence of other gases (50). After 
355-nm photolysis of pure Cr(CO)6 vapor or Cr(CO)6 with 20 torr of He 
buffer gas, a t ransient  absorption was observed at 485 nm, having a life- 
t ime of hundreds of microseconds. With Ar present at ~150 torr, a much 
shorter-lived species was also observed (lifetime < 50 t~s), displaying an 
absorption maximum at 500-530 nm. This shift in the t ransient  visible 
absorption spectrum prompted these investigators to assign the short- 
lived species to the argon complex Cr(CO)sAr. However, a subsequent  
flash photolysis s tudy in the same laboratory (51) appeared to contra- 
dict this conclusion. This time, photolysis of Cr(CO)6 in the presence 
ofAr, CH4, or C3H8 buffer gases produced transient  absorption spectra 
tha t  did not differ from those obtained with He buffer gas. Therefore, 
it appeared that, in the gas phase, the interaction of Ar with transition 
metal centers was too weak to permit  the spectroscopic observation of 
such complexes. 

More recently, Weitz and co-workers studied the bonding of Xe and 
Kr atoms to M(CO)5 fragments [M -- Cr and Mo (Xe only) and W] in the 
gas phase using TRIR spectroscopy (52). The IR v(C-O) bands of metal  
carbonyls in the gas phase are much broader than those in solution or 
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in a matrix because of rotation. This can lead to more substantial  over- 
lap of the bands, but  nevertheless can provide excellent kinetic data. 
The TRIR characterization of W(CO)5Xe in the gas phase is shown in 
Fig. 9. The solid line spectrum was recorded 1 t~s after 355-nm photol- 
ysis of 10 mtorr  of W(CO)6 and 80 torr of He. The parent  absorption 
at  2000 cm -1 was bleached and a new band at lower wavenumber was 
observed. This was assigned to the e mode v(C--O) band of"naked" 
W(CO)5, which possesses C4v symmetry. Replacing the He with Xe 
caused the positive band to shift even lower in frequency to 1975 cm -1. 
This absorption was assigned to the e band of W(CO)5Xe. A similar 
spectrum, corresponding to W(CO)sKr, was obtained with 500 torr of 
Kr buffer gas; in this case, however, the positive band was overlapped 
with tha t  of W(CO)5. With 500 torr of Ar buffer gas, the TRIR spectrum 
was essentially identical to tha t  obtained with He, further confirming 
that  M(CO)sAr species cannot be spectroscopically distinguished from 
naked M(CO)5 on this time scale. By investigating the CO substitution 
kinetics, Weitz and co-workers were able to calculate tha t  the M-Xe 
(M = Cr, Mo, or W) BDE has an average value of 35.1 kJ  mo1-1. Ow- 
ing to the overlap of the W(CO)5Kr band with tha t  of W(CO)5, only an 
upper limit for the W - K r  BDE could be estimated (25.1 kJ  mol-1). An 
upper limit for the W A r  BDE was tentatively est imated to be ~ 12.6 kJ  
mo1-1. Ishikawa and co-workers (53) also recorded the TRIR spectra of 
W(CO)DXe at  five time intervals between 0.4 and 2 t~s following 355-nm 
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Fro. 9. TRIR spectra obtained 1 ~s following 355-nm photolysis of W(CO)6 in the gas 
phase. The solid line is the  spectrum obtained with ~ 10 mtorr  of W(CO)6 and 80 torr  of He. 
The dashed line is t ha t  obtained when the  He was replaced by 80 torr  of Xe. The negative 
bands  are due to depletion of W(CO)6 and the positive bands  represent  the production of 
"naked" W(CO)5 (solid line) and W(CO)sXe (dashed line). The apparen t  production of two 
positive bands  for naked  W(CO)5 is a resul t  of the  low spectral  resolution of the IR CO 
laser used in these  experiments.  Reproduced with permission from Fig. 1 in Ref. (52). 
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photolysis ofW(CO)6 (~10 mtorr) in the presence ofXe (~6.0 torr) at  a 
total  pressure of 10 torr  with balance Ar. Their  spectra were similar to 
those obtained by Weitz. However, Ishikawa probed to lower wavenum- 
ber and was therefore able to observe the lower intensi ty al  mode 
v(C-O) band of W(CO)sXe at 1952 cm -1 in addition to the e band at 1973 
cm -1. The position of the al  v(C--O) band is more sensitive than  tha t  of 
the e band to interaction with the noble gas. By measuring the rates of 
decay of the v(C-O) bands at various Xe pressures, they were able to 
calculate the equilibrium constant  Kp for the reaction of W(CO)5 with Xe 
[Eq. (9)]. 

gp 
W(CO)5 + Xe. ' W(CO)5Xe (9) 

The W-Xe BDE was then  evaluated by statistical mechanics from Kp, 
measured at  a single temperature .  Depending on the assumed rigidity 
of the xenon complex, these calculations predicted a W-Xe  BDE rang- 
ing from 29.3 to 41.0 kJ  mo1-1, which is consistent with the W-Xe  BDE 
of 34.3 kJ  mo1-1 measured by Weitz (52). Their  results suggested tha t  
Xe was acting as a weak a donor toward the metal  center. This led 
them to propose the schematic molecular orbital energy level diagram 
shown in Fig. 10 for the interaction of Xe with W(CO)5. In this dia- 
gram, a net  electron flow from Xe to the al  orbital of W(CO)5 involves 

,co Xeco 
OC-W-CO OC-W-CO Xe 
OC'/0 OC" I CO 

FIG. 10. The orbital interactions involved in the coordination of Xe onto W(CO)5, pro- 
posed by Ishikawa and co-workers. The arrow indicates the direction of electron flow. 
Adapted from Fig. 10 in Ref. (53). 
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~* orbitals of the equatorial  CO groups (see below). It is interesting 
that  this molecular orbital energy level diagram is very similar to that  
proposed earlier by Burdet t  (21), apart  from the additional interaction 
of the Xe orbital with the equatorial CO groups. 

Gas-phase studies have not been restricted to the group VI hexacar- 
bonyls. Fu  and co-workers (54) have used TRIR to s tudy the coordina- 
tively unsa tura ted  species CpMn(CO)x (x -- 1 and 2) generated by 266- 
and 355-nm laser photolysis of CpMn(CO)3 in the gas phase. In the 
presence of noble gas L (L -- He, Ar, or Xe), they were able to measure 
the rate constant for reaction of the noble gas complex CpMn(CO)2L 
with CO. Interestingly, they found that  only Ar significantly perturbed 
the rate from that  observed in the absence of noble gas. This was 
thought to be because He has too high an ionization potential and Xe 
is too bulky to interact  with the Mn center. In light of recent TRIR ex- 
periments conducted in supercritical fluid solution, the conclusion that  
Xe is unable to coordinate is incorrect. 

In addition to UV/visible flash photolysis and TRIR spectroscopy, 
other techniques have been used for the detection of transition 
metal-noble gas interactions in the gas phase. The interaction of noble 
gases with transition metal  ions has been studied in detail. A series 
of cationic dimeric species, ML + (M = V, Cr, Fe, Co, Ni; L = Ar, Kr, 
or Xe), have been detected by mass-spectroscopic methods (55-58). It 
should be noted that  noble gas cations L + are isoelectronic with halo- 
gen atoms, therefore, this series of complexes is not entirely unexpected. 
The bond dissociation energies of these unstable complexes (Table IV) 
were determined either from the observed diabatic dissociation thresh- 
olds obtained from their visible photodissociation spectra or from the 
threshold energy for collision-induced dissociation. The bond" energies 
are found to increase linearly with the polarizability of the noble gas. 

TABLE IV 

BOND DISSOCIATION ENERGIES (kJ  tool -1) 
OF ML + SPECIES DETERMINED BY MASS 

SPECTROMETRIC METHODS a 

M L = Ar  Kr  Xe 

V 37 47 81 i 16 
Nb 37 
Cr 28 ± 4 68 ± 10 
Fe 3 8 ± 9  
Co 49 65 82 ± 7 
Ni 53 

a The data  are from Refs. (55-58). 
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Fourier-transform microwave spectroscopy of supersonic jets (59-62) 
has recently permitted the characterization of a series of neutral  three- 
atom species, ArAgX, ArCuX (X -- F, C1, or Br), ArAuX (X -- Br, C1, 
or F), and KrAuC1. These complexes were formed by laser ablation of the  
desired metal  near  the orifice of a pulsed nozzle using the second har- 
monic (532 nm) of a Nd:YAG laser and reaction of the resulting plasma, 
with the precursor gases (SF6, C12, or Br2) contained in the Ar or Kr 
backing gas of the jet. All of these species were found to be linear and 
fairly rigid in their ground vibrational states. Theoretical calculations 
at the MP2 level allowed the noble gas-meta l  bond dissociation energies 
to be predicted. These ranged from 23.2 kJ  mo1-1 for the Ar -Ag  bond in 
ArAgF to 71 kJ  mo1-1 for the K r - A u  bond in KrAuC1. Large changes in 
nuclear quadrupole coupling constants on complex formation suggested 
extensive charge rearrangement  on formation of these complexes. 
The noble gas-transi t ion metal  bond lengths in these systems were 
found to be considerably shorter than those in typical van der Waals 
complexes, indicating a certain amount  of noble gas-meta l  covalent 
bonding. 

D. SUPERCRITICAL-FLUID STUDIES 

In the study of transition metal-noble gas bonding, the use of su- 
percritical noble gases as solvents is a natural  extension of the use of 
liquefied noble gases. Supercritical fluids are a curious hybrid of gases 
and liquids, having physical properties intermediate between the two 
(see Table V). These properties can be explained with the use of a phase 
diagram (Fig. 11). At the end of the vapor-liquid phase boundary lies 
the critical point, marked by the critical temperature  Tc and the criti- 
cal pressure Pc. Any substance whose temperature  and pressure exceed 
Tc and Pc is said to be a supercritical fluid (63). Thus, as can be seen 
from Table I, if operating at room temperature,  only a modest pressure, 
on the order of 60 atm, is required to make argon, krypton, or xenon 

TABLE V 

A COMPARISON OF SOME PHYSICAL PROPERTIES OF SUPERCRITICAL 
FLUIDS, LIQUIDS, AND GASES 

Property Liquid Supercritical fluid Gas 

Density (g cm -3) 1 0.1-0.5 10 -3 
Viscosity (Pa s) 10 3 10-4_10-5 10-5 
Diffusivity (cm 2 s 1) 10-5 10-3 10-1 
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FIG. 11. A typical pressure-temperature phase diagram for a single-component sys- 

tem, e.g., xenon, showing the supercritical region, which can be accessed from either the 
liquid or gas phase without crossing a phase boundary. 

supercritical, although a much higher pressure is needed to reach the 
critical densities of argon and krypton. Supercritical fluids are unique in 
that  they have the liquid-like ability to act as good solvents, but, like 
gases, they are also highly compressible and are completely miscible 
with other gases. This in itself makes them ideal solvents for studying 
the reactions of transition metal  complexes in solution with dissolved 
gases. More importantly, unlike any other solvent, supercritical fluids 
have physical properties such as density (or concentration), viscosity, 
and diffusivity, tha t  can be "tuned" by simple changes of pressure and 
temperature.  Thus, elaborate kinetic investigations become possible in 
these unique solvents. 

Using TRIR spectroscopy, it has been possible to obtain the IR spectra 
of t ransi t ion-metal  noble gas complexes in solution at room tempera- 
ture. Thus, W(CO)5Ar, M(CO)5Kr, and M(CO)sXe (M -- Cr, Mo, or W) 
have been characterized and their reactivity toward added CO has been 
measured at ambient  temperature  in supercritical Ar (scAr), scKr, and 
scXe, respectively (64). Figure 12 shows a typical s2-FTIR spectrum ob- 
tained 1 ~s after irradiation (355 nm) of W(CO)6 in scXe. The positive 
bands were assigned to the formation of W(CO)5Xe. In scKr, the v(C-O) 
bands assigned to W(CO)5Kr shifted to a higher wavenumber  relative 
to those assigned to W(CO)sXe in scXe and had a lifetime which was 
12 times shorter than that  of W(CO)5Xe. However, this shift did not 
prove, in itself, tha t  Xe or Kr coordinates to the metal  center since the 
v(C-O) band of W(CO)6 is also shifted relative to scXe. Fur ther  evidence 
was obtained by repeating the experiment in scKr doped with 7% Xe 
using the approach pioneered by Perutz and Turner  (28). The v(C-O) 
band of W(CO)6 was not moved by the doping, but  the wavenumbers  of 
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FIG. 12. s2-FTIR spectrum obtained at  Not t ingham 1 l*s after  355-nm photolysis of 
W(CO)6 dissolved in scXe (1500 psi, 298 K) in the  presence of 50 psi of CO. The negative 
band  indicates depletion of the pa ren t  and  the  two positive bands  are assigned to the  e 
and low-frequency a l  mode v(C--O) vibrat ions  of W(CO)sXe. Note t ha t  the  high-frequency 
a l  vibration, expected for a molecule wi th  C4v symmetry, was not observed owing to i ts 
extremely low intensity. The spectral  resolution used in this  experiment  was 8 cm -1. 

the transients were identical to those of W(CO)5Xe in scXe, and were 
assigned to W(CO)5Xe in scKr [Eq. (10)]. Fur ther  evidence for coordina- 
tion of Xe was obtained from the kinetic decay traces of the transient.  
The lifetime of the t ransient  was increased by almost one order of mag- 
nitude in the presence of a modest quanti ty of Xe (see Fig. 13). Thus, 
Xe preferentially coordinates to the W(CO)5 moiety within the risetime 
of the TRIR apparatus (50 ns). 

hv (335 nm) 
W(C0)6 , ' W(C0)5Xe + CO ( 1 0 )  

scKr + 7% Xe, 25°C 

To confirm tha t  Kr was actually coordinating to the metal center, 
a similar experiment was performed in scAr doped with Kr. As in the 
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FIG. 13. TRIR kinetic decay traces recorded after 355-nm photolysis of W(CO)6 in 
(a) scKr and (b) scKr + 7% Xe, both in the presence of CO (9 psi). Trace (a) corresponds 
to W(CO)5Kr and trace (b) corresponds to W(CO)sXe. Adapted from Fig. 5 in Ref. (64). 

Kr/Xe experiment, absorptions assigned to W(CO)5Ar in pure scar  were 
not seen, and preferential coordination of Kr was occurring, with an 
increase in the lifetime of the transient  over the pure scAr experiment. 
From the observed rate constants for the reaction of W(CO)5L with 
CO in pure scL (L = Ar, Kr, or Xe), the reactivity of these complexes 
was found to decrease in the following order: W(CO)5ar > W(CO)sKr > 
W(CO)5Xe. 

Fur ther  TRIR experiments with the analogous Cr and Mo complexes 
revealed that,  for each complex M(CO)5Kr or M(CO)5Xe, the order of 
reactivity toward CO is Cr ~ Mo > W. For each metal, the reactivity of 
M(CO)5L complexes follows the order Kr > Xe (see Fig. 14). An inves- 
tigation of the UV/visible absorption maxima of Cr(CO)5L in supercrit- 
ical solution was carried out by visible flash photolysis. It was found 
that  the £ma~ of Cr(CO)5Kr in scKr is red-shifted by ~30 nm relative 
to tha t  of Cr(CO)5Xe in scXe. This result  was consistent with previ- 
ous matrix-isolation studies, which had shown that  the stronger the 
Cr--L interaction, the higher the energy of the visible absorption band 
(28). The tempera ture  dependence of the rate of decay of W(CO)5Xe 
at one CO concentration was measured, and an a r rhen ius  plot gave a 
value of the activation energy for the reaction of W(CO)5Xe with CO, 
E a = 34.3 ± 0.8 k J  mo1-1. This value is very similar to the W - X e  bond 
strength in W(CO)5Xe obtained by Weitz in the gas phase (52) and 
by Weiller in liquid Xe (39), thus implying that  the reaction between 
W(CO)sXe and CO in scXe occurs mainly via a dissociative mechanism. 
One surprising result  was that  the reactivity of W(CO)sXe toward CO 
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FIG. 14. Values of in (k2) (k2 = bimolecular rate constant) for the reaction of a series 
of group VI noble gas complexes with CO in supercritical noble gas solution at 298 K, 
representing their relative stabilities. The data were taken from Ref. (64). 

in scXe is just  over twice tha t  of W(CO)5(n-heptane) toward CO in 
n-heptane (65). By contrast, the W-Xe BDE (34.3 kJ mo1-1) (64) is 
nearly 30 kJ  mo1-1 lower than  tha t  of the W-hep tane  BDE (63 kJ mo1-1) 
(66). Organometallic alkane complexes are similar to noble gas com- 
plexes in tha t  they involve a donation to the metal center and as yet 
have been observed only as t ransient  species (67). The comparable reac- 
tivity of organometallic alkane and noble gas complexes is important  in 
the quest for isolating xenon complexes. Of the reported organometal- 
lic alkane complexes CpRe(CO)2(alkane) is the least reactive (68), and 
the only alkane complex to be characterized so far in solution by NMR 
spectroscopy (69). The products CpRe(CO)2Xe and CpRe(CO)2Kr are 
significantly less reactive toward CO than  the corresponding W(CO)5Xe 
and W(CO)5Kr complexes. Furthermore,  experiments conducted in scKr 
doped with Xe showed tha t  the formation of the Re-Xe complex was 
slow enough to be followed in real time, presumably a result of a signifi- 
cant R e - K r  interaction in scKr (see Fig. 15). By conducting experiments 
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FIG. 15. TRIR decay traces recorded after 266-nm photolysis of CpRe(CO)a in scKr 

(34i4 psi, 298 K) in the presence of CO (30 psi) and Xe (50 psi). (a) At 1967 cm M and 
(b) at 1962 cm -1. The traces have been normalized in intensity. Adapted from Fig. 7 in 
Ref. (68). 

over a r ange  of  t e m p e r a t u r e s  above room t e m p e r a t u r e  (70), it  was possi- 
ble to calculate  the  act ivat ion p a r a m e t e r s  for these  react ions.  This  per- 
mi t t ed  es t imates  of  the  t r ans i t ion  m e ta l -n o b l e  gas  BDEs  to be made,  
and  the  Re--Xe BDE in CpRe(CO)2Xe was found to be >47 k J  mo1-1. 
Indeed,  the  l i fe t ime (49) of CpRe(CO)2Xe in l iquid Xe a t  low t empera -  
t u re  (see above) is ve ry  long, and  this  opens up the  possibi l i ty of probing 
these  reac t ive  organometa l l ic  Xe complexes by  129Xe NMR spectroscopy. 

The  effect of cyclopentadienyl- r ing subs t i tuen t s  on the  reac t iv i ty  
of the  group VII ha l f - sandwich  complexes (~5-CsR5)M(CO)2L[M -- Mn 
and  Re; R = H, Me, and E t  (Mn only); L = Kr  and  Xe] toward  CO 
in supercr i t ica l  fluid solut ion at  room t e m p e r a t u r e  has  been  inves- 
t iga ted  (70). The  reac t iv i ty  of the  cor responding  a lkane  complexes 
(~5-C5Rs)Mn(CO)2(n-heptane) (R = H, Me, and  Et)  toward  small  mole- 
cules such as CO, N2, and  H2 in n -hep t ane  solut ion s teadi ly  increased  
in the  order  H < Me < E t  (71). These  resu l t s  indica ted  t h a t  steric r a t h e r  
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than  electronic factors govern the reactivity of these alkane complexes. 
The steric bulk of the three types of ring subst i tuent  increases steadily 
in the order H < Me < Et, and the Me and Et subst i tuents  have almost 
identical electron-directing effects. This has allowed both the electronic 
and steric effects of the ring subst i tuents  on reactivity to be investi- 
gated. 

Room-temperature CO substi tution kinetics showed that  for both no- 
ble gases, the H- and Me-subst i tuted complexes, (~5-CsR~)Mn(CO)2Xe 
( R ' =  H and Me) and (~5-CsR~)Mn(CO)2Kr, have very similar reac- 
tivity toward CO, whereas (~5-C5EtD)Mn(CO)2L (L =Xe  and Kr) are 
approximately twice as reactive. Experiments were conducted with 
the manganese-xenon complexes in which the observed rate of de- 
cay was measured as a function of [CO] at a constant [CO]/[Xe] ratio. 
These suggested that  the noble gas complexes react with CO in su- 
percritical solution via a dissociative mechanism. Further  evidence for 
the reaction mechanism was obtained from temperature-dependence 
studies (70) in which the enthalpies of activation were calculated 
for these noble gas complexes and the analogous alkane complexes 
(~5-CsHs)M(CO)2(n-heptane) ( M - - M n  and Re). The value of AH~ for 
the reaction of (~5-CsHs)M(CO)2Xe (M -- Mn or Re) with CO in scXe was 
found to be very similar to tha t  measured for the analogous reaction 
of (~5-C5H5)M(CO)2(n-heptane) with CO in n-heptane solution. For a 
given metal/ligand system the BDE for a metal-Xe bond is expected 
to be significantly less than that  of the corresponding meta l -a lkane  
bond. The mean values of AH$ for (~5-C5R~)Mn(CO)2Xe (~31 kJ  mo1-1) 
and (~5-C5R~)Re(CO)2Xe (~46 k J  mo1-1) represent  a lower limit for the 
M-Xe  BDEs. 

The characterization of CpM(CO)3Xe (M = Nb or Ta) in scXe has re- 
cently been performed (72); and by combining the results of all our su- 
percritical fluid studies, a t rend in the reactivity of the group V, VI, and 
VII transition metal-noble gas complexes in solution appears. Their re- 
activity toward CO decreases on going down the groups and on moving 
across the periodic table from left to right (see Table VI). The com- 
plex CpNb(CO)2Xe is ~1000 t imes more reactive than CpRe(CO)2Xe. 
It  is tempting to predict that  this t rend would continue across the re- 
maining groups into the late transit ion metals. However, a number  of 
studies suggest that  this is not the case and that  rhenium is unique in 
producing extremely stable noble gas complexes. For example, the pho- 
togenerated 16-electron intermediates CpCo(CO) and Cp* Co(CO) were 
found by Bergman and co-workers (73) to have no detectable interaction 
with cyclohexane or noble gas atoms. Furthermore,  it has been shown 
(74) that  the group IX complexes Cp'Rh(CO)Xe (Cp '=  Cp or Cp*) are 
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TABLE VI 

THE BIMOLEC~ RATE CONSTANTS k2 FOR THE REACTION OF A SERIES 
OF TRANSITION METAL--NOBLE GAS COMPLEXES WITH CO IN 

SUPERCRITICAL NOBLE GAS SOLUTION AT 298 K 

Noble gas complex k2 (din 3 mo1-1 s -1) Reference 

(~5-C5H5)Nb(CO)3Xe 5.7 x 106 72 
(~5-CsH5)Ta(CO)3Xe 4.9 x 106 72 
Cr(CO)sXe 8.4 x l0 S 64 
Mo(CO)sXe 1.1 x 107 64 
W(CO)5Xe 2.0 x 106 64 
(~5-CsHs)Mn(CO)2Xe 1.6 x 106 70 
(t/5-C5Mes)Mn(CO)2Xe 1.8 x 106 70 
(fls-C5Ets)Mn(CO)2Xe 2.9 × 106 70 
(~5-CsHs)Re(CO)2Xe 4.8 x 103 68 
0/5-CsMe5)Re(CO)2Xe 6.0 × 103 70 
Cr(CO)sKr 4.7 x l0 s 64 
Mo(CO)5Kr 4.3 x 10 s 64 
W(CO)5Kr 7.5 x 107 64 
(~/5-C5H5)Mn(CO)2Kr 7.2 x 107 70 
(~5-CsMe5)Mn(CO)2Kr 7.5 x 107 70 
(~5-CsEt5)Mn(CO)2Kr 1.6 x l0 s 70 
(~5-C5Hs)Re(CO)2Kr 8.1 x 106 68 
(~5-CsMe5)Re(CO)2Kr 7.8 x 106 70 
W(CO)sAr 1.4 x 109 64 
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far more reactive than CpRe(CO)2Xe toward CO in scXe solution. The 
activation energies for the reaction of Cp'Rh(CO)Xe with CO in scXe are 
significantly lower than those measured (70) for the earlier transition 
metal Xe complexes. Furthermore, the activation entropy (AS$) was 
large and negative (ca. -100 J K -1 mol-1), which implies an associative 
reaction mechanism. 

III. The Nature of the Transition Metal-Noble Gas Bond 

Experimental research into transition metal-noble gas complexes 
has provided a plethora of spectroscopic information, allowing their 
characterization and their reactivities to be determined. Table VII col- 
lates all of the transition metal-noble gas BDEs that have been deter- 
mined experimentally by spectroscopic methods. However, these stud- 
ies give no insight into the nature of the metal-noble gas bonds, e.g., 
bond lengths, degree of covalency, molecular orbital interactions. Apart 
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TABLE VII  

TRANSITION METAL--NOBLE GAS B D E s  THAT HAVE BEEN DETERMINED EXPERIMENTALLY 

Detection M--NG BDE 
Complex Conditions method (kJ mo1-1) Reference 

Cr(CO)sXe Liquid Xe at 175 K FTIR Ea = 15 ± 2 38 
W(CO)5Xe Liquid Xe at 173-198 K Rapid-scan 35.1 ± 0.8 39 

FTIR 
(~5-CsMes)Rh(CO)2Xe Liquid Xe at 202-242 K TRIR >11.7 ± 1.3 46 
M(CO)5L Cr--Xe = 37.7 ± 3.8 
[M = Cr, Mo, or W; Gas phase at 298-340 K TRIR Mo--Xe = 33.5 ± 4.2 

L=Ar, Kr (W only) W--Xe = 34.3 ±4.2 
or Xe] W--Kr < 25.1 52 

W A r  < 12.6 

W(CO)sXe Gas phase at  298 K TRIR 35.0 =t: 6.0 53 
W(CO)sXe scXe at 298-343 K TRIR 34.3 ± 0.8 64 

(~5-CsHs)Mn(CO)2Xe scXe at 298-343 K TRtR >_30.0 ± 2.0 70 

(~5-CsMes)Mn(CO)2Xe scXe at 298-343 K TRIR >_34.0 ± 2.0 70 

0/5-CsEts)Mn(CO)2Xe scXe at 298-343 K TRIR >28.0 =t= 2.0 70 

(~5-C5Hs)Re(CO)2Xe scXe at 298-343 K TRIR >47.0 ± 2.0 70 

(~5-CsMes)Re(CO)2Xe scXe at 298-343 K TRIR >44.0 ± 2.0 70 

(~5-CsMes)Re(CO)2Kr scKr at  298-343 K TRIR >_31.0 ± 2.0 70 

from the recent X-ray crystal s tructure of [AuXe2+][Sb2F~l]2 (1), this 
information has been obtained only from theoretical calculations. 

The first theoretical investigation into the bonding of transition met- 
als with noble gases was by Demuynck and co-workers in 1979 (75). It 
concerned the interaction of the pentacarbonyls M(CO)5 (M--Cr  and 
Mo) with noble gas atoms L (L = Ar, Kr, Xe). Ab in±rio calculations were 
performed both at the SCF level and at the level of the dispersion en- 
ergy. The dispersion energy is responsible for most of the stabilization of 
van der Waals molecules and can also be important in the stabilization 
of electron donor-acceptor complexes. At the SCF level the interaction 
was found to be repulsive. The reason postulated was that  the noble 
gas atom is too bulky, leading to steric interactions with the other li- 
gands. The dispersion energy in Mo(CO)5Kr was est imated to be at least  
10.5 kJ  mo1-1. However, owing to the extremely limited computational 
power available at tha t  time, this s tudy can only be considered to be 
qualitative. 

In 1997, Ehlers and co-workers (76) extended these early studies by 
making use of vastly improved modern computational power. Quantum- 
mechanical ab in±rio calculations at the MP2 and CCSD(T) level of 
theory using effective core potentials for the heavy atoms as well as 
density functional calculations using various gradient corrections were 
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TABLE VII I  

TRANSITION METAL--NOBLE GAS BDEs THAT HAVE BEEN CALCUI~TED USING 
THEORETICAL METHODS 
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Theoretical M - - N G  BDE 
Complex method (kJ mo1-1) Reference 

ArAgF, ArCuF, MP2 A r - A g F  = 23.2 5 9 ~ 2  
ArAuC1, ArAuF, A r - C u F  = 47.3 
and KrAuC1 Ar--AuC1 = 46.9 

A r - A u F  = 59.0 
Kr-AuC1 = 71.3 

MXe (M = Pd or Pt) MP2, CCSD(T), P d - X e  = 41.6 79 
CIS, and  CISD Pt--Xe = 67.9 

Cr--Ar = 12.6 
Cr-IKa" = 16.7 
C r - X e  = 26.8 
M o - A r  = 15.1 

M(CO)5L (M--  Cr, Mo, or MP2 and CCSD(T) Mo--Kr = 19.7 76 
W; L = A r ,  Kr, or Xe) a Mo--Xe = 33.1 

W A r  = 19.2 
W--Kr = 25.1 
W--Xe = 36.8 

AuXe +b CCSD(T) 87.8 77 
XeAuXe +b CCSD(T) 108.5 77 
AuXe + CCSD(T) 126.8 78 
[AuXe2+][Sb2F~I]2 H F  150.6 

DFT Becke3 238.5 1 
MP2 208.2 

Only one set  of the MP2 level calculations is shown, b Several other 
gold-noble gas cations were calculated in this study. 

reported for the complexes M(CO)5L (M -- Cr, Mo, W; L = Ar, Kr, Xe). 
They found an increasing metal-noble gas distance in the order 
Ar < Kr < Xe and Cr < W < Mo. In addition, their predicted M-L bond 
dissociation energies (see Table VIII) were very close to previous exper- 
imental values. 

Through a consideration of decomposition characteristics, Ehler and 
colleagues were able to identify the different contributions to the bond 
energy and determine which orbital interactions occurred. These in- 
teractions are shown in the molecular orbital energy level diagram 
in Fig. 16. They found a relatively large Pauli repulsion (AEpaul i )  be- 
tween M(CO)5 and the noble gas, in the range 42-84 kJ mo1-1. However, 
this is compensated by an electrostatic attraction (AEElstat) and the or- 
bital interactions (AEoi). The transition metal d orbitals were found to 
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FIG. 16. The molecular orbital energy level diagram for M(CO)sXe (M = Cr, Mo, or W) 

calculated by Ehlers and co-workers, Adapted from Fig. 4 in Ref. (76). 

be unaffected, with the noble gas np orbitals interacting mainly with en- 
ergetically low-lying fragment orbitals of the pentacarbonyl complexes. 

The Pauli repulsion is mainly a result  of a four-electron destabilizing 
interaction of the npx, y orbitals with low-lying pentacarbonyl fragment 
orbitals of e symmetry. The stabilizing orbital interaction results from 
mixing of the npz orbital of the noble gas with the carbonyl-based 10al 
LUMO of M(CO)5; in addition, a small stabilizing interaction comes 
from the polarization of the e-type orbitals. It should be noted that  
in 1993 Ishikawa and co-workers (53) postulated a qualitative orbital 
interaction diagram for W(CO)5Xe as a result of their gas-phase studies 
(see earlier). Although much less detailed, it was very similar to tha t  
calculated by Ehlers and co-workers in that  it involved net  electron flow 
from xenon to the al  orbital of W(CO)5, which involves ~* orbitals of 
the equatorial CO groups. 

Finally, Ehlers found that  the axial-equatorial  C--M--C bond angle 
remains constant for the three noble gases studied. This is in contrast  to 
the matrix-isolation study of Perutz and Turner  (28), who calculated, 
from the intensities of the v(C-O) IR bands, that  the bond angle de- 
creases on changing the noble gas matrix from Ar to Xe. It was proposed 
that  the change in bond angle is the principal cause of the shift in visi- 
ble absorption band energy with noble gas. However, the approximate 



TRANSITION METAL-NOBLE GAS COMPLEXES 145 

nature  of the intensity measurements,  caused by matrix splitting of 
the IR bands, may have introduced errors in the est imated bond an- 
gles. Ehler's result  suggests that  the shift of the visible absorption band 
(e --~ al  transition; see Fig. 16) is a result  of the different interaction 
energies of the noble gases with the metal  center and is not merely a 
structural  phenomenon in which the noble gas is not necessarily bonded 
to the metal  center. 

Ehlers and co-workers conclude that  "the interaction of the noble gas 
with M(CO)5 is dominated by the orbital interactions be tween the noble 
gasp  orbitals and the orbitals of the equatorial carbonyl groups. The re- 
sulting stabilization of the noble gas Pz orbital and the dipole-induced 
dipole interaction are responsible for the bond between the pentacar- 
bonyl fragments and the noble gases." 

The field has now reached a breakthrough point. The recent isolation 
of [AuXe2+][Sb2F~I]2 by Seppelt and co-workers (1) has allowed, for the 
first time, the chemical bonds between transition metals and noble gas 
atoms to be identified by crystallography. Their theoretical calculations 
showed that  the xenon atoms were functioning as simple ~ donors to- 
ward Au 2+, with the main part  of the positive charge residing on the 
xenon atoms. However, it is important to unders tand why this complex 
in particular proved isolable and why all other noble gas complexes are 
highly reactive t ransient  intermediates. 

In 1995, Pyykk5 performed a theoretical s tudy (77) of the gold(I) 
cation complexes AuL + and LAuL + (L -- He, Ne, Ar, Kr, and Xe). In this 
s tudy he found that  the Au-Xe  BDE in AuXe + is 87.8 kJ  mo1-1 and that  
for the dimeric species, XeAuXe +, it is slightly larger at 108.5 kJ  mo1-1. 
Substantial  charge transfer from Xe to Au + occurs, with the bonds hav- 
ing considerable covalent character. In fact, for AuXe + the bond energy 
at the equilibrium bond length is about 2 times greater  than the elec- 
trostatic charge-polarizability interaction calculated from the R -4 law, 
V(R) = -(~ZU/2R4).  More than half of the Au-Xe  bond energy was 
found to come from relativistic effects. In 1998, Schrhder and Pyykk5 
performed a combined experimental and high-level theoretical inves- 
tigation of cationic gold(I) complexes of xenon and other ligands (78). 
The improved theoretical methods increased the predicted Au-Xe  bond 
energy in AuXe + to 126.8 kJ  mo1-1. Once again, relativity plays a large 
part  in making these bonds strong. 

The strong relativistic effect, caused by the high nuclear charge of 
gold accelerating the 6s valence electrons to high speeds as they ap- 
proach the nucleus, makes the covalent bonds to gold anomalously 
strong and short. Approximately half  of the Au--Xe bond energy in 
[AuXe2+][Sb2F~I]2 is due to relativity (7). These effects are not so 
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prevalent in the earlier transition metal-noble gas complexes, which 
have been observed, thus far, only as short-lived transients. 

Burda and co-workers recently performed one other theoretical s tudy 
of the noble gas coordination of transition metals (79). In this study, 
the lowest potential-energy curves were calculated for the species MXe 
(M--Ni,  Pd, or Pt). No bound states were found for NiXe. However, 
the PdXe species was calculated to have a BDE of 41.6 k J  mo1-1 and 
PtXe was found to dissociate to an excited state but  remain bound by 
67.9 kJ  mo1-1. It was therefore suggested that  the Pd and P t  complexes 
could potentially be observed in the gas phase or in low-temperature 
matrices. 

IV. Conclusions: Future Perspectives in Transition Metal-Noble Gas Bonding 

Although a transition metal-noble gas complex has now been iso- 
lated, the quest  to unders tand the bonding and interactions in these 
unique molecules is fundamental  to allow the continued development 
of the area. The isolation of an early/mid-transition metal-noble gas 
complex remains an unfulfilled goal. However, the majority of stud- 
ies on early/mid-transition metal-noble gas complexes in solution have 
been performed on neutral  complexes. Making the metal  center as 
electron-deficient as possible would increase the strength of the transi- 
tion metal-noble gas bond in such species. This would lower the energy 
of the metal  fragment's molecular orbitals (decreasing their ability to 

-backbond and increasing their overlap with the noble gas p orbitals) 
and also increase the induced dipole moment  and hence the electrostatic 
attraction between the metal  center and noble gas. Electron deficiency 
at the metal  center could be achieved in one of two ways: either by us- 
ing highly electron-withdrawing ancillary ligands in order to reduce the 
electron density at the metal center or by making the complex cationic, 
i.e., extremely electron-deficient. Cationic transition metal  complexes 
offer the most extreme form of electron withdrawal and, apart  from po- 
tential solubility problems, may be more effective at stabilizing noble 
gas complexes than simply using strongly electron-withdrawing ancil- 
lary ligands in neutral  complexes. This is because the positive charge 
strongly contracts the metal d orbitals, and greatly enhances the elec- 
trostatic charge-polarizability attraction between the metal  center and 
noble gas atom. 

In the absence of a reactant  gas (e.g., CO), all the noble gas complexes 
we have studied in supercritical noble gas solution at room temperature  
have been kinetically unstable with respect to decomposition pathways 
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such as dimerization reactions. Steric bulk is the conventional method 
of thwarting such dimerization. For example, [(~5-CsPhs)Fe(CO)2]2 ex- 
ists in solution as an equilibrium mixture of [(~5-C5Ph5)Fe(CO)2]2 and 
the 17-electron radical, (~5-CsPhs)Fe(CO)~ (80), while CpFe(CO)~ lives 
in solution for only a few microseconds (81). Similarly, [Cp*Cr(CO)3]2 
exists as a mixture of radical and dimer in solution, even though only 
the dimer is found in the solid state (82). However, replacing Cp* by 
(~5-C5Ph5) allowed the isolation of the radical (q5-C5Ph5)Cr(CO)~ (83). 
New synthetic methodologies may also aid the isolation of new noble 
gas complexes. For example, Poliakoff and co-workers have recently 
had considerable success with the synthesis of Cr(CO)5(~2-C2H4) and 
CpMn(CO)2(~2-H2) in supercritical fluid solution (84). These compounds 
had previously proved impossible to isolate using conventional syn- 
thetic methods. Using a continuous photochemical flow reactor, they 
photolyzed the precursor complex Cr(CO)6 or CpMn(CO)3 dissolved in 
scC2H4 or scCO2/H2, respectively. As had previously been observed in 
static cell steady-state photolysis studies (85, 86), this caused photo- 
ejection of a molecule of CO and coordination of C2H4 or H2 (confirmed 
by online FTIR detection). The product was then isolated using the 
RESS process (rapid expansion ofsupercritical solution). RESS involves 
a sudden reduction to atmospheric pressure at the end of the high- 
pressure flow system, causing the supercritical fluid to turn into gas 
and the solid product to precipitate extremely rapidly out of solution, 
thus minimizing the chances of losing the labile ligand. In addition, the 
rapid expansion causes cooling of the solid to below ambient tempera- 
ture. Therefore, an attractive medium in which to perform the synthesis 
of a transition metal-noble gas complex is scXe itself. We would like to 
think that the isolation and X-ray structure of an organometallic noble 
gas complex will be an early 21st-century achievement in this area. 
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I. Introduction 

This review concentrates on work carried out in Sheffield and then 
Exeter over a 15-year period. It centers on the alkoxystilbazole molecule 
and its derivatives, covering its synthesis, liquid-crystalline properties, 
and behavior in the general area of materials chemistry, both as a moi- 
ety in its own right and in combination with various different met- 
als. It  is not intended tha t  the review be comprehensive; the aim is to 
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CI 
~ ' ~ ( O ) C n H 2 n + l  CnH2n+l (0) CN-M--NC 

CI 
M = Pd, Pt 

Cl 

C n H 2 n + l ( O ) ~ C N - - ! h - C O  
CO 

Fro. 1. Cyanobiphenyl complexes ofPd(II), Pt(II), and Rh(I). 

concentrate primarily on work performed the author's laboratory and 
in collaboration with others. The review highlights the properties of 
stilbazoles in liquid crystals, nonlinear optics, and Langmuir-Blodget t  
films, and in each area, a brief  introduction is offered to enable the 
reader to gain a working understanding of the key ideas. 

II. Background 

Our work with alkoxystilbazoles originated from previous work 
with metal  complexes of cyanobiphenyls in which liquid-crystalline 
"ligands" were complexed to Rh(I), Pd(II), and Pt(II) (Fig. 1) (1). With the 
first two, evidence was obtained that  the complexes were ra ther  labile, 
which we at tr ibuted to the ra ther  weak donor ability of the organoni- 
triles. We therefore sought a ligand motif tha t  would bind more strongly 
to a variety of metals and could be readily elaborated. From this point 
of view, 4-alkoxy-41-stilbazoles seemed good candidates and we first 
synthesized them in our laboratory in Sheffield during the summer  of 
1985 (2). 

III. Synthesis and Characterization 

A. STILBAZOLE LIGANDS 

The stilbazoles have been synthesized using three different routes, 
and these are now described briefly (Figs. 2 and 3). The first a t tempts  
involved reacting 4-alkoxybenzaldehyde with 4-picoline in acetic anhy- 
dride, which led to extremely poor yields of the stilbazoles after a week's 
work (2). This route was subsequently superseded by a Heck coupling 
method in which 4-vinylpyridine was reacted with 4-alkoxyiodobenzene 
in the presence of a palladium catalyst  (2). The reaction worked very 



ALKOXYSTILBAZOLES AND THEIR METAL COMPLEXES 153 

Ac20 

C n H 2 n + l O ~  / ~  
" ~ . ~ / N  

MeCN/Et3N [Pd3(OAc)e] (+ P(o-tolyl)3 if X = Br) 
100°C/3 days 

CnH2n+lO~X "J¢ ~ /N 

X=l, Br 

FIG. 2. Synthesis  of 4-a]koxy-4'-stilbazoles using acetic anhydr ide  or via a Heck 
methodology. 

well and, when iodides were not readily accessible, could be modified to 
work with bromides using tri(o-tolyl)phosphine as a cocatalyst. How- 
ever, as more elaborate stilbazoles were synthesized, it became more 
difficult to access suitable aryl halides, thus, it was necessary to re turn 
a procedure using benzaldehydes and picoline, only this time in a more 
controlled manner, as described in Fig. 3 (3). Picoline was deprotonated 
with l i thium diisopropylamide, then reacted with the benzaldehyde to 
give the intermediate alcohol which was dehydrated under  acidic condi- 
tions. This last  method was particularly useful with di- and trialkoxy- 
stilbazoles where the parent  di- and trihydroxybenzaldehydes, or their 
synthetic equivalents, were readily available. 

The stilbazoles themselves are creamy, slightly off-white materials 
which are normally solid at room temperature. The ZH NMR spectrum 
offers some useful features: The methylene group next to the phenolic 
oxygen gives a triplet at about 5 4; the AB system of the vinyl group has 
a coupling constant of 3JHH ~ 16 Hz, confirming the E nature of the 
substitution; and the aromatic protons ortho to the pyridine nitrogen 
are seen as the broadened half  of an AA'XX' spin system at about ~ 8.5, 
shifting to higher frequency on either complexation or protonation of 
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LDA 

CnH2n+l O ~ k / ~  OH 
' = '  '~%_.~,N 

CnH2n+l O ~ k / ~ ' ~  / ~  

FIG. 3. Synthesis of alkoxy-41-stilbazoles from benzaldehydes and 4-picoline using LDA. 

the ring nitrogen (Fig. 4). In solution in THF, 4-alkoxystilbazoles have 
a strong absorption at 326 nm which red-shifts to around 368 nm on 
protonation (the protonated stilbazoles are strongly yellow). 

The X-ray single-crystal s t ructure of stilbazole ligands has been de- 
termined on three occasions; these are shown in Fig. 5A-C. The struc- 
ture of 3,4-diethoxy-4'-stilbazole (Fig. 5A) (4) showed that  the two aro- 
matic rings are planar (r.m.s. deviations 0.0022/~ for the pyridine and 
0.0050/k for the benzene ring), and are twisted with respect to the 
plane of the alkenic moiety by 6.3 ° (pyridine) and 18.3 ° (benzene ring) 
and mutual ly twisted by 25.3 °. The conformation of the ethoxy chains 
is antiperiplanar (torsion angles of 179.2 ° and 179.1 ° for the chains in 
the 4- and 3-positions, respectively). A similar arrangement  is shown 
in the structures of 4-undecyloxy-3-fluoro-4'-stilbazole (Fig. 5B) (5) and 
N-(4"-methylbenzyl)-4-methoxy-4'-stilbazolium bromide (Fig. 5C) (6). 
For example, the former shows only one of the two possible geometric 
isomers based on the t rans configuration. The two aromatic rings are 
planar (r.m.s. deviations 0.002 and 0.006 A) and are twisted with re- 
spect to the plane of the olefinic fragment (r.m.s. deviation 0.007/~) by 
4 and 1 °, and mutual ly twisted by 4°; the conformation of the undecy- 
loxy chain is antiperiplanar throughout. 

B. METAL COMPLEXES 

The work reported here concentrates on three series of metal  com- 
plexes whose synthesis is now described. Complexes of Rh(I) and Ir(I) 
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I I '  

O) 

Oil 

(i) 

(ii) 

B 

FIG. 5. (A) Two views of 3,4-diethoxy-4~-stilbazole. (B) Two views of the molecular 
structure of4-undecyloxy-3-fluoro-4'-stilbazole. (C) Two views of the molecular structure 
of the N-(4"-methylbenzy])-4-methoxy-4:-stilbazole cation. 
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(ii) 

FIG. 5. (Continued) 

were obtained start ing from the free ligand and, in each case, the chloro- 
bridged 1,5-cyclooctadiene complex (Fig. 6) (7). Thus, the metal complex 
and the stilbazole were dissolved in dichloromethane under nitrogen 
and, after stirring for a few minutes, CO was bubbled through the so- 
lution for 10-15 min. The complexes precipitated on addition ofhexane 
to give yields of around 50-80%. Complexes of palladium(II) chloride 
were most readily accessed by reaction of [PdC12(PhCN)2] with jus t  
over 2 equivalents of the stilbazole in acetone from which the prod- 
uct precipitated (1). After crystallization, isolated yields were of the 
order of 85%. The related complexes of platinum(II) were synthesized 
by adding PtC12 to 2-3 equivalents of the molten ligand at tempera- 
tures of 120-140°C (8). The reaction was complete after about 30 min 
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2 C n " 2 " + ' O ~  ~ (II MZCLM/II 
+ \11 / %(" \11 j 

J CH2cl2/CO M = Rh, Ir 

C n H 2 n + l O ~  / ~  t CO 
\"-~(\ N-M-CO 

FIG. 6. Synthesis of Rh(I) and Ir(I) complexes of alkoxystilbazoles. 

and, following work-up and crystallization, the products were obtained 
in yields of about 60%. The Pd(II) complexes can be made in this way, 
but are better made by the method described above. Complexes of pal- 
ladium(II) carboxylates were obtained in two steps (Fig. 7). First, the 
palladium(II) carboxylate was synthesized by reaction of [Pd3(OAc)6] 
with the relevant carboxylic acid in benzene, with the acetic acid prod- 
uct being removed in a Dean-Stark trap (9). The isolated carboxylate 
complexes could then be reacted with the desired stilbazole in acetone 
to give the target complex (10). These syntheses were carried out using 
a wide range of palladium carboxylates and stilbazoles, and yields were 
very variable. Finally, stilbazole complexes of silver(I) were obtained by 
reacting the parent silver salt with 2 equivalents of the stilbazole in an 
organic solvent. The exact solvent used is a function of the silver salt 
and the stilbazole; yields are in the range of 40-85%. 

[Pd(OAc)2]3 ~. [Pd( O2C-C mH 2m.1 )2]p 

CnH2n+l O ~ 
' ~ N  

O 
~CmH2m+l 

0 ~ ~\ /~-OCnH2n+l 

CmH2m+l'~O ~ 

FIG. 7. Synthesis of palladium(II) earboxylates and their eernplexes with alkoxy- 
stilbazoles. 
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IV. Nonlinear Optics 

A. A BRIEF INTRODUCTION TO NONLINEAR OPTICS 1 

All molecules exhibit a linear optical response when subjected to an 
external field; tha t  is to say, the dipole moment  induced by that  field 
(tti) is linearly proportional to the field [E: Eq. (1), where a is the dipole 
polarizability, a complex number  whose real par t  is related to the re- 
fractive index of the material  and whose imaginary par t  relates to the 
extinction coefficient for photon absorption]. 

~ i - - a E  (1)  

This recognizes tha t  the external field results in a redistribution of the 
electrons in the tes t  material. However, this expression is only an ap- 
proximation to an infinite series expanded on powers of the field, as 
shown in Eq. (2), where fl and y are the first and second hyperpolariz- 
abilities, respectively: 

].t i : d E  + f i E  2 -~ y E  3 + . . .  (2) 

Because the coefficients a - y  decrease as a > > > fl > > > y, the effects 
arising from the higher terms are observed only at very high fields, 
typically those found in laser light. Let us concentrate here on materials 
giving rise to second-order nonlinear optical effects, i.e., those in which 
the fl term is important.  

Nonzero second-order effects are found only in noncentric molecules, 2 
and this is readily seen in the following argument. Assuming that  only 
the first two terms of Eq. (2) are relevant, the induced dipole moment  
of some centrosymmetric molecule, on application of a field E, is given 
by Eq. (3): 

# i  = a E  + f i E  2 (3) 

If, however, a field - E  is applied, the same expression gives Eq. (4): 

tti = - a E  + f i e  2 (4) 

1 For a much more detailed account, see Ref. (11). 
2 This has  always been held to be true. However, in a l imited number  of examples, 

centric molecules do give rise to second-order nonl inear  optical effects in the bulk. This 
is a t t r ibuted to solid-state effects. See, for example, Ref. (12). 
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However, the molecule is centrosymmetric; hence the induced dipole 
moment  cannot depend on the polarity of the applied field. Therefore, 
the only way that  the two expressions can be equated is if fl -- 0. But  
life is not quite tha t  simple. The equations used above all refer to 
events at the molecular level, and, of course, the effects we wish to 
observe occur in the bulk. Thus, there is a macroscopic equivalent of 
Eq. (2) which applies to the bulk; this is given as Eq. (5): 

Pi = X(1)E X(2)E 2 -F X(3)E 3 -b. . .  (5) 

Here Pi is the macroscopic induced polarization; and for molecular 
materials, a, fl, and y are related to their macroscopic counterparts  
X (1), X (2) and X (3), where polarization is dipole moment/uni t  volume. 

The consequences of this are tha t  the noncentric molecules are also 
required to pack in a noncentric space group. Thus, the best  nonlin- 
ear optical molecule in the world will show no bulk effect if it packs in 
a centric space group. Without going into details, it also follows that  
different noncentric space groups give different NLO responses. Fur- 
thermore, for a given space group the orientation of the chromophore 
within the crystal system can also have a dramatic effect on the NLO 
response. Quite a tall order to control! 

Once these conditions are met, a range of optical effects is possible. 
There is not the space to go into these in this review, but  one example 
is tha t  of parametric amplification, where a probe beam (v2) may be 
detected in the presence of a pump beam (vl) (Fig. 8). Assuming tha t  
v2 is of weak intensity (so that  2~2 does not arise), the nonlinear op- 
tical medium gives rise to two output  beams, namely 2Vl (this effect 
is known as frequency doubling or second harmonic generation, SHG) 
and Vl + 'J2 (parametric amplification), whereupon ,u is detected. Note 
that  for SHG, doubling the frequency halves the wavelength, so that  
the fundamental  of a Nd-YAG laser at 1064 nm (infrared) ends up as 
a beam at 532 nm (visible--green). Note also that  the material  must  
be t ransparent  at  the wavelength of the fundamental  and the resul tant  
beams; otherwise, absorption and hence damage can occur. 

S 
NLO 

material 

v I + V2~. 

~ ,  2 v ~  

FIG. 8. Schematic diagram of a parametric amplifier. 
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R X ~ ~ ~ / N  : = R X + = = = ( ~ ~  N- 

F I G .  9. Charge- t ransfer  excited s tates  in a schematic donor-acceptor molecule and in 
a stilbazole. 

B. NLO PROPERTIES OF THE STILBAZOLE DERIVATIVES 

Given tha t  both linear and nonlinear optical (NLO) effects have 
their origins in the redistribution of electrons, it is not surprising 
that  large effects are seen in materials with extended ~ systems and 
where there are donor and acceptor groups in conjugation (see Fig. 9). 
Thus, as a molecular species, the stilbazole fragment  is a good NLO 
candidate. Indeed, Meredith (13) reported tha t  in the solid state, 
4-(N,N-dimethylamino)-N'-methylstilbazolium methylsulfate (Fig. 10; 
X = MeSO4) gave a second-order NLO response 250 times greater than 
that  of urea  ( taken as an arbitrary s tandard and evaluated by the 
Kurtz powder technique, which simply measures  the intensity of the 
frequency-doubled radiation). This work was followed much later by 
studies from Marder, who showed that  in related derivatives (Fig. 10; 
X = OTf, OTs, C1, BFt, I), NLO responses of up to 103 times that  of urea 
were possible (14). This work was also interesting in showing how im- 
portant  solid-state effects were in determining the SHG response. For 

X ;~(2)/urea 

MeSO4 250 

OTf 0 
M e \ N ~  

Me / ~ N + _ M e  OTs 1,000 

X- CI 0 

I 8 0  

BF4 75 
FIG. 10. SHG efficiencies of some 4-(N,N-dimethylamino)-Nr-methylstilbazolium salts. 
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example, much higher SHG values were found in stilbazolium deriva- 
tives where there was a hydrated chloride counteranion, compared to 
the situation where the anion was not hydrated. This serves to em- 
phasize the point made above about  the importance of chromophore 
orientation in the crystal. 

Three approaches were adopted. First, instead of using N-methyl- 
stilbazolium cations, N-benzyl derivatives were examined. These are 
stable moieties; moreover, other substi tution of the benzyl group is pos- 
sible, which could aid noncentric packing. Thus, the compounds shown 
in Fig. 11 were synthesized, but  the NLO response at 1064 nm was poor, 
with one derivative crystallizing centrosymmetrically, giving X(2) __ 0 
(15). Next, an alternative donor function was examined, employing the 
jullolidine ring ra ther  than a 4-(N,N-dimethylamino)phenyl group, as 
the nitrogen ought to be a good donor to the phenyl ring (Fig. 12). 
However, the results were disappointing, with all SHG efficiencies at 
1907 nm being less than that  of urea  itself (16). Thus, the two fused 
rings had adversely affected the packing of the NLO chromophores in 
the solid state. 

MeO~ / ~  -~ 
' ' "~ '~3 N -k R X- 

X R ;C (2)/urea 

Br ~ 0 

OTf - - ~  21.8 

NO2 

OTf - - ~  0.3 

OeN 

OTf Me ~ 2.7 

FIG. 11. SHG efficiencies of some N-benzylstilbazolium salts. 
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X Z(2)/urea 

MeS04 0,02 

~ N ÷ - M e  X- 

OTf 0.03 

OTs 0.1 

NO3 0.5 

Fro. 12. SHG efficiency of some salts of a jullolidine-based chromophore. 
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It was then decided to look at metal complex derivatives, with a view 
to evaluating the effect of complexation on the molecular hyperpolar- 
izability, i.e., ft. In this case, the stilbazole used was a chiral deriva- 
tive bearing a resolved 2-methylbutyloxy chain, in the hope that  this 
might have a positive effect on the crystal packing (recall that  chiral 
compounds crystallize noncentrically). First  the uncomplexed ligand 
was examined and then its complexes with Rh(I), Ir(I), and Pt(II), as 
shown in Fig. 13. The molecular hyperpolarizability, fl, was measured 
using the EFISH technique with a fundamental  wavelength of 1.9 t~m 

,8.103°/esu (1.9 ~tm in CHCI3) 

15.8 

R = H 27.0 

R = Ph 31.0 

M = Rh, X = CI 

M=Rh, X = B r  

M=Ir ,  X=CI  

M = Ir, X = Br 

24.4 

23.9 

24.4 

56.0 (In acetone) 

FIG. 13. Molecular hyperpolarizabilities of 4'-(2-methylbutyloxy)-4"-stilbazole and 
some of its metal  complexes. 
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(generated from a Nd-YAG fundamental  using a pressurized-hydrogen 
Raman shifter). EFISH (electric-field-induced second harmonic gener- 
ation) is carried out in solution, and the noncentrosymmetric environ- 
ment  required for SHG observation is obtained by the application of a 
large electric field across the sample, which creates polar order of the 
solute molecules, allowing a frequency-doubled signal to be observed 
and measured. 

The results showed a 1.5- to 3-fold enhancement of fl on complexa- 
tion. It is interesting to consider the origin of this enhancement  (17). 
Figure 14A shows an idealized situation where an NLO chromophore 
contains a ~ donor and a r~ acceptor in conjugation, in which case a 
charge-transfer contribution to fl (flCW) can be considered. However, 
one can also consider the si tuation in which donors or acceptors act 
independently, individually perturbing the electronic distribution of 
the molecule, as i l lustrated in Fig. 14B. These effects, which are not 
restricted to situations in which the donor/acceptor is in ~ conjugation 
with the aromatic system, are termed additive effects (~add); thus, fl 
can be thought of as the sum of these two terms [Eq. (6)], with flCW 
normally being the greater of the two. 

: ~CT "t- fladd (6) 

If in these complexes the dicarbonylhalometal(I) fragment is acting 
as a 7~ acceptor and enhancing the conjugation of the stilbazole ligand 
(Fig. 14C), then the complex might be expected to be quite strongly 
colored, and the carbonyl stretching frequencies in the infrared spec- 
t rum to be much lower than in, for example, the analogous complex 
with a pyridine ligand. However, the complexes were found to be 
yellow or slightly orange (Rh) (for Ir-C1 species, ~-max---~ 364 nm, 
s -- 30,304 dm 3 mo1-1 cm -1) (7); moreover, there is no hint  of a charge- 
transfer absorption, and the carbonyl stretching frequencies of the 

+ D : = ~ = = A -  

A ©  o 

A B C 

Fro. 14. Diagram to show (A) the first excited state of a conjugated donor/acceptor aro- 
matic, (B) inductive charge redistribution caused by isolated donor and acceptor atoms, 
and (C) a hypothetical charge delocalization in a group 8 metal stilbazole complex. 
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stilbazole complexes (vco -- 2074 and 1993 cm -1) are almost identical 
to those of cis-[IrCl(CO)2(py)] (vco -- 2075 and 1981 cm -1) (18). Thus, 
the enhancement  of the NLO response must  be due purely to a-effects, 
which is consistent with related work where the stilbazoles were 
complexes with boron(III) species and a two-fold enhancement of NLO 
response was found (19). 

V. Langmuir-Blodgett  Films 

A. A BRIEF INTRODUCTION TO LANGMUIR--BLODGETT FILMS 3 

If  a water-insoluble, amphiphilic material  is deposited at the wa- 
ter/air interface (e.g., by layering a solution of the amphiphile in an 
organic solvent on the water and letting the organic solvent evaporate), 
the polar part  of the amphiphile will associate with the water while the 
nonpolar part  will stand proud of the surface (Fig. 15). The isotropic 
arrangement  of amphiphiles adsorbed at the interface (sometimes re- 
ferred to as a two-dimensional gas) may be compressed mechanically to 
give thin films with differing degrees of order (two-dimensional liquids 
or solids). This process can be monitored via a pressure (1-I)/area (A) 
isotherm (Fig. 16). The isotherm shows features tha t  are attributable 
to the formation of the "liquid" and "solid" states, it  also shows a feature 

I I 
2-D gas 

I 
, > 

I . . . . .  I 

2-D liquid 2-D solid 

FIG. 15. Diagrammatic representation of a Langmuir monolayer as a 2-D gas, liquid, 
and solid. 

3 For a much more detailed account, see Ref. (20). 
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ct) 

D_ 

2-D liquid 
2-D gas 

/ 

Molecular area (A) • 
Extrapolated area/molecule 
in the solid film 

FIG. 16. Schematic H/A isotherm. 

corresponding to the collapse of the film when the pressure exceeds the 
critical value for tha t  film. The isotherm also allows the molecular area 
at the surface to be evaluated by extrapolation. "Solid" films prepared 
in this way are know as Langmuir  films. 

Such films may be t ransferred from the water/air interface to a 
solid substrate  by dipping the substrate  into the water  and remov- 
ing it (Fig. 17). This process may  be repeated, permitting mult i layer 
(Langmuir-Blodgett)  films to be built  up. Four main types of film may 
be identified: namely, X-, Y-, and Z-type films, as well as al ternate-layer 
films (Fig. 17). Normally, Y-type films are the easiest to form, and the 
most robust, mainly because like parts of the molecules are kept  with 
like. For the same reasons, X- and Z-type films tend to be less robust, 
as do alternate-layer films. However, the last three film types have the 
potential advantage that  they are noncentrosymmetric and hence are 
potentially amenable to a range of useful physical effects. 

Archetypal species that  have been studied in Langmuir-Blodget t  
(L-B) deposition include conventional amphiphilic species such as long- 
chain carboxylic acids and some of their metal  salts; a feature of many 
systems that  have been deposited is that  stable films appear to require 
quite long alkyl chains (typically >C14). 
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i 
. 

Y-Type 

Z-Type Alternate Layer 

Transfer of 
the first monolayer 

Transfer of subsequent 
monolayers 

L 

X-Type 

FIG. 17. Diagram to show the  deposition of a Y-type L-B film and  the s t ructure  of 
X- and  Z-type films. 

B. LANGMUIR--BLODGETT FILMS OF METAL STILBAZOLE COMPLEXES 

Our work with L-B films was carried out in collaboration with Dr. 
Tim Richardson of the Department  of Physics at Sheffield University 
and started as a "look-see" experiment. The complexes studied were the 
Rh(I) and Ir(I) complexes of the simple alkoxystilbazoles i l lustrated in 
Fig. 6. Surprisingly, with these materials it was possible to form films 
of the materials with alkoxy chain lengths as short as pentyloxy, with 
very stable films being accessed with octyloxy chains (21). All of these 
depositions were Y-type, and linear increases in absorption were seen 
with successive depositions. As implied above, these are short chain 
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lengths relative to most Langmuir-film-forming materials, but  the fact 
that  the complexes are liquid-crystalline is significant, as the complexes 
are clearly predisposed to forming ordered structures. It is also relevant 
to note that  parallels have been drawn between the structures formed in 
Langmuir  monolayers and those seen in liquid-crystal smectic phases. 

While Y-type deposition was successful, the effects of potential in- 
terest  to us are not found in centrosymmetric structures; thus, it was 
necessary to look at methods for forming noncentric multi layer fabri- 
cations. This was achieved by using docosanoic acid so that  the mul- 
tilayer was composed of a layer of stilbazole complex, then a layer of 
the acid, then the complex and so on. Using this method, films of up 
to 23 layers were fabricated. One effect sought was a nonlinear optical 
response, given the good chromophoric properties of the stilbazole de- 
scribed above. Various factors mili tated against a detailed study, but  
suffice it to say that,  mysteriously, it was not possible to observe any 
SHG from noncentric, al ternate-layer systems of this type. 

However, it was possible to look at pyroelectric response, that  is, the 
change in polarization as a function of temperature.  This is expressed 
mathematically in Eq. (7): 

APi = p i A T  (7) 

Here Pi is the change in spontaneous polarization, Pi is the pyroelectr ic  
coefficient, and A T is the tempera ture  change. A graphical represen- 
tation of a typical response profile is shown in Fig. 18. Clearly, devices 
tha t  produce a current  when the temperature  changes can be applied in 
a variety of heat-sensing applications; thus, there was some interest  in 
seeing how these thin-film samples performed. Here the response was 
found to be very good indeed, and values for Pi as high as 3.2 t~C m -2 K -1 
were measured (22); at the time, this was the largest value reported, al- 
though these values have since been exceeded in certain calixarenes and 
poly(siloxanes) measured by Richardson (23). However, an interesting 

E 
time 

o 

time 

FIa. 18. Graphical representation of a theoretical pyroelectric response profile. 
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Fla. 19. Graph showing the pyroelectric response of the  stilbazole L-B films as a func- 
t ion of both  t empera tu re  and  number  of layers. 

aspect of this s tudy was that  while pi increased with the number  of 
layers (as would be expected), this lasted only for fabrications with up 
to nine layers, after which the response collapsed (Fig. 19). The reason 
for this may be that,  with so many layers, the multi layer structure was 
somehow unstable  and that  the nice, regular arrangement  of complex 
and acid collapsed, thus limiting the extent  to which the response in 
these systems could be maximized. 

Vl. Liquid Crystals 

The greatest  amount  of work we have carried out with alkoxystil- 
bazoles is in the field of liquid crystals; indeed, this is where our inter- 
est in stilbazoles started. After a brief and rather  general introduction 
to liquid crystals, we will consider various types of complex that  form 
liquid-crystal mesophases when complexed to stilbazoles, emphasizing 
pat terns of behavior without delving into the subtleties. A more detailed 
discussion of the silver systems may be found elsewhere (24). Finally, 
although this article appears in a series tha t  concentrates on inorganic 
chemistry, we offer an overview of some of our work with stilbazoles in 
hydrogen-bonded liquid crystals. 

A. A BRIEF INTRODUCTION TO LIQUID CRYSTALS 

The liquid crystal state represents a fourth state of matter. Located 
be tween  the solid and liquid states, it is bounded by these states, 
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possessesing properties reminiscent of both. As in the solid state, there 
is order; as in the liquid state, there is fluidity. Moreover, transitions 
from the solid to the liquid crystal state are strongly thermodynami- 
cally first-order, while transitions from the liquid-crystal to the liquid 
state [the lat ter  termed isotropic liquid (I) to distinguish it from the liq- 
uid crystal] are weakly first-order. Transitions between liquid-crystal 
mesophases are usually weakly first-order or second-order. The result  
is an ordered liquid in which the physical properties are anisotropic; 
indeed, this anisotropy in the physical properties has led to their  
widespread application. Clearly, the liquid-crystal state is not found for 
all molecules. What, then, are the criteria necessary for liquid-crystal 
phase (mesophase) formation? There are several, but uppermost is the 
requirement  that  molecules be structurally anisotropic. This leads to 
intermolecular anisotropic dispersion forces tha t  are strong enough to 
stabilize the mesophases. The two most common anisotropic forms are 
rods and disks; liquid crystals derived from the former shape are termed 
calamitic liquid crystals (mesogens), while those derived from the lat ter  
are discotic mesogens. 

1. Calamitic Mesogens and the Phases They Form 

Design guidelines for calamitic materials suggest that  the molecules 
may be built up of two or more rings, linked by a variety of functional 
groups and terminated by ei ther one or two alkyl chains. The rings are 
most frequently phenyl rings, but heteroaromatic, alicyclic, and even 
bicyclic rings have been used [indeed, it may be of interest  to readers 
that  boron clusters have been employed by Kaszynski (25)]. The linking 
groups act to preserve the overall linearity of the molecule, although 
the preservation of conjugation is not important; typical examples are 
shown in Fig. 20. Finally, it is worth noting that,  almost without excep- 
tion, calamitic mesogens possess at least one terminal  chain and most 
possess two. The chains contribute to the structural  anisotropy and, be- 
cause they do not pack easily into a crystalline form, act to reduce the 
melting point. Where there is only one terminal  chain, it is common to 

0 
--N DN - - ~  

= - 

O-- 

FIG. 20. Examples of linking groups used in the construction ofcalamitic liquid crystal 
molecules. 
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R ~ N O  2 
FIG. 21. Examples ofcalamitic mesogens. 

find a small, polar group at the other end of the molecule, e.g., a nitrile 
or nitro group. Because the number of liquid crystals is huge, it is not 
possible to give representat ive examples of all calamitic mesogens. The 
reader is therefore referred to the website of the Hamburg  Liquid Crys- 
tal Group (http://liqcryst.chemie.uni-hamburg.de/), where a wealth of 
information can be found, including the LiqCryst Database  (26), which 
contains details of all published mesophase materials. However, to give 
a flavor of what  might constitute a calamitic mesogen, a few examples 
are presented in Fig. 21. 

Calamitic mesogens in general form two main types of mesophase: 
the nematic phase (N) and the smectic (S) phases. The nematic phase is 
the most disordered of the mesophase types; in it, the molecules possess 
one-dimensional orientational order and no positional order (Fig. 22). 

FIG. 22. Schematic molecular arrangement in the nematic phase of rod-like molecules. 
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The average orientational direction of the molecules is denoted by the 
director, n,with the degree of orientational correlation evaluated by the 
order parameter, S, expressed as in Eq. (8), where 0 is the angle be- 
tween a molecule and the director. It is the nematic phase of calamitic 
molecules that  is used in liquid crystal displays. 

S = 1 /2<3cos28-  1> (8) 

Smectic phases differ from the nematic phase in that  the molecules 
within them, possess some partial  positional order, resulting in a sort 
of layering of the mesogens; consequently, they are more ordered and 
occur to lower temperature  of the nematic phase. There are two sub- 
classes of smectic phase: those without  any in-plane order (SA and Sc) 
and those with some in-plane order (SB, SF, and SI). (Note that  the sub- 
scripts are simply identifiers and carry no other information.) Thus, in 
the SA phase (Fig. 23), which is very fluid, the molecules are on aver- 
age orthogonal to the layer direction, and there is a high probability 
for molecules to move between layers. The Sc phase (Fig. 23) is similar 
except tha t  the average orientation of the molecules is at  some angle, 0, 
to the layer direction, giving a lower-symmetry situation. The SB, SF, 
and $I phases (Fig. 23) all possess hexagonal symmetry within the lay- 
ers; in the SB phase the molecules are orthogonal to the layers, while in 
the other two phases they are t i l ted-- toward the edge of the hexagon 
in the case of SF and toward a vertex of the hexagon for SI. A fuller 
account of the structure of these phases is found elsewhere (27). 

2. Discotic Mesogens and the Phases They Form 

To some extent, the design criteria for discotic mesogens are some- 
what  simpler than those for their calamitic counterparts. In many cases, 
it is possible to choose a favorite disk-like molecule, then add 6 - 8  pe- 
ripheral alkyl chains to generate a mesomorphic (i.e., liquid-crystalline) 
material. Thus, phthalocyanines, triphenylenes, truxenes, and many 
other systems will generate mesogenic (i.e., liquid-crystal-like) materi- 
als with appropriate substitution; these examples are shown in Fig. 24. 
Note that  it is not necessary for the mesogen to have a planar core. 

In calamitic systems it is the long axis of the molecules that  is corre- 
lated in the mesophases; but  in discotic systems it is the short axis and 
different types of organization are seen, although disk-like molecules 
also form a nematic phase in which a unique axis is orientationally cor- 
related (Fig. 25). However, below the nematic phase is a series of colum- 
nar  phases (Col) in which the disks are stacked up into Columns, which 
are themselves arranged according to some symmetric pattern. Typical 
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FIG. 24. Examples of some discotic mesogens. 

examples are the hexagonal columnar (Colh), rectangular columnar 
(Colt), and the oblique (COlob) phases, as il lustrated in Fig. 26. 

A few words of clarification about the nomenclature are relevant here. 
Columnar phases have been known for many years; they were evident, 
for example, in the work of Spegt and Skoulios (28) on metal soaps, al- 
though these are not classical disk-shaped molecules. In 1977, however, 
a hexasubsti tuted benzene derivative was reported (29), this derivative 
was the first example of a properly disk-like mesogen, and the term 
discotic was coined to describe the mesophases it formed. Thus, for ex- 
ample, the discotic hexagonal phase was labeled Dh. The introduction of 
this nomenclature has actually caused confusion as disk-like molecules 
are not alone in their  capacity to form columnar phases (indeed, some 

FIG. 25. Schematic molecular ar rangement  in the nematic phase of disklike molecules. 
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COIh COIob . Col r 

Fro. 26. The molecular organization in some columnar  mesophases .  

other classes will be discussed below). Thus, it is wrong to categorize 
a phase by the shape of the molecule of which it is constituted; rather, 
the description must  reflect the organization and the symmetry. An- 
other aspect of the nomenclature relates to the presence or absence of 
order within the columns: i.e., How well correlated are the molecules 
within each column? The nomenclature adopted required that  the term 
ordered be applied to the phase if  the correlation was high. Hence high 
correlation is indicated by COlho, while low correlation, which gives a 
disordered phase, is indicated by Colhd. Evidence for the presence or 
absence of disorder came from X-ray diffraction studies (vide infra). In 
some cases, it was possible to see the 3.4-/~ stacking repeat  (typical in 
columnar phases of planar aromatic systems) and therefore to assign 
the phase as ordered or disordered. But questions remain. At what  point 
does an ordered phase become disordered? What correlation length is 
the boundary between one and the other? And, how does one cope in 
systems whose 3.4-A repeat  is not seen for some reason? Faced with 
these problems, many  workers, particularly those engaged in structural  
studies, prefer to drop the designations "ordered" and "disordered"--a 
preference this author supports fully. 

3. Polycatenar Mesogens 

While rods and disks represent  extremes of shape anisotropy .that 
give rise to mesophases,  one class of compounds appears to bridge the 
gap between these extremes. These materials are termed polycatenar 
liquid crystals (30), where polycatenar simply means "many tails." The 
mesogens are characterized by their rod-like shape, with a ra ther  ex- 
tended core, and by possession of three to six terminal chains. There 
are several isomeric possibilities for such systems, two of which are 
considered in this review. 

The first, and arguably the most interesting, are te t racatenar  meso- 
gens whose terminal chains are attached to the 3 and 4 positions of the 



176 BRUCE 

CnH2n+lO ~ ) - ~  i 
CnH2n+lO 

~CnoH2nrH;n+ 1 

CnH2n+lO OCnH2n+l 
CnH2n+lO~ ~OCnH2n+l 

CnH2n+lO B OCnH2n+l 
FIG. 27. Schematic diagram to show (A) a 3,4-substituted te t racatenar  mesogen and 

(B) a 3,4,5-substituted hexacatenar mesogen. 

end phenyl groups (schematized in Fig. 27A). At short chain lengths, 
these materials show either the nematic or smectic C phase or both, 
while at  longer chain length, columnar phases are found. Understand- 
ing the formation of the nematic and smectic phases, is straightforward. 
But  how do we unders tand the formation of the columnar phase? To do 
this, it is necessary to introduce the idea of surface curvature. 

At short chain lengths, the volume of the mesogen core is greater  than 
or similar to that  of the terminal chains, and so it is easy for a lamellar 
phase to result. However, as the chains get longer, they take up more vol- 
ume (this can also be achieved by raising the temperature),  eventually 
culminating in a mismatch between the volume required by the core and 
that  required by the chains. In this circumstance, one can postulate a 
curvature that  can lead to undulations in the smectic layers. When this 
curvature is sufficiently developed, the lamellar arrangement  is dis- 
rupted, and columns form in which the columnar repeat  "unit" consists 
of three or four molecules. The effect is i l lustrated in Fig. 28 (31). While 
lamellar and columnar phases represent  the extremes of behavior, it 
is often the case that  cubic phases form at intermediate chain lengths. 
These are discussed in the next section. Thus, te t racatenar  mesogens 

J J 

.I. .IFIIItlI  , , :, 

l/lll/l/il . 
FIG. 28. Schematic diagram to show how interfacial curvature in a smectic phase can 

lead to the formation of a columnar phase. 
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with this subst i tut ion pat tern appear to bridge the gap between the 
mesomorphism exhibited by rod- and disk-like molecules. 

The second example is that  ofhexacatenar  mesogens whose terminal 
chains are in the 3, 4, and 5 positions of the end phenyl rings (Fig. 27B). 
Here, the presence of three terminal chains ensures the presence of sur- 
face curvature, and so the mesomorphism is dominated by the formation 
of columnar phases. 

Note that,  for some time, the columnar phase of these polycatenar 
mesogens was given the symbol ¢. However, following the arguments 
presented above, the use of Col is more appropriate and is now widely 
accepted. 

4. The Cubic Phase 

The cubic phase is a real curiosity in the study of thermotropic liquid 
crystals, although much has been done to unravel issues concerning its 
formation. Interested readers are directed to other sources for a detailed 
discussion (32); however, the phase does crop up ra ther  a lot in systems 
we have studied, so a brief introduction is in order. 

In thermotropic mesogens, the phase was first identified in 1957 
by Gray (33) in some alkoxynitrobiphenyl carboxylic acids (Fig. 29A; 
Y = NO2) and was found to exist above the Sc phase and below the SA 
phase (where the SA was present). Except for reports of cubic phases in 
related nitrile compounds (34) (Fig. 29A; Y -- CN) and some hydrazines 
(Fig. 29B) (35), the cubic phase (or SD as it was long known) remained 
for many years  a rare  intellectual curiosity. The phase is found to exist 
in two major space groups, Im3m and Ia3d, and a brief  consideration 
of these serves to exemplify the two models used to unders tand their 
structure and hence the way in which the molecules are arranged within 
the phase. 

X 

C n H 2 n + l O ~ ( o _  H 

A: X = NO 2, CN 

H O~-~OOnH2n+l 

C n H 2 n + l O ~ o  H B 

FIG. 29. The first two calamitic materials known to show the cubic phase. 
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The first model to be advanced was the interconnecting rod model, 
in which the phase symmetry  was described by a series of intercon- 
necting rods arranged in three dimensions, the rods being composed 
of the molecules that  form the mesophase (36). This model was origi- 
nally developed to explain the formation of cubic phases in surfactant  
mesophases, but is equally applicable here. The rod model for Im3m 
is shown in Fig. 30A and that  for Ia3d in Fig. 30B. Note that  in both 
cases there are two independent  rod networks. In the latter, each in- 
dependent rod network is chiral (threefold screw axis), but  the two are 
of opposite chirality. The other model is the infinite periodic minimal 
surface model (37). Here, the a r rangement  of the rods is related to the 
minimal surfaces, as the minimal surfaces divide space up into parts. 
Thus, for example, Fig. 30C shows the minimal surface for the Im3m 
space group which gives rise to two noninterconnected rod networks 
(Fig. 30A). Therefore, one can consider that  the molecular cores form 
the rods and that  the chains extend out to describe the minimal sur- 
faces, i l lustrating the role of curvature  in the structure of these phases. 

Although the cubic phase is interesting in several regards, it is par- 
ticularly worth noting that  while liquid crystal mesophases are fluid, 
cubic phases are very viscous. Furthermore,  because of their  high sym- 
metry, cubic phases possess isotropic physical properties, setting them 
apart  from other liquid-crystal mesophases. Transitions into, and out 
of, cubic phases tend to be ra ther  slow. Exactly why cubic phases form 
in calamitic systems is unclear at the present time. 

5. Transitions between Mesophases 

In the present article, the focus is on transitions between solid, 
isotropic, and liquid-crystal phases that  are effected by the action of 

A B C 

FIG. 30. Interlocking rod model for the Im3m (A) and Ia3d (B) cubic phases and the 
infinite periodic minimum surface model for Im3m (C). 
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temperature;  in such studies, thermotropic liquid crystals are consid- 
ered. Although one can make predictions about the type of mesophase 
that  might form based on molecular composition and previous experi- 
ence, only experiments can actually determine which mesophases are 
formed and at  what  temperature.  A given mesogen may possess only 
one mesophase or several, and one of those phases may or may not be 
nematic. What  is known is that,  except in special circumstances, smec- 
tic phases occur at  lower temperatures  than those obtaining in the ne- 
matic phase; moreover, within the smectic phases, there is a general 
order of formation that  reflects the degree of order within the phases: 
with increasing temperature,  

SB < SF < SI < Sc < SA < N < I 

An interesting "variable" in all this is the position of the melting point 
in the sequence (here, the term melting point indicates the tempera- 
ture at  which the solid melts to form a disordered phase, while clear- 
ing point indicates the temperature  at which the isotropic liquid forms 
from a mesophase), for there is no real reason for the solid to be less 
stable then the mesophase(s). Thus, Fig. 31 shows three possible ex- 
amples of situations that  could occur. In the first (A), the sample melts 
to the mesophase (LC), which then clears to give the isotropic liquid, 
and on cooling, the whole things reverses. This mesophase is termed 
enantiotropic. In the second example (B), the solid melts directly to the 
isotropic liquid and then supercools into the mesophase (LC), which 
then crystallizes, here, the mesophase is termed monotropic. In the 
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FIG. 31. Illustration of some possible thermodynamic relationships between crystal, 
isotropic, and liquid-crystal phases. 
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third example (C), the solid melts to give mesophase LC1, which then 
clears. On cooling, LC1 re-forms and then supercools into LC2 before 
crystallizing; here, LC1 is enantiotropic, while LC2 is monotropic. All 
of this must  be determined experimentally. 

6. The Characterization of Liquid Crystal Mesophases 

While it is not proposed to look at this topic in any real detail, it is 
appropriate to explain briefly the ways in which one can distinguish 
between the different phases and the techniques used to do so. 

The primary technique is polarized optical microscopy [for the defini- 
tive text to date, see Ref. (38)]. This technique makes use of the fact 
tha t  the mesophases, being anisotropic, possess two refractive indices. 
In this experiment, a small (< 1 mg) sample is placed between two mi- 
croscope coverslips and placed on a hotstage, which is i tself positioned 
between two polarizers set at  90 ° to each other. When in the mesophase, 
the plane polarized light that  impinges on the sample is split into two 
beams (or, more formally, the light become elliptically polarized) which 
interfere to give a pat tern that  depends on the symmetry of the phase. In 
the hands of an experienced experimentalist,  this characteristic optical 
texture can identify a mesophase. This is always the first method used 
to determine mesomorphism. Some examples of textures can be found 
at: http://www.tu-berlin.de/~insi/ag_heppke/fotos-e.htm). Complemen- 
tary  to microscopy is differential scanning calorimetry (DSC), which is 
used to measure the enthalpy change during a transition. It is impor- 
tant  that  DSC data be obtained along with that  from microscopy so that  
every optical transition can be matched with a change in enthalpy (or 
heat  capacity) and vice versa. Furthermore,  the system is at equilib- 
r ium at a transition between phases, hence AG = 0 and it follows that  
AS = AH/T.  Thus, the entropy of transition can be calculated. Note 
tha t  DSC alone cannot identify a material  as mesomorphic, nor can it 
characterize any mesophase formed. 

However, the most unequivocal method for determining the identity 
of a mesophase is X-ray diffraction. Small samples (~ 10 mg) are heated 
into the mesophase and X-rays are passed through, the experiment 
being carried out in transmission geometry with data being collected 
either on film or electronically. Because the samples are fluid, the infor- 
mation content is ra ther  low; but  in an SB phase, for example, it would 
be possible to observe the layer spacing at low angles, the molten alkyl 
chains at 4.5/~, and the hexagonal symmetry of the layer. Similarly, for 
a columnar hexagonal phase of a discotic molecule, one would expect to 
see repeat  distances of 3.4 and 4.5/~ at high angle (the stacking repeat  
and molten alkyl chains, respectively) as well as, for example, the (10), 
(11), and (20) reflections of the hexagonal lattice. A higher data  content 
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is obtained if the sample can be obtained in an aligned monodomain; 
normally, however, this is readily achieved only with nematic samples 
aligned by an applied magnetic field. 

7. Why Put Metals into Liquid Crystals? 

Why, indeed? The main reason has to be in response to scientific 
curiosity--to know what  will happen. Although this article does not 
concentrate entirely on mesomorphic metal  complexes, some properties 
are predictable, and it is appropriate to mention these briefly here. [This 
area is; however, well reviewed; see Ref. (39).] 

First, the coordination possibilities around a metal  are considerable, 
and coordination numbers  from 1 to 9 and more are known. Metals can 
be stable radicals, making it possible to exploit paramagnetic effects 
tha t  are greater than  those of their diamagnetic analog. Metal com- 
plexes are often colored and this color can be redox-dependent; thus, 
they have potential as liquid-crystal dyes (40). Metals are centers of 
highly polarizable electron density, which affects the linear (41) and 
nonlinear polarizability (17) and hence the refractive indices (42) and 
dielectric response. The possibilities are mani-fold. Thus, the prize is 
to combine the best  of what  inorganic chemists know with the best  the 
liquid-crystal world can provide--an exciting prospect, indeed. 

VII. Liquid-Crystalline Metal Complexes of Alkoxystilbazoles 

A. INTRODUCTION 

The first metallomesogens we made were Pd(II) and Pt(II) complexes 
of cyanobiphenyl mesogens with the structure shown in Fig. 1. However, 
nitrile ligands can be rather  labile (there is evidence of their lability on 
Pd centers), and so we looked for a generic ligand type that  might bind 
to metal  centers a little more strongly. This is where we encountered 
stilbazoles. Since this time, the summer of 1985 when Elena Lalinde 
carried out the first synthesis, we have examined the liquid-crystal be- 
havior of stilbazoles in combination with metals from groups 8, 10, and 
11 as well as in hydrogen-bonded systems. This work is now described. 

B. MESOMORPHIC COMPLEXES OF GROUP 8 METALS 

As has already been seen these complexes have interesting properties 
in the fields of nonlinear optics and thin films. Indeed, it was the fact 
that  such complexes were available from liquid-crystal projects that  
prompted our studies. The work with Rh(I) and Ir(I) complexes was 
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inspired by related materials described by the Zaragoza group, who 
had used an iminopyridine ligand (Fig. 32). It was found that  the use 
of a nonmesomorphic ligand could lead to liquid-crystalline materials 
on complexation (43, 44). 

In our case, the ligands exhibited some liquid-crystal properties; 
X-ray diffraction gave evidence of a crystal smectic E phase 4 and opti- 
cal microscopy gave evidence for an SB phase. On complexation, how- 
ever, SA and N phases were found at temperatures  higher than those 
of the stilbazoles themselves. The phase diagram for the Ir(I) com- 
plexes (Fig. 33) shows behavior tha t  is quite typical for a simple dipolar 
mesogen--namely, the formation of at  nematic phase at short chain 
lengths, giving way to an SA phase as the alkyl chain lengthens. The 
mesomorphism of the Rh(I) congeners was similar, except tha t  the com- 
plexes decomposed on clearing to the isotropic phase. 

The ability of the cis-[MX( CO )2] fragment to promote mesomor- 
phism in pyridine-based ligands is quite remarkable,  prompting an 
examination of how good the results  are in stilbazole systems. In the 
l i terature of organic liquid crystals, terminal groups are rated accord- 
ing to their ability to stabilize the nematic phase and, of these, the 
cyano group is in the premier league. Details of the comparisons we 
made are in the original paper; but  here suffice it to say that  our esti- 
mates  were that  the cis-[MX( CO )2] fragment was at least as effective as 
the cyano group in promoting the nematic phase. Why this should be? 
In fact, the reasons are tied up with the ability of the terminal group 
to enhance both the polarizability of the mesogen and the polarizabil- 
ity anisotropy of the mesophase. Suitable measurements  were carried 
out and the results are collected in Table I. Thus, it can be seen that  
complexation of the metal  f ragment  to the stilbazole nearly doubles 
the linear polarizability, while the ratio of the polarizability anisotropy, 
A~(A~ --- ~ii - ~±, where ~ii and ~± are, respectively, the polarizability 
parallel and perpendicular to the nematic director; see Fig. 34) to the 
mean linear polarizability (~) has increased almost to unity. The large 
value of A~ is predicted by theory to give rise to stable nematic phases. 

C. MESOMORPHIC STILBAZOLE COMPLEXES OF GROUPS 10 AND 11 METALS 

The stilbazole complexes of these metals, Pd(II), Pt(II), Ag(I), and 
Au(I), are considered together because a good deal can be learned by 
looking at them in this way, particularly as we begin to look at more 
highly subst i tuted stilbazoles. The liquid-crystal aspects of the silver 

4 The crystal smectic phases differ from those already discussed in that the layers are 
rather well correlated. The crystal smectic E phase is an orthogonal, orthorhombic phase. 
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TABLE I 

MEAN LINEAR POLARIZABILITIES (5~) AND POLARIZABILITY ANISOTROPHIES (AC/) FOR A 
STILBAZOLE LIGAND AND ITS IRIDIUM (I) COMPLEX 
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FIG. 34. Diagram to show the origins of the polarizability anisotropy. 
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complexes are particularly complex and involved, and the reader is 
referred to a more detailed review of these materials for an extended 
discussion (24). 

1. Complexes of Monoalkoxystilbazoles 

Liquid-crystalline complexes of silver(I) were among the first com- 
plexes we studied; and even now, some sixteen years later, we continue 
to find aspects that  fascinate us. The silver complexes are different from 
the other complexes we have considered in that  they are formally ionic, 
and the anion is an additional variable to take into account. As will be 
seen, this proves to be a most subtle structural  parameter.  

Before looking at the silver complexes, it is worth considering the 
palladium and plat inum complexes. These complexes (Fig. 35A) were 
readily made but  proved rather  frustrating. The plat inum materials 
were nonmesomorphic, and while some of the longer-chain palladium 
derivatives showed Sc phases, this was at ra ther  elevated tempera- 
tures (45). However, Maitlis and co-workers showed that  if  the chloride 
ligands were replaced by long-chain alkanoates (Fig. 35B), transition 
temperatures  were reduced and a nematic phase was observed (46). 
These results later proved to be more important  than was realized at 
the time, as discussed later. 

It is also interesting to note the complexes described by Maitlis in 
which a stilbazole was bound to a trans-[PtC12(olefin)] moiety (Fig. 35C). 
Almost all of these materials showed an SA phase whose existence 
turned out to be a function of the chain length on the olefin as well 
as on the stilbazole (46, 47). 

With silver, we initially made complexes of AgBF4 (Fig. 36; X = BF4). 
These, like most silver complexes, are synthesized by direct reac- 
tion of the ligand with the salt. The mesomorphism of the tetraflu- 
oroborate complexes was not investigated extensively, a s  they were 
highly moisture-sensitive and showed very high transition temper- 
atures  (clearing point around 300°C) and accompanying decompo- 
sition (48). In some freshly prepared samples with longer alkyloxy 
chains, Sc and SA phases were identified, consistent with observa- 
tions by the Zaragoza group on related complexes of 4'-alkyloxy- 
N-(4-pyridylbenzylidene)anilines and 4'-(4-alkyloxyphenyl)pyridine 

CnH2n+lO ~ ' ~  ~ + \'~-(%~//N--:g_-N~OCnH2n+ 1 

FIG. 36. General structure of the silver stilbazole complexes. 
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CnH2n+lO - - ~ - - ~ N  / ~  

X- ~ \ N ~  OCnH2n+l 

CnH2n+10~ x/~--O ~ ~ /0 
, ~  N_Ag+_N \)~z(' / ~ k  

C)/ ~ X- ~ /  ~O - - / k ~  OCnH2n+l 

Fro. 37. Structure of some silver stilbazole analogs made in Zaragoza. 

carboxylates (Fig. 37) (49). Because of the high transition tempera- 
tures in these complexes, it was necessary to see whether  materials  
with lower transition tempera tures  could be obtained. Thus, in a naive 
a t tempt  to realize this the anion was changed to dodecylsulfate (DOS) 
in the hope that  this ra ther  "floppy" anion might jus t  do the trick 
(Fig. 36; X -- C12H25OSO3) (48). 

Inasmuch as the transition temperatures  of the DOS salts were lower 
than those of the BF4 analogs (e.g., clearing points around 170°C), the 
strategy was successful. But  in the event, these apparently simple sys- 
tems became a real "group favorite" for many years. To begin with, con- 
sider the phase diagram of the DOS salts, which shows areas of phase 
stability plotted as a function of ligand chain length and temperature  
(Fig. 38). Note that  at short chain lengths, there is a nematic phase, 
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FIG. 38. Phase diagram for the stilbazole complexes of AgDOS. Reprinted with per- 
mission fromAcc. Chem. Res. 2000, 33, 831. Copyright 2000 American Chemical Society. 
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while at longer chain lengths Sc and SA phases become evident, as well 
as one marked Cub (a cubic phase), which has Ia3d symmetry (50). 
The observation of each of these phases is remarkable  for reasons to be 
described, as follows. 

The complexes are formally ionic, making the observation of a ne- 
matic phase remarkable because one would expect the ra ther  weak 
anisotropic dispersion forces stabilizing this phase to be incompatible 
with the strong isotropic coulombic forces normally associated with 
ionic materials (51). However, this turns  out not to be the case inas- 
much as conductivity measurements  showed no conductivity (48)- -  
that  is, the cation and anion are closely associated, as suggested by 
the crystal s t ructure shown in Fig. 42. Once this is known, the ne- 
matic phase becomes expected, because rod-like mesogens with lat- 
eral chains exclusively form this phase as the lateral  chain suppresses 
the formation of the smectic layers (52). Again, the crystal structure 
in Fig. 42 suggests that  regarding these materials  as calamitic ma- 
terials with lateral  chains is appropriate. However, having classified 
the silver complexes in this way, how do we explain the formation 
of two smectic phases and the cubic phase? This will be considered 
later. 

Having found that  silver complexes of this type were mesomorphic, 
it was of interest  to look at gold congeners, particularly complexes with 
the DOS anion (53). For gold, it was not possible to s tar t  from AuDOS 
and react directly with the stilbazole; thus  we took an alternative ap- 
proach (Fig. 39) tha t  led us to the gold triflate salts en route to the DOS 
analogs. The approach was successful and the target  gold complexes 
were realized. But  on the way, we checked the thermal  behavior of the 
gold triflates and found that  they, too, were liquid crystals. Unfortu- 
nately, it was not possible to investigate any of these gold complexes 
in great  detail as gold(I) is not stable in these circumstances and the 
complexes tend to decompose on heating. Nevertheless, we did ascer- 
tain that  both the triflate and DOS salts showed both an Sc and an 
N phase. 

Having found that  gold triflates were mesomorphic, we returned 
to silver and decided to look at other anions. In so doing, we made 
complexes of silver triflate and nitrate, each of which exhibited simi- 
lar pat terns of liquid-crystal behavior: namely, the formation of Sc and 
SA phases at ra ther  elevated temperatures  (the phase diagram for the 
nitrates is reproduced in Fig. 40) (54). While nei ther  of these systems 
showed a cubic phase, we did find a nematic phase in the triflates. 

Next we addressed another variable in these sys tems- - the  length of 
the chain at tached to the alkylsulfate headgroup. The only series we 
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FIG, 39. Synthesis of the gold stilbazole complexes. 

investigated extensively was that  based on octylsulfate (OS). Here it 
was found that  the phase diagram was very similar to that  found for 
the DOS, except that  the cubic phase had disappeared, its place in the 
phase diagram being taken by the SA phase (Fig. 41) (55). An important 
aspect of this study was that  it was possible to grow single crystals of 
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FIG. 41. Phase  diagram for stilbazole complexes of AgOS. 

one of the complexes, the methoxystilbazole derivative (Fig. 42). In the 
solid state, the molecules exist as dimers held together by the sulfate 
group of the anion, which acts in a bridging, bidentate mode; the struc- 
ture is centrosymmetric about the midpoint of the Ag.. .Ag vector. The 
essential features are that  the covalent A g - N  distances are as expected 
for materials of this type, while the Ag--O distances are of the order of 
2.7-2.9 A, suggesting a noncovalent interaction. Moreover, the struc- 
ture crystallizes as a hemihydrate,  giving rise to a kind of polymeric 

FIG. 42. Molecular s t ructure  of the  methoxystilbazole complexes of silver octylsulfate. 
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structure in which one dimer is l inked to two others through the sulfate 
anion and a water  of crystallization. Another important  factor is tha t  
the anion chain does not extend beyond the rigid core of the molecule. 

Other studies looked at decyl- and tetradecylsulfate and showed that  
the cubic phase was absent  in the former case, while it reappeared in 
the latter. Note that  consideration of the crystal s tructure of the OS 
salt shows that  anion chains shorter  than DOS will not extend past  the 
rigid core. 

With this information in hand, we began to piece together an expla- 
nation for the formation of the smectic phases and a rationalization 
for the formation of the cubic phase. In the former case, the argument  
is straightforward: Intermolecular ionic (electrostatic) interactions act 
to stabilize the smectic phases, overcoming the disruptive effect of the 
lateral (anion) chain. It is clear tha t  these forces are not too strong 
because and there is no evidence of a smectic phase at the shortest  li- 
gand chain lengths. In liquid crystals in general, it is found that  as the 
terminal chain length increases, nematic phases tend to be replaced by 
smectic phases. This is accounted for by the phenomenon of microphase 
separation that  is, the molecules tend to associate via core-core and 
chain-chain interactions, which are preferred over core-chain interac- 
tions. The result is layering. At short  chain lengths, chain-chain inter- 
actions are inconsequential, so the effect is not observed. Thus, in silver 
complexes it is the combined effect of the electrostatic interactions and 
the microphase separation that  stabilizes the smectic phase. 

So what  about the cubic phase? In polycatenar systems, it is possi- 
ble to rationalize the formation of cubic phases on the basis of surface 
curvature alone, which will be considered in subsequent  sections. How- 
ever, it can be argued that,  for calamitic systems, these arguments  do 
not hold--a t  least on their own- -and  that  other factors are important.  
For example, if cubic-phase formation is due to surface curvature, it is 
not possible to explain why an SA phase (lamellar and with no surface 
curvature) is seen at higher temperatures.  An important  factor is the 
presence of specific intermolecular interactions; and in the case of the 
silver systems, these are the intermolecular electrostatic interactions 
resulting from the presence of formally ionic groups. This is consistent 
with the observation of cubic phases in the biphenylcarboxylic acids 
and hydrazines (Fig. 29), as well as with other materials. However, 
it is also evident that  this is not the only factor, as no cubic phase is 
seen with anion chains shorter  than DOS, while other studies with 
fluorinated alkoxystilbazoles showed that  the position of fluorine sub- 
stitution could determine the presence or absence of the mesophase 
observed in the unsubst i tu ted  derivatives (56). Thus, structural  factors 
are clearly not negligible. 
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2. Complexes of Poly(alkoxy)stilbazoles 

Having synthesized a number  of complexes ofmonoalkoxystilbazoles, 
we explored the effect of using various poly(alkoxy)stilbazoles, given 
the interesting mesomorphism found in polycatenar mesogens (Section 
VI,A,3). This work is discussed in detail elsewhere (24). Here, we give 
an overview of the work to enable the reader to see the overall pat tern 
of liquid-crystal behavior and the issues that  arise. 

The first series to be examined was that  of the 3,4-dialkoxystilbazole 
complexes of silver dodecylsulfate, whose phase diagram is shown in 
Fig. 43 (3). As can readily be seen, the phase diagram is dominated by 
the formation of a cubic and a columnar hexagonal phase, both of which 
are expected in polycatenar systems. However, the Sc phase character- 
istic of shorter  chain lengths is absent, which can be at tr ibuted to the 
presence of the lateral  chain. An interesting feature (one not shown on 
the phase diagram) is that  a nematic phase for the methyloxy and ethy- 
loxy derivatives is seen. However, this is not a nematic phase of a com- 
plex that  contains two stilbazole ligands bound to AgDOS; ra ther  it is 
formed from a complex with the stoichiometry [Ag(ligand)][DOS]. Thus, 
it seems that  the complex [Ag(ligand)2][DOS] thermally dissociates on 
heating, expelling a stilbazole ligand, and that  the [Ag(ligand)][DOS] 
thus formed shows a monotropic nematic phase. 

The silver complexes of 3,4-dialkoxystilbazoles were further exam- 
ined by looking at  their complexes with alkylsulfates of varying chain 
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FIG. 43. Phase  diagram for the 3,4-dialkoxystilbazole complexes of AgDOS. 
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length (57). The results, which are plotted in Fig. 44, show an interest- 
ing pat tern which serves to confirm the premises used to interpret  the 
mesomorphism of these systems. That  is, we assume that  the alkylsul- 
fate chain contributes to the volume of the core as long as it does not 
extend past  the end of the core, after which it contributes to the sur- 
face curvature. Thus, the greater  the surface curvature, the more likely 
a columnar phase is to result, with a cubic phase being seen at lower 
curvatures. The data in Fig. 44 are consistent with this conclusion. 

Finally, in our discussion of these silver systems, we note tha t  the 
hexacatenar  systems based on 3,4,5-trialkoxystilbazoles all showed a 
columnar phase jus t  above ambient  temperature  (Fig. 45), as might 
have been expected (58). 

Now let us turn our attention to the related palladium and plat- 
inum complexes (59). The first point to note is that  for the hexacatenar  
complexes derived from 3,4,5-trialkoxystilbazoles, the mesomorphism 
is dominated by the columnar phase, although very recent X-ray stud- 
ies, yet to be published (60), show that  there are in fact two columnar 
phases in the phase diagram. 

The behavior of the te t racatenar  palladium complexes based on 3,4- 
dialkoxystilbazoles differs markedly from that  observed in the silver 
complexes, the phase diagram now breaking into halves, with an Sc 
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FIG. 44. Graphical representation of the phase behavior of some 3,4-dialkoxystilbazole 
complexes of some silver alkylsulfates. Reprinted with permission from Acc. Chem. Res. 
2000, 33, 831, Copyright 2000 American Chemical Society. 
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FIG. 45. Phase diagram for the 3,4,5-trialkoxystilbazole complexes of AgDOS. Re- 
printed with permission from Acc. Chem. Res. 2000, 33, 831. Copyright 2000 American 
Chemical Society. 

phase found at shorter  chain lengths and another phase that  appears 
to be columnar when the terminal chains are longer (Fig. 46). However, 
there are no complexes having both phases with no cubic phase in the 
middle. For platinum, the picture is very similar except that  the chain 
length where the Sc phase ends is slightly longer. 

Comparison of the silver and palladium systems shows that  the major 
difference is the presence in the former of the lateral  chain. Thus we 
reasoned tha t  if we could make the palladium systems more like the 
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FIG. 46. Phase diagram for the 3,4-dialkoxystilbazole complexes of palladium(II). 



194 BRUCE 
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FIG. 47. Polycatenar pal ladium complexes wi th  lateral  alkanoates. The parentheses  
around the alkoxy groups on the  stilbazole indicate tha t  a var iety of isomers were studied. 

silver materials, we might be alble to mimic their  phase behavior more 
closely. The approach we took was to replace the chloride ligands by 
alkanoates and see whether  the change in the effective volume of the 
core would have the desired effect. In fact, we made a whole series 
of complexes of differing alkanoate chain length and with different 
numbers of alkoxy chains on the stilbazoles and in different positions 
(Fig. 47). The result was ra ther  unexpected in that  every example we 
examined showed only a nematic phase--even those with six ligand 
chains and two lateral chains, which one might argue for considera- 
tion as discotic materials (10)! Clearly, the nature of the comparison 
between these palladium systems and the silver complexes is not pre- 
cise, as the latter has only one lateral chain while the former has two. 
So, it is necessary to carry out fur ther  studies in order to unders tand 
fully the factors governing the mesomorphism in these fascinating 
systems. 

Thus, we have seen how simply changing the central metal  changes 
the mesomorphism by virtue of the other groups tha t  are bound to the 
metal  and the way in which they are bound (e.g., covalent versus ionic). 
This is interesting in its own right, but also serves to show tha t  the 
extra structural possibilities offered by the presence of the metal allow 
a systematic investigation of factors tha t  control mesophase formation. 

VIII. Hydrogen-Bonded Stilbazole Mesogens 

Hydrogen bonding is a concept as old as science itself; in recent 
years, however, it has undergone something of a renaissance in syn- 
thetic chemistry, with the fashion for supramolecular chemistry. The 
classical definition supposes tha t  hydrogen bonds can exist when a 

\ / 
A--H ...... B / \ 

FIG. 48. D iagram to show the hydrogen bond between two e]ectronegative elements, 
A and B. 
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O""H-O ~ 

FIG. 49. The hydrogen-bonded alkoxybenzoic acid dimers. 

hydrogen atom bound to an electronegative element, A, can interact 
with another electronegative element, B (Fig. 48). This definition is cer- 
tainly true, al though there are now many examples where, for example, 
A is not a particularly electronegative element (61). 

Hydrogen bonding in thermotropic liquid crystals is also a well- 
established concept (62); for instance, the liquid crystallinity of the 
4-alkoxybenzoic acids derives from the formation of hydrogen-bonded 
dimers (Fig. 49). More recently, there has been interest  in the creation 
of new liquid-crystalline species via hydrogen bonding--an idea that  
originated in studies initiated by Kato and Fr~chet (63). This work, 
and other studies in the area, are well reviewed (61) and we propose to 
concentrate on our own studies here. However, before these results are 
discussed, it is worth noting how the complexes are generally prepared. 
In many cases, it is possible simply to dissolve the two components in the 
same solvent, then remove that  solvent, leaving the new species. Stil- 
bazoles usually offer good visual evidence that  this has happened, as 
pure stilbazoles are effectively colorless while their  protonated equiv- 
alents are bright yellow. The formation of a yellow tinge of variable 
intensity is thus a good indication that  the complex has formed. Occa- 
sionally however, complex formation is not so straightforward. Here it 
is necessary to hea t  the mixture recovered from solution to above the 
melting point of at  least one, if not both, of the components, to ensure 
complex formation. 

Kato and Fr~chet showed that  a 1 : 1 mixture of a stilbazole and a 
benzoic acid can lead to a hydrogen-bonded species whose phase behav- 
ior is largely independent of the two species from which it is formed 
(Fig. 50) (63). This work, which was later pursued independently by 
Kato, concentrated for some time on interactions between benzoic acids 
of one sort or another and various stilbazoles, producing a number  of 
interesting results. We collaborated with Kato on a small part  of this 

FIG. 50. General  interaction between a stilbazole and a benzoic acid. 
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H O 
CloH210-"-~ ~ / ~  O---~- 

FIo. 51. Indicative 1 : 1 complex between decyloxystilbazole and phthal ic  acid. 

work, and in one study, we worked with him to reinterpret initial obser- 
vations on the mesomorphism derived from complexes between phthalic 
acid and 4-alkoxystilbazoles. Initial observations (64) suggested that, 
consistent with two carboxylate groups bonded to the phenyl ring, a 2 : 1 
complex was formed which possessed a nematic phase. However, a care- 
ful study, which involved the construction of a binary phase diagram, 
showed that in fact the stable species was a 1 : 1 complex which formed 
an SA phase (Fig. 51) (65). Other work carried out later showed that the 
reported complex formation between stilbazoles and both terephthalic 
and isophthalic acids also required reinterpretation (66). 

To form discrete hydrogen-bonded species, there must be a balance 
between the basicity of the Lewis base and the acidity of the proton. 
Clearly, stilbazoles and benzoic acids are almost perfect bedfellows in 
this regard. From this point of view, one might not expect phenols to be 
ideal hydrogen donors; occasionally, however, research students go and 
do things without asking advice, often leading to extremely interest- 
ing consequences. So it was that alkoxystilbazoles were combined with 
4-cyanophenol; and, lo and behold, mesophases were observed, albeit of 
the monotropic variety (67). That the mesophases were not so stable is 
easy to understand, given that the phenolic oxygen acts as an angular 
unit in the complex to destroy the overall molecular linearity normally 
associated with mesophase formation. This is illustrated by a single- 
crystal structure of the complex between 4-cyanophenol and octyloxys- 
tilbazole (Fig. 52) (68). We therefore rationalized the formation of the 
phase on the basis of known antiparallel correlations in certain cyano 
compounds to give an associated unit like that shown in Fig. 53. 

A similar approach with 4-nitrophenol also generated mesomorphic 
systems. This time, the mesophases were slightly more stable and some 
phases appeared to be enantiotropic (i.e., they became more stable than 
their crystal phase) (69). However, the beauty of the hydrogen-bonding 
approach to liquid crystals is that it is not always necessary to synthe- 
size complete molecules. Thus, it was realized that if the 4-substituted 
phenols lowered the anisotropy as indicated in Fig. 53, the anisotropy 
ought to recover to give much more stable systems if the 3-substituted 
systems were used (Fig. 54) (69). That this approach was viable was 
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~ (i) 

~ (ii) 
Fro. 52. Two views of the molecular s t ructure  of a complex between 4-cyanophenol 

and octyloxystilbazole. 

CnH2n+lO ~ \',--->.~N,, I,H- 0 

N,~~,~ N/2~' ~ OCnH2n+l -- ,,,, 

FIG. 53. Diagram to show the  proposed ant iparal le l  correlations t ha t  stabilize the 

mesophase in 4-cyanophenol complexes. 

CnH2n+ lO~ /-~ 

FIe. 54. Enhanced  anisotropy in complexes of 3-subst i tuted phenols. 
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100- 

90- 

3-Cyanophenol 
80- 

~ 4-Cyanophenol 

70 - ~ 3-Nitrophenol 

A 4-Nitrophenol 

60- 

5O 
. . . .  '0 '2 2 4 6 8 1 1 

Carbon Chain Length 

FIG. 55. Comparison of the nematic-to-isotropic temperatures for a series of 3- and 
4-substituted phenols with different 4-alkoxystilbazoles. 

supported by the fact that each series of 3-substituted materials gave 
more stable mesophases than its 4-substituted isomer, as illustrated 
by the comparative diagram in Fig. 55. A nice feature of this study was 
the binary phase diagram constructed for mixtures of 3-nitrophenol and 
4-octyloxystilbazole (Fig. 56). This diagram clearly shows that it is the 

100|  7 K- o 

J I 

K+N - '> 

90 , ~ . .  ~,,..~. K+I - o 

{') ~ E  E 1 z~ 

N 80" E+N - ~ 

E+I - * 

o. 
E 

S B - 

7 0 -  []~N ° o ~ K'+, ~ N- 

o o o _o I _ 

K' ~- ~ K" K [] m [] [] N+I - 

60- 

K+K' ~ K'+K" 

i i i i 

20 40 60 80 100 

Mole fraction of 3-nitrophenol / % 

FIG. 56. Binary phase diagram formed between 3-nitrophenol and 4-octyloxystilbazole. 
Here, K represents the crystal phase. Reprinted with permission from d.. Chem. Soa, 
Chem. Commun. 1995, 1911. Copyright 1995 Royal Society of Chemistry. 
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C n H 2 r . - 1 0 ~  / ~  CnH2n+ lO~- -~  / ~  
A \ ~ N ' " ' " H - O  ~ NO2 ~ B \"---'~//N +" H ' ' ' ' - O ~  ~)NO2 

NO2 NO2 

FIG. 57. Diagram to illustrate the change from neutral (A) to ionic (B) hydrogen bond. 

1 : 1 complex which is formed. Curiously, however, the mesophases of 
the 4-nitrophenols were more stable than those of the 3-cyanophenols. 

However, the most stable mesophases were shown by complexes us- 
ing 2,4-dinitrophenol, and further studies of these systems gave more 
information about the hydrogen bond as a function of temperature.  
Thus, it was possible to perform variable-temperature electronic spec- 
troscopy (70) on one of these complexes (based on decyloxystilbazole). It 
was found that  on heating into and through the SA phase, the covalent 
hydrogen bond (with the hydrogen closest to the oxygen) changed to an 
ionic hydrogen bond (with the hydrogen closest to the nitrogen, Fig. 57). 
This was readily seen in spectra (Fig. 58), which indicated isosbestic 

0.15 

A B C D 

 0o0 

0.06 

0.03 . . . . . . . . . . . . . . . .  

320 340 360 380 400 420 440 460 480 
Wavelength / nm 

Fro. 58. Variable-temperature electronic spectra of the complex between decyloxystil- 
bazole and 2,4-dinitrophenol. A and C indicate the absorption maxima for the stilbazole 
and stilbazolium moieties, respectively, while B and D indicate the absorption maxima for 
the phenol and phenate moeities, respectively. Reprinted with permission from J. Mater. 
Chem. 1997, 7, 883. Copyright 1997 Royal Society of Chemistry. 
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conversion from a neutral  stilbazole species with an absorption at  
348 nm to a protonated species with an absorption at 400 nm. There 
was a similar change in the phenol absorption from 368 to 426 nm. 

A final point to note concerns the relative populations of the two 
states. As stilbazole and stilbazolium have similar extinction coeffi- 
cients (30,600 and 33,000 dm 3 cm mo1-1, respectively), it can be argued 
tha t  a near 50% population is obtained from about 114°C (data were 
obtained between 90 and 126°C), the clearing point being at 117°C. 
However, a further increase in temperature above the clearing point 
sees a relative decrease in the population of the ionic hydrogen-bonded 
state. To account for this deviation from a normal thermal  population 
of the ionic excited state, it was proposed tha t  the environment of the 
smectic A phase, where there is a lamellar microphase separation of 
alkyl chains from the aryl cores, provides an additional stabilization 
of the ionic hydrogen-bonded state, as here the hydrogen bond is pre- 
dominantly surrounded by polarizable (aryl groups) and polarized (ni- 
tro groups) functionalities. This supports an important general conclu- 
sion for hydrogen-bonded mesogens: Significant dissociation from the 
hydrogen-bonded complexes does not occur until  the isotropic state is 
reached. Moreover, isotropization is not driven by a breakdown of the 
hydrogen-bonded complex; indeed, the mesophase may act to stabilize 
the hydrogen bond. 

Finally, we note the surprising results obtained in generating 
hydrogen-bonded complexes based on 4-nitro- and 4-cyano-stilbazoles. 

(ii) 

FIG. 59. Two views of the molecular structure of the complex formed between 
4-cyanostilbazole and biphenyl-4-carboxylic acid. 
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N C ~  ~ X = NO2 

x c .  

X= Ph 

Crys (° 189.5 • N) ° 190 • I 

Crys • 207 ° N • 209 • I 

Crys  • 160 • N • 222  ° I 

O 2 N / ~ - - ~ . _ , ~  ~ X = NO2 Crys  • 208 • I 

\ " ~ - k ~  hN ...... H - O  / ] - - -~  X =  ON Crys  (. 188 • N ) .  1 9 0 . l  
x L . _ _ f /  

X 

X = Ph C r y s .  166 ° N .  221 • I 

Fro. 60. Mesomorphism of hydrogen-bonded complexes of components bearing no 
flexible chains. 

Complexes of these stilbazoles were prepared with some ra ther  sim- 
ple benzoic acids, such as 4-nitrobenzoic acid, 4-cyanobenzoic acid, and 
biphenyl-4-carboxylic acid (Fig. 59) (71). Here, none of the components 
is liquid crystalline; indeed none possesses a flexible chain. Thus one 
would expect that  complexes between them would do nothing but  melt. 
How wrong? The data  (Fig. 60) reveal tha t  five of the complexes exhibit a 
nematic phase! Remarkably, some these materials have clearing points 
around 220°C, indicating that  the hydrogen bonds are stable to these 
temperatures.  Whoever said hydrogen bonds are not strong? 

IX. Concluding Remarks 

The stilbazole moiety has shown itself to be quite versatile, capable 
of generating interesting materials chemistry both on its own and on 
complexation with a variety of metal centers. In studying it, we have 
been rewarded with an wide-ranging and rather  remarkable  collection 
of interesting observations. As this review is not an exhaustive or com- 
prehensive t rea tment  of work carried out, readers requiring the full 
story or more detail of particular aspects are encouraged to consult the 
original literature. In particular, we hope to have shown that  the metal  
complex chemistry possible with this ligand, combined with the scope 
for s tructural  variation offered by both the complexes themselves and 
the ligand, allows aspects of the materials  chemistry to be controlled. 
After all, the ul t imate goal is to change a small aspect of the molecu- 
lar structure, thereby effecting a more significant influence on the bulk 
properties, and to unders tand why it worked! 
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I. Introduction 

Plat inum cluster complexes with Pt--Pt bond(s) having various oxi- 
dation states are well known, and many exist in low-valent oxidation 
state, such as a series of [Pt3(CO)6]n 2- and phosphine or isocyanide 
clusters (1-9). A plat inum ion with an odd d electron tends to form a 
dimeric complex having a P t - P t  single bond involving the unpaired 
electrons. Monovalent plat inum forms dimeric cluster complexes with 
a d9-d 9 configuration (10-14) and tervalent  plat inum forms d7-d 7 
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dinuclear complexes (15-19). Mixed-valent Pt(II)/Pt(III) complexes, 
such as plat inum blue, are also well known (20-23). On the other hand, 
divalent plat inum complexes are usually square-planar monomeric 
compounds, and platinum(II) complexes with a P t - P t  bond have been 
limited to octaacetatotetraplatinum(II),  [ptII4(CH3COO)s] (1), and its 
derivatives. 

The complex [ptII4(CH3COO)s] (1), which is a te t rameter  of plat- 
inum(II) acetate, was first found by Skapski and co-workers in a study 
aiming at the isolation of pure platinum(II) acetate (24-26). They re- 
vealed tha t  pure "platinum acetate" obtained using the silver acetate 
method (27) has an unusual  te t rameric  structure (Fig. 1). The structure 
is totally different from the tr imeric structure known for palladium(II) 
acetate, [Pd3(CH3COO)6] (28). 

In [Pt4(CH3COO)8] (1), four plat inum atoms form a square-planar 
cluster core with short P t - P t  bonds of 2.492-2.501 A, and adjacent 
plat inum atoms are bridged by eight acetate ligands. Four acetates are 
approximately coplanar with the Pt4 cluster core (hereinafter called 
in-plane acetate), while the other four are arranged alternately above 
and below the plane of the cluster core (out-of-plane acetate). The co- 
ordination geometry around the plat inum atoms is octahedral if the 
P t - P t  bonds are included. The Pt--O distances (~2.15/~) for the in- 
plane acetate are slightly longer than  those (~2.00 A) for the out-of- 
plane acetate, which is a normal p t I I - o  distance. The difference in the 

I 

Fro. 1. S t ruc tu re  of  [Pt4(CH3COO)s] (1). 
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Pt-O(in-plane) and the Pt-O(out-of-plane) distances is ascribed to a 
trans influence from the P t - P t  bonds. 

Skapski et al. reported the structure of 1 in 1976, but  the chemistry 
was not been studied in detail until the regioselective lability of the 
coordinated acetates was reported by our research group in 1989 (29). 
Since then, many derivatives of 1, including trinuclear Pt(II) clusters, 
have been synthesized and their chemistries have been investigated. In 
this article, the chemistry ofptII4 clusters are reviewed along with ptII 3 
clusters, which are derived from the cluster core transformation of 1. 

II. Tetranuclear Platinum(ll) Cluster Complexes 

A. REGIOSELECTIVE LIGAND EXCHANGE REACTION IN [Pt4(CH3COO)s] 

In the early stage of our studies on the chemistry of platinum(II) 
cluster complexes, it was found that  [Pt4(CH3COO)s] (1) undergoes a 
remarkable regioselective ligand exchange reaction and that  the ex- 
change rate is remarkably fast (29). 1H NMR studies showed that,  in 
the reaction of 1 with CD3COOD [Eq. (1)], the in-plane acetate ligands 
were replaced by deuterated acetates immediately, whereas  the out-of- 
plane acetates remained intact for a month at ambient  temperature.  

Pt4(CH3COO)s + *CH3COOH 
~_p  * t4(CH3COO)4( CH3COO)4 + CH~COOH (1) 

The exchange rate of the in-plane acetate ligands by CD3COO- was too 
rapid to follow the t ime course of the 1H NMR signal, but  not so fast that  
it could not be followed by dynamic NMR technique. The kinetics of the 
exchange reaction of Eq. (1) was successfully studied by means of the 
1H NMR saturat ion transfer method. From kinetic experiments under 
various conditions, the rate law for Eq. (1) was found to be expressed 
by Eq. (2). 

R = 4 [complex](ko + kl[CH3COOH]) (2) 

The rate constants at  25°C were 0.36 s -1 and 4.4 M- i s  -1 for k0 and kl, 
respectively (29). Activation parameters  for the exchange reaction were 
A H ¢ 1 = 6 6 . 7 i 2 . 4  k J  mo1-1 and A S ¢ 1 = - 1 4 . 2 ± 8 . 3  J mo1-1 K -1 for 
kl,  and AH¢o = 35.5 ± 1.3 k J  tool -1 and AS¢o = - 132.9 ± 4.4 J mo1-1K -1 
for ko, respectively (30). 
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The significantly large second-order rate constant kl, as compared 
with those commonly observed for substitution reactions of monomeric 
platinum(II) complexes, shows that the in-plane coordination sites are 
extremely labilized. On the other hand, the out-of-plane acetate ligands 
are completely inert to exchange. The remarkable regioselectivity and 
the striking lability of the in-plane sites in the ligand exchange reac- 
tion of [Pt4(CH3COO)s] are closely related to the structure of the Pt4 
cluster core and arise from a strong trans effect from the Pt--Pt bonds. 
In contrast, Gerbeleu et al. reported that all of the trifluoroacetate li- 
gands in [Pt4(CF3COO)s] are replaced by pivalate (31). The lability of 
the out-of-plane trifluoroacetate ligands may be due to low basicity of 
trifluoroacetate. 

The rate law Eq. (2) suggests that there are two reaction pathways: 
the first-order reaction associated with k0 and the second-order reaction 
associated with kl. The first-order reaction path involves a solvent- 
assisted mechanism, which is consistent with large negative AS¢o. Be- 
cause the second pathway is second-order and has a small negative 
AS¢1, an Ia mechanism is probably active. The relatively small AH¢I 
value most likely reflects a weakened P t -O bond owing to the trans 
influence of the P t -P t  bond. 

B. Pt4 CLUSTERS AND THEIR STRUCTURES 

Most of the Pt4 clusters thus far known are prepared by ligand sub- 
stitution of [Pt4(CH3COO)8] (1) (vide infra). Cluster I can be prepared 
either by reacting of ptIVc14 with CH3COOAg in CH3COOH (27) or by 
reacting K2[ptlIC14] with CH3COOAg in CH3COOH (30). Other direct 
methods for making the Pt4 cluster core are also known. The complex 
[Pt4(CF3COO)s] (2) (31) was prepared by reduction of K2[ptIv(OH)6] 
with HCOOH in CF3COOH, and [Pt4(CH3COO)4(H20)s] 4+ (4) (32) 
was synthesized by refluxing a CH3COOH solution containing 
K2 [pt I I I2(so4)4(g20)2] .  

As described in the previous section, the in-plane acetate ligands in 
1 are labile, whereas the out-of-plane acetate ligands are inert to sub- 
stitution. Using inherent lability, many in-plane substituted deriva- 
tives have been prepared by reacting 1 with various ligands, including 
monodentate (Lm°n°), bidentate (Lbi), tetradentate (Ltetra), or  hexaden- 
tate (L hexa) ligand. Ligands used in the substitution are shown in Fig. 2 
with their abbreviated notations, and schematic representations of 
their coordination modes are shown in Fig. 3. 

In general, syntheses of Pt4 derivatives by substitution of 1 are very 
simple and easy. Desired compounds can be obtained just by mixing 1 
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FIG. 2. Ligands for Pt4 clusters. 
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FIG. 3. Schematic s t ructures  of subs t i tu ted  clusters. Out-of-plane acetates are omit ted 
for clarity (m, monodentate;  b, bridge; c, chelate). 

and L in CH3CN or CH2C12, and the crude products can be purified 
by recrystallization or column chromatography. Some typical examples 
are given in Figs. 4-12. 

1. Pt4 Clusters with Monodentate Ligands 

Clusters [Pt4(CH3COO)s_n(Lm°n°)2n]n+ (n -- 2, 4), where L re°n° is pyri- 
dine (py), 4-dimethylaminopyridine (dmap), or 4-cyanopyridine (cpy), 
have been isolated (33). These clusters were obtained from the reac- 
tion of 1 with L m°n° in a polar solvent such as CH3CN. When a non- 
polar solvent was used, the substitution of the in-plane acetates by 
L re°n° did not proceed smoothly, and some Pt4 species with monodentate 
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O1 02 

FIG. 4. An ORTEP drawing of [Pt4(CH3COO)6(dmap)4](C104)2. 

acetate(s) and Lm°n°(s) were often identified b y  1H NMR. For the 
tetrasubstituted derivative ( n = 2 ) ,  there are two possible isomers, 
cis- and trans-[Pt4(CH3COO)6(Lm°n°)4]2+ (Fig. 3). However, only the 
trans isomer was obtained for each L re°n° when the cluster was made 
from 1. This is due to the trans effect involving L re°n° through the 
P t - P t  bond, possibly owing to a higher thermodynamic stability of 

N2 

N1 

FIG. 5. An ORTEP drawing of [Pt4(CH3COO)4(dmap)s](C104)4. 
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Pt" 

FIG. 6. An ORTEP drawing of [Pt4(CHsCOO)4(en)4] (C104)4. 

the  trans isomer. The cis isomer can be generated by a compropor- 
t ionation reaction between 1 and [Pt4(CH3COO)4(L m°n°)s]4+ in solution 
as a minor component of an equilibrium mixture. The clusters with 
n = 1 and 3 can also be prepared in solution by a comproportionation 
reaction. 

FIG. 7. An ORTEP drawing of [Pt4(CH3COO)4(pro)4]. 
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FIG. 8. An ORTEP drawing of bridge-[Pt4(CH3COO)4(Et2dtp)4]. 

FIG. 9. An ORTEP drawing of chelate-[Pt4(CH3COO)4(Et2dtp)4]. 
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FIG. 10. An ORTEP drawing of [Pt4(CH3COO)4(2,2,2-tet)2](C104)4. 

2. Pt4 Clusters with Bidentate Ligands 

There are two modes of coordination for a bidentate ligand at the 
in-plane site of the Pt4 cluster core: bridging and chelating (Fig. 3). 
Carboxylates (29), acetamidate (34), and acetylacetonate-O,C ligands 
(35) assume exclusively a bridging mode. In these ligands, the two donor 
atoms are separated by a single atom (hereinafter designated as three- 
atom bidentate ligand). On the other hand, a bidentate ligand that  has 

FIG. 11. An ORTEP drawing of [Pt4(CH3COO)6(3,2,3-tet)](C104)2. 
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FIG. 12. An ORTEP drawing of [Pt4(CH3COO)5(py2-2,2',2-tet)](C100a. 
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two atoms between donor atoms (four-atom bidentate ligand) such as 
ethylenediamine (en) adopts a chelating mode (36). A side of the square- 
planar Pt4 cluster core is doubly bridged when a bridging-type bidentate 
ligand is used, whereas  it is singly bridged when a chelating ligand is 
used. 

a-Amino acid and picolinic acid have two sets of bidentate sites 
with either an (O,O) or (O,N) donor atom set. In Pt4 clusters having 
these bidentate  ligands, [Pt4(CH3COO)4(Lbi)4] (L bi : glycine, L-alanine, 
L-proline, L-hydroxyproline, L-phenylalanine, L-valine, or picolinic acid), 
L bi always assumes a chelating mode through the (O,N) donor atom set, 
both in the solid and in the solution state (30-38). There are several 
possible isomers of [Pt4(CH3COO)4(LDi)4] with respect to the arrange- 
ment  of N and O atoms when all L bi are chelating. Interestingly, only 
one isomer, in which N and O atoms are arranged al ternately around 
the Pt4 cluster core, has been isolated irrespective of the kind of L bi. 
There is no evidence for the existence of isomers, even in the glyci- 
nato complex [Pt4(CH3COO)4(gly)4] (17) where there is no steric inter- 
action (38). 

When the bite distance of a bidentate ligand is intermediate,  its coor- 
dination mode to the Pt4 cluster core becomes subtle. Dithio ligands, di- 
alkyldithiocarbamate and dialkyldithiophosphate, have relatively long 
bite distances despite being three-atom bidentate ligands. These li- 
gands have been found to assume both bridging and chelating modes 
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in [Pt4(CH3COO)4(L bi )4], and both isomers have been isolated (39-40). 
On the other hand, ethylxantogenate (Etxant), a similar dithio ligand 
that has slightly shorter bite distance, gives only a bridged isomer of 
[Pt4(CH3COO)4(Etxant)4]. Diethyldithiophosphate ligand (Et2dtp) has 
a longer bite distance owing to the long P-S  distance, and the bridged 
and chelated isomers of [Pt4(CH3COO)4(Et2dtp)4] have been isolated. 
Interestingly, each cluster isomerizes to give an equilibrium mixture 
(Section II,F). Diethyldithiocarbomate ligand (Et2dtc) also affords the 
bridged and chelated isomers of [Pt4(CH3COO)4(Et2dtc)4]. 

3. Pt4 Clusters with Tetra- and Hexadentate Ligands 

Pt4 cluster derivatives with multidentate linear polyamine ligands 
have been synthesized and structurally characterized. X-Ray structure 
analyses show that a part of a linear polyamine ligand that consists 
of a three-atom ligand tends to take the bridging coordination mode, 
whereas a portion of a four-atom ligand assumes the chelating mode. 
With tetradentate ligands (Ltetra), such as 2,2,2-tet, 2,3,2-tet, or edda, 
two ligands occupy all of the in-plane sites in a chelate-bridge-chelate 
fashion (Fig. 3) to give [Pt4(CH3COO)4(L tetra)2]n+ (41). 

On the other hand, when the tetradentate ligand (L tetra') is 3,2,3- 
tet or 3,3,3-tet, only one tetradentate ligand coordinates in a bridge 
-chelate-bridge fashion to give [Pt4(CH3COO)4(Ltetra')(CH3COO)2] 2+ 
(41). The corresponding bis complex [Pt4(CH3COO)4(Ltetra')2]4+ was  
not obtained, owing to steric repulsion. The clusters containing 
a hexadentate polyamine ligand (Lhexa), [Pt4(CH3COO)4(L hexa) 
(CH3COO)2] 2+ have also been synthesized, and the ligand L hexa 
takes a bridge-chelate-bridge-chelate-bridge mode (42). 

4. X-Ray Structures of  Pt4 Clusters 

Table I summarizes P t -P t  and Pt-donor atom distances for all of the 
Pt4 clusters thus far structurally characterized. 

The square-planar cluster cores in the substituted derivatives are 
essentially the same as that of 1. The four out-of-plane acetate ligands 
in the parent octaacetato complex 1 (up-down/up-down with respect to 
the cluster plane) also remained unaltered in the substituted clusters. 

In some cases, a clear elongation of the P t -P t  bond distance 
[2.492(1)-2.501(1)/~] is observed compared to those in 1. The lengthen- 
ing comes from the following factors: 

(i) A strong trans influence. The P t -P t  bond distance in 
[Pt4(CH3COO)4(t~-acac-OC3)4] (14) is 2.595(1) A. This compound has 
the carbon-bonded acetylacetonate ligands within the Pt4 cluster plane. 
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The donor carbon atoms exert a very strong trans influence, causing an 
elongation of the P t - P t  bond. 

(ii) A steric effect. For example, in the case of [Pt4(CH3COO)4 
(dmap)s] 4+ (44) [2.577(2)/~], the steric effects among the dmap ligands 
are the origin. 

(iii) The effect of a single bridge over the P t - P t  bond. For example, 
the Pt4 cluster core in 1 is mainta ined with the eight acetate double 
bridges, whereas in [Pt4(CH3COO)4(en)4]2+ (15) the en ligands take the 
chelate coordination mode and each P t - P t  bond has only one bridge 
and is slightly longer [2.557(1) A]. 

As mentioned earlier, the out-of-plane P t - O  distances [1.97(1)- 
2.02(1) A] in [Pt4(CH3COO)8] (1) are slightly longer (by ~0.15/~) than  
the in-plane P t - O  distances [2.13(1)-2.19(1) A]. This elongation is a re- 
sult ofa  trans influence from the P t - P t  bond. In substi tuted derivatives, 
the Pt-O(out-of-plane) distances are irrespective of in-plane ligands, 
within a limited range from 1.96(1) to 2.04(1)/~, these being typical of 
Pt ( I I ) -O distances (43). On the other hand, the in-plane P t -donor  atom 
distances in the substi tuted derivatives cover a wide range. In general, 
the in-plane Pt-donor atom distances are longer by ~0.15 A than those 
in mononuclear plat inum complexes (43) owing to the trans influence 
of P t - P t  bond as in 1. In addition, a trans influence of the donor atom 
through the P t - P t  bond has been also found for some cases. The most 
typical example is [Pt4(CH3COO)4(acac-O, C3)4] (14), which has excep- 
tionally long in-plane P t - O  distances [2.48(2), 2.57(2) A]. The elonga- 
tion can be ascribed not only to a trans influence from the P t - P t  bond 
but also to a trans influence from the donor carbon atom of the acac-O,C 3 
ligand through the P t - P t  bond. 

The cluster core, Pt4(CH3COO)4, has D2d symmetry  if the Pt4 core is 
strictly square-planar. But the core structures found in X-ray analysis 
of Pt4 clusters are distorted, more or less, toward the te t rahedral  in 
most cases, giving $4 symmetry. The Pt  atoms deviate from the Pt4 best 
plane by 0.2-0.3/~. Steric repulsion between two parallel out-of-plane 
acetates seems to be responsible for the twisting of the cluster core. 

It is of interest  that  each Pt  in [Pt4(CH3COO)4(en)4] 4+ (15) is in 
a chiral environment (Fig. 13). However, the compound is optically 
inactive as a whole, because chelate ring configurations around the 
four Pt atoms are of m e s o ( A A A A )  form. Optically active Pt4 clusters 
[Pt4(CH3COO)4(L-aa)4] have been prepared by introducing optically ac- 
tive a-amino acid (aa) at the in-plane sites ( L - a a  = L-alanine, L-proline, 
L-hydroxyproline, L-phenylalanine, L-valine) (37, 38). As described in 
the previous section, these a-amino acids take the chelating coordi- 
nation mode in Pt4 clusters. Therefore, as far as the chelate ring 
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A 
FIG. 13. Two chiral sites in [Pt4(CH3COO)4(en)4 ]4+. 
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configuration of the four a-amino acids is concerned, [Pt4(CH3CO0)4 
(L-aa)4] is of meso(A A A A) form, but  it has two diastereotopic Pt  centers 
(see Section II,E,2,b). 

C. EHMO STUDY 

In order to investigate electronic structures of the Pt4 cluster com- 
plexes, extended Hiickel molecular orbital (EHMO) calculations were 
carried out for a model system, [Pt4(HCOO)s] with D2d symmetry, and 
its quarterly fragment with C2v symmetry (29). The MO studies rea- 
sonably just ify the presence of P t - P t  bonds in the cluster core and the 
regioselective substi tution reactivities. 

Figure 14 shows the MO correlation diagram between [Pt4(HCOO)s] 
and the fragment, where only levels near  the HOMO-LUMO level as- 
sociated with Pt  d~ orbitals are depicted. For clarity, levels associated 
with Pt  d~ orbitals are omitted in Fig. 14, because low-lying d~ orbitals 
in the fragment are fully occupied; therefore, bonding and antibonding 
effects due to MOs derived from the d~ orbitals are compensated and 
have no net contribution to stability of the whole [Pt4(HCOO)8] molecule 
or the formation of P t - P t  bonds in the cluster core. 

The fragment has  two do orbitals (dz~, and dx2_y~) and two d elec- 
trons; therefore, the MOs for [Pt4(HCOO)8] derived from the fragment 
orbitals consist of eight levels and eight d~ electrons are put  into the 
MO levels. The dx2_y2 orbitals of the four fragments make one bonding 
(b2), one antibonding (a2), and one degenerate nonbonding (e) molecu- 
lar orbital. In the same way, the dz2 orbitals of the fragments make one 
bonding (a0, one antibonding (bl), and one degenerated (e) nonbonding 
molecular orbital. The resulting two nonbonding MOs with e symmetry 
mix with each other to give two degenerate sets of MOs with bonding 
and antibonding character. 
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FIG. 14. EHMO diagram for a Pt4 model cluster, [Pt4(HCOO)s]. 

Eight d~ electrons occupy four low-lying bonding MOs, indicating the 
existence of the four P t - P t  single bonds in the molecule. The formation 
of the P t - P t  bond is also supported by the calculated value of 0.325 for 
the overlap population between adjacent platinum atoms. 

The remarkable regioselective reactivity found in substitution reac- 
tions of [Pt4(CH3COO)s] can be understood by examining metal- l igand 
interactions in the MO diagram in Fig. 14. All four occupied MOs are 
of antibonding type with respect to the metal-donor atom interaction, 
and therefore the occupation of these MOs should weaken the P t - O  
bonds. The lower three orbitals (b2 and e) are predominantly of dx2_y2 
character and are antibonding for in-plane ligands. Only the highest 
level (al) has dz2 character and is antibonding with respect to the 
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out-of-plane ligands. As a whole, the in-plane P t - O  bonds have stronger 
antibonding character than the out-of-plane bonds. The overlap popu- 
lation for the out-of-plane P t - O  bond was found to be 0.304, whereas 
that  for the in-plane P t - O  bond was 0.189. These values show that  the 
out-of-plane ligands are more tightly bound to each metal  ion than the 
in-plane ligands, leading to the striking regioselectivity. 

D. 1H NMR oF TETRAPLATINUM CLUSTERS 

The 1H NMR o f l  shows two acetate methyl signals due to the in-plane 
and out-of-plane acetate methyls. The peak at low field is assigned to the 
in-plane acetate methyl protons from the fact tha t  the peak undergoes 
exchange with free acetate (Section II,A) and disappears in in-plane 
subst i tuted clusters. Table II summarizes in-plane and out-of-plane ac- 
etate chemical shifts for a series of te t raplat inum clusters. When the 
chemical shifts are compared among the te t rasubst i tu ted clusters with- 
out aromatic ligands (the first nine compounds in Table II), the chemical 
shift of the out-of-plane acetate lowers as the basicity of the in-plane 
ligand decreases. This may be a result of the so-called electronic cis ef- 
fect in coordination chemistry (44): The weaker  the in-plane P t - O  bond 
is, the stronger the out-of-plane P t - O  bond is. 

For the clusters containing aromatic in-plane ligands, the chemical 
shifts of acetate methyl protons are largely influenced by ring current 
effects. The chemical shifts of the acetate methyl protons in the series 
of [Pt4(CH3COO)s_n(L)2n] ~+ (L -- dmap, py, cpy) clusters systematically 
change as a function of the number  of pyridyl ligands (n) (Fig. 15) (33). 
With an increase in n, the chemical shift of the out-of-plane acetate in- 
creases, and that  of the in-plane acetate decreases slightly. Because 
the pyridyl ligands are coordinated perpendicularly to the Pt4 clus- 
ter plane, the in-plane and out-of-plane acetates are in the shielding 
and deshielding region, respectively, and the ring current  effects in- 
crease with an increase in n. The chemical shift of the out-of-plane 
acetate also depends on the basicity of L. It shifts to lower field as 
the pKa of L becomes smaller. Thus, the out-of-plane acetate signal for 
[Pt4(CH3COO)4(cpy)s] 4+ occurs at the lowest field, 3.28 ppm, among the 
present  series of clusters. 

E. 195pt NMR OF TETRAPLATINUM CLUSTERS 

195pt NMR spectroscopy is a powerful tool for the s tudy of plat inum 
= !  cluster complexes with P t - P t  bond(s). The 195pt nucleus has an I 2 

nuclear spin with a natural  abundance of 33.8% while all other Pt  nuclei 
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TABLE II 

1H NMR CHEMICAL SHIFTS FOR Pt 4 CLUSTERS 

Complex Ref. Solvent Out-of-plane In-plane 

Pt4(CH3COO)4(acac)4 (14) 35 CDC13 1.89 
Pt4(CH3COO)4(CH3CONH)4 (U) 49 CDC13 1.92 
Pt4(CH3COO)4(C6HsCOO)4 (10) 30 CDCI3 1.97 
Pt4(CH3COO)s (1) 29 CDC13 2.01 2.45 
Pt4(CH3COO)4(CH2C1COO)4 (8) 30 CD3CN 2.05 
Pt4(CH3COO)4(CHC12COO)4 (9) 30 CD3CN 2.09 
Pt4(CH3COO)4(CF3COO)4 (7) 30 CD3CN 2.13 
Pt4(CH3COO)4(CC13COO)4 (5) 30 CD2C12 2.13 
Pt4(CH3COO)4(CBr3COO)4 (6) 30 CD3CN 2.17 
[Pt4(CH3COO)4(en)4] 4+ (15) 36 CD3OD 1.98 
[Pt4(CH3COO)4(pic)4] (16) 36 CDC13 1.68 
[Pt4(CH3COO)4(L-pro)4] (18) 37 CDC13 1.90, 1.98 
[Pt4(CH3COO)4(edda)2] (35) 41 D20 2.08, 2.12 
[Pt4(CH3COO)6(3,2,3-tet)] 2+ (33) 41 CD3CN 1.98, 2.01 2.34 
[Pt4(CH3COO)6(3,3,3-tet)] 2+ (34) 41 CD3OD 1.99, 2.02 2.34 
[Pt4(CH3COO)5(py2-2,2',2-tet)] + (36) 42 D20 2.00, 2.03, 2.46 2.56 
[Pt4(CH3COO)4(Etxant)4] (23) 40 CDC13 1.80 
[Pt4(CH3COO)4(Mexant)4] (24) 40 CDC13 1.82 
chelate-[Pt4(CH3COO)4(Et2dtc)4] (25) 40 CDC18 1.90 
bridge-[Pt4(CH3COO)4(Et2dtc)4] (26) 40 CDC13 1.74 
chelate-[Pt4(CH3COO)4(Me2dtc)4] (27) 40 CDC13 1.90 
bridge-[Pt4(CH3COO)4(Me2dtc)41 (28) 40 CDC13 1.75 
chelate-[Pt4(CH3COO)4(Et2dtp)4] (29) 39 CDC13 1.78 
bridge-[Pt4(CH3COO)4(Et2dtp)4] (30) 39 CDC13 1.85 
[Pt4(CH3COO)7(dmap)2] + (40) 33 CD3CN 2.01, 2.09, 2.20 2.22, 2.38 
[Pt4(CH3COO)7(py)2] + (41) 33 CDsCN 2.07, 2.15, 2.26 2.23, 2.41 
[Pt4(CH3COO)7(cpy)2] + (42) 33 CD3CN 2.09, 2.16, 2.26 2.23, 2.42 
trans-[Pt4(CH3COO)6(dmap)4] 2+ (43) 33 CD3CN 2.22, 2.27 2.08 
trans-[Pt4(CH3COO)6(py)4] 2+ (44) 33 CD3CN 2.35, 2.39 2.11 
trans-[Pt4(CH3COO)6(cpy)4] 2+ (45) 33 CD3CN 2.38, 2.41 2.11 
cis-[Pt4(CH3COO)6(dmap)4] 2+ (46) 33 CD3CN 2.17, 2.23 2.35 
[Pt4(CH3COO)5(dmap)6] 3+ (47) 33 CD3CN 2.34, 2.49, 2.59 2.04 
[Pt4(CH3COO)5(py)6] 3+ (48) 33 CD3CN 2.54, 2.70, 2.84 2.08 
[Pt4(CH3COO)5(cpy)6] 3+ (49) 33 CD3CN 2.58, 2.74, 2.89 2.07 
[Pt4(CH3COO)4(dmap)s] 4+ (50) 33 CD3CN 2.76 
[Pt4(CH3COO)4(py)s] 4+ (51) 33 CD3CN 3.07 
[Pt4(CH3COO)4(cpy)s] 4+ (52) 33 CD3CN 3.28 

h a v e  no n u c l e a r  spin.  C h e m i c a l  sh i f t s  a re  s p r e a d  over  a w ide  r a n g e  f r o m  
- 5 0 0 0  to 10,000 p p m  (vs. K2PtIIC14) d e p e n d i n g  on  t h e  P t  ox ida t i on  s ta te ,  
d o n o r  or  accep to r  c h a r a c t e r i s t i c s  o f  t h e  c o o r d i n a t i n g  l igand ,  a n d  t h e  
n a t u r e  o f  t h e  m e t a l - l i g a n d  i n t e r a c t i o n  ( 4 5 - 4 7 ) .  T h e  coup l ing  c o n s t a n t  
JPt -Pt  p r o v i d e s  some  i n f o r m a t i o n  a b o u t  P t - P t  bond,  a n d  a n a l y s i s  o f  a 
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c lus te rs ,  

coupling pat tern  affords a clue to the geometry and connection scheme 
of the cluster. 

1. Symmetric Tetraplatinum Clusters 

A symmetric P t 4  cluster in which all plat inum atoms are chemically 
equivalent shows only one 195pt NMR singlet peak. Table III summa- 
rizes the 195pt NMR chemical shifts of symmetric Pt4 clusters. 

The chemical shifts range from 200 to 1200 ppm depending mainly 
on the kind and number  of coordinating atoms. Clusters with O-donor 
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TABLE III 

195pt NMR CHEMICAL SHIFTS FOR SYMMETRIC Pt4 CLUSTERS 

Complex Ref. Solvent 6 (ppm vs. K2[PtC14]) 

[Pt4(CH3COO)s] (1) 30 CDC18 
[Pt4(CH3COO)4(C6HsCOO)4] (10) 30 CDC18 
[Pt4(CH3COO)4(CC13COO)4] (5) 30 CD3CN 
[Pt4(CH3COO)4(CH3CONH)4] (11) 30 CDC13 
[Pt4(CH3COO)4(acac)4] (14) 36 CDC13 
[Pt4(CH3COO)4(en)4] 4+ (15) 36 CD3OD 
[Pt4(CH3COO)4(pic)4] (16) 36 CDCI3 
[Pt4(CH3COO)4(gly)4] (17) 38 D20 
[Pt4(CH3COO)4(Etxant)4] (23) 40 CDC13 
chelate-[Pt4(CHsCOO)4(Et2dtc)4] (26) 40 CDC18 
bridge-[Pt4( CH3COO )4(Et2dtc)4] (27) 40 CDC13 
chelate-[Ptt(CH3COO)4(Et2dtp)4] (29) 39 CDC13 
bridge-[Pt4(CH3COO)4(Et2dtp)4] (30) 39 CDC13 
[Pt4(CH3COO)4(2,2,2-tet)2] 4+ (31) 41 CD3OD 
[Pt4(CH3COO)4(2,3,2-tet)2] 4+ (32) 41 CD3OD 
trans-[Pt4(CH3COO)6(damp)4] 2+ (43) 33 CD3CN 
[Pt4(CH3COO)4(dmap)8] 4+ (50) 33 CD3CN 
trans-[Pt4(CH3COO)6(py)4] 2+ (44) 33 CD3CN 
[Pt4(CHsCOO)4(py)8] 4+ (51) 33 CD3CN 
trans-[Pt4(CH3COO)s(cpy)4] 2+ (45) 33 CD3CN 

1040 
1060 
1036 
955 
194 
802 

1170 
885 
634 
365 
686 
693 
329 
783 
824 

1156 
989 

1114 
920 

1087 

ligands at the in-plane sites, which have an O4 donor atom set about 
each plat inum atom, have chemical shifts around 1050 ppm;those with 
N-donating ligands (O2N2) are around 900 ppm; those with S-donating 
ligands (O2S2) are around 300 and around 700 ppm, depending on 
whether  the ligand is chelating or bridging; and tha t  with C-donating 
ligand (O3C) is at the highest  field (194 ppm). The t rend in chemical 
shifts as a function of the coordinating atom is consistent with the gen- 
eral  t rend for mononuclear p la t inum complexes. For clusters with an 
O3N environment,  the chemical shift has a wide range (800-1150 ppm). 
It  appears tha t  the 195pt NMR chemical shift of Pt4 clusters depends 
not only on the coordinating ligands but  also on the coordinating ligand 
on the adjacent plat inum (see Section II,E,c). 

2. U n s y m m e t r i c  T e t r a p l a t i n u m  Clus t e r s  

195pt NMR spectra of Pt4 clusters having nonequivalent  plat inum 
nuclei are complicated because of the presence of many isotopomers 
and large P t - P t  coupling constants. In constrast  to symmetric Pt4 clus- 
ters, satellite peaks due to P t - P t  coupling appear, and a second-order 
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pat tern is observed when a coupling constant is large relative to the 
chemical shift difference. Because of the presence of isotopomers, 195pt 
NMR spectra for such species are the result  of the summation of the 
resonances for the isotopomers. Although an analysis of the spectrum 
is not easy in general, useful information such as spectral assignments, 
order of arrangement  of the nuclei, or coupling constants could be de- 
rived. Note that  when the term "isotopomer" is used in this article, 
plat inum isotopes other than 195pt are regarded as a single species, as 
they have no nuclear spin. 

a. [Pt4(CH3COO)s_n(CH3CONH)j  (n = 1, 3) (34) When one of the 
in-plane acetates is replaced by an unsymmetric bidentate  ligand such 
as acetamidate, the four plat inum nuclei are chemically nonequivalent 
(Fig. 16). As an example, the 195pt NMR spectrum of [Pt4(CH3COO)7 
(CH3CONH)] (13) is shown in Fig. 17. The spectrum can be assigned 
in the following way. There are sixteen possible isotopomers for this 
cluster, which are classified into six types, (a)-(f); these are shown in 
Fig. 18, together with their natural  abundances. Isotopomer (a) shows 
no 195pt NMR resonance, and isotopomers of types (e) and (f) show 
very complicated spectra with very weak signal intensities. The spec- 
t rum was analyzed by taking into account only the resonances due 
to isotopomers of types (b), (c), and (d), which show relatively strong 
signals. Each of the four isotopomers of type (b) shows a singlet peak 
(hereinafter called the main peak). Four isotopomers of type (c) show 
four AB-type signals because of large coupling constants (1Jpo-pt). Each 
195pt nucleus within type (d) shows a doublet as a satellite of its 
main peak, since the  coupling constants (2Jpt-Pt)  should be relatively 
small. Such spectral pat terns are seen in the 195pt NMR spectrum 
of 18, which consists of four main singlets accompanied by doublet 

o.J-.o o-]'-o 
I I I I 

N--Pt(1)-Pt(2)--O ~ N - - P I 1 ) ' P ~ 2 ) - - O  ~ 

I . l  
O--Pt(4) Pt(3)~O O--Pt(4)=Pt(3)~N 

I I I I oTo NyO 
(n = 1) (n = 3) 

FIG. 16. The structures of [Pt4(CHzCOO)s-n(CH3CONH)n] [n = 1 (13), n = 3 (12)]. Only 
the cluster core and the ligands in the cluster plane are shown, along with the numbering. 
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FIn. 17. 195pt NMR spectra of [Pt4(CH3COO)7(CH3CONH)] (13) in CD3CN. (a) Ob- 
served spectrum. The asterisked peak at 1047 ppm is due to 1. (b) Calculated spectrum. 
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Fin. 18. Sixteen possible isotopomers and their classification into six types (a-f) for 
a tetranuclear cluster complex with nonequivalent 195pt nuclei. A square denotes the 
tetranuclear cluster core and a filled circle shows the position of a Z95pt nucleus. The 
percentages are the natural  abundance of the isotopomer. 
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FIG. 19. 195pt NMR chemical shifts and coupling constants  for 
[Pt4(CH3COO)s_n(CH3CONH)n] [n = 1 (13), n = 3 (12)]. 

satellites and four AB patterns, in addition to many very weak peaks. 
Four coupling constants obtained from the four AB-type patterns pro- 
vide information regarding the connectivity of the four nuclei. Taking 
into account peak broadening due to the coupling with the quadrapolar 
14N nucleus which is bound directly to the platinum nucleus (or bound 
to an adjacent 195pt nucleus at t rans  position), a whole assignment of 
the spectrum was made (Fig. 17b). Similarly, the 195pt NMR spectrum 
of [Pt4(CH3COO)5(CH3CONH)3] (12) was successfully analyzed. Both 
results are summarized in Fig. 19 and Table IV. 

TABLE IV 

195pt NMR CHEMICAL SHIFTS FOR UNSYMMETRIC Pt4 CLUSTERS 

Complex Ref. Solvent 8 (ppm vs. K2[PtC14]) 1Jpt-pt (Hz) 

[Pt4(CH3COO)7(CH3CONH)] (13) 34 CD3CN 

[Pt4(CH3COO)5(CH3CONH) 3] (12) 34 CD3CN 

[Pt4(CH3COO)4(L-ala)4] (19) 38 D20 
[Pt4(CHsCOO)4(L-val)4] (20) 38 D20 
[Pt4(CH3COO)4(L-hydpro)4] (21) 38 D20 
[Pt4(CH3COO)4(L-pro)4] (18) 37  CDC13 
[Pt4(CH3COO)7(dmap)2] + (40) 33 CD3CN 
[Pt4(CH3COO)5(dmap)6] 3+ (47) 33 CDsCN 
[Pt4(CH3COO)7(py)2] + (41) 33 CDsCN 
[Pt4(CHsCOO)5(py)6] 3+ (48) 33 CD3CN 
[Pt4(CHaCOO)7(cpy)2] + (42) 33 CDaCN 
[Pt4(CH3COO)5(cpy)2] 3+ (49) 33 CD3CN 
[Pt4(CH3COO)6(3,2,3-tet)] 2+ (33) 41 CD3CN 

912 ,959 ,1109 ,1176  5450,5920, 
7130,7700 

825 ,931 ,1087 ,1189  5580,5650, 
7320,7320 

852,840 __a 
847,833 --~ 
879,798 6270,6490 
923,789 5920,6100 
1113,1117 ___a 
1056,1081 6900 
1009,1194 6440 
920,1112 6750 
933,1248 6790 
840,1154 __a 
710,965,1215 6120,7070 

a Not determined.  
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The chemical shifts for 13 and 12 vary over a rather wide range, 
as compared with those of 1 and [Pt4(CH3COO)4(CH3CONH)4] (11) 
(Table III). It seems, however, tha t  the average chemical shift for 
[Pt4(CH3COO)s_n(CHsCONH)n] decreases as the value of n increases. 

b. [Pt4(CHzCOO)s(L-amino acid)4] (37-38) This type of cluster has 
two diastereotopic plat inum centers because the arrangement  of the 
out-of-plane acetates on a plat inum atom makes the plat inum center 
chiral while adjacent plat inum atoms in the Pt4 cluster core have the 
opposite chiralities (Fig. 13). There are nine isotopomers in a cluster of 
this type, and they show A, A2, B, B2, AB, AB', AA'B, ABB', and AA'BB' 
spectra. Figure 20 shows the 195pt NMR spectrum of [Pt4(CH3COO)4 
(L-pro)4] (18), which consists of two intense peaks and two AB quartet  
peaks, with many minor peaks. The spectrum has been completely an- 
alyzed in a similar way to the acetamidato clusters, and there is good 
agreement between the observed and calculated spectrum (Fig. 20). The 
chemical shift difference between the two diastereotopic Pt centers is 
fairly large (133.5 ppm), in spite of the fact tha t  the two types of plat- 
inum have the same donor atom set. 

C. [Ptd(CHzCOO)s-nL2n] (L =pyridine derivative; n = 1, 3)(33) Di- 
and hexasubsti tuted clusters, [Pt4(CH3COO)7L2] + (40-42) and 

i 
(i) , (iii) r I (i i  ',JAB = 6096 Hz 

, (iv) , [ ~IJAB, = 5916 Hz 

I / , / l  a 

P J 
(b). ~ ~ ~, 

1000 9(~0 8(}0 7(}0 
(ppm)  vs. K2PtCI  4 

FIG. 20. 195pt NMR spectrum of [Pt4(CH3COO)4(L-pro)4] (18) in CDC13. (a) Observed 
spectrum. (b) Simulated spectrum. Roman numerals show assignments of the iso- 
topomers: (i) A and A2, (ii) B and B2, (iii) AB, (iv) AB/. Other weak peaks are due to 
the remaining isotopomers having more than two 195pt nuclei. 
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L L L L 

disubstituted form hexasubstituted form 

FIG. 21. A and B sites in di- and hexasubsti tuted clusters. Out-of-plane acetates are 
omitted for clarity. 

[Pt4(CH3COO)5L6] 3+ (47-49) (L = dmap, py, cpy), have two chemically 
different plat inum atoms within a cluster (Fig. 21). The arrangement  
of the four Pt  atoms in 40-42 and 47-49 is of an AA'BB' type; therefore, 
there are nine isotopomers (A, A2, B, B2, AB, AB', AA'B, ABB', and 
AA'BB'). Note that  an arrangement  of AA'BB' nuclei in these complexes 
is different from that  of a-amino acid clusters. Figure 22 shows the 195pt 
NMR spectrum of [Pt4(CH3COO)7L2] + (41), from which chemical shifts 
and coupling constants, JAB, were obtained. The 195pt NMR parameters  
for 40, 42, and 47-49 ,  obtained in a similar way, are given in Table IV. 

A B 
44 1 [ 

(b) ~ ~ .  

i , , , I ' ' ' ' I ' ' ' ' ; . . . .  

1200 1100 I0 0 
5(ppm) vs K2PtC[4 / D20 

FIG. 22. 195pt NMR spectrum of [Pt4(CH3COO)7(py)2] + (41): (a) Observed spectrum of 
an equilibrated solution of 1 and 44, which still contains a small amount of 1 and 44. 
(b) Simulated spectrum. 
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FIG. 23. Plots of 195pt NMR chemical shifts of [ P t 4 ( C H 3 C O O ) 8 _ n ( L ) 2 n ]  n +  (L = dmap, py, 
cpy; n = 1, 3) versus pKa of the coordinated ligand. See Fig. 21 for site A and B. 

Figure 23 shows an effect of the pKa of L on the 195pt chemical shift 
for the series of clusters [Pt4(CH3COO)7L2] + and [Pt4(CH3COO)5L6] 3+ 
(L -- dmap, py, cpy). For all the clusters in each series, the higher field 
signal is assigned to site B (the Pt nuclei with more L), and the lower 
field peak to site A (Fig. 21). In both series 40-42 and 47-49,  the signal 
due to site A shifts to a lower field and the site B signal shifts to a higher 
field as the basicity of L becomes lower. It is evident tha t  L affects the 
chemical shift not only of Pt bound directly to L (Pt direct) but also of Pt 
trans to the P t - L  bond (ptrem°te). It is related to the "direct and remote 
effect" on 195pt NMR chemical shifts of Pt m dimers with a P t - P t  bond 
reported by Appleton et al. (48). 

The substitution number (n) also has an effect on the 195pt chemi- 
cal shifts for [Pta(CH3COO)s_n(L)2n] n+. For clusters with n = 2 and 6, 
averaged chemical shifts between sites A and B (Fig. 21) are used. 
Irrespective of L, the chemical shift decreases significantly on going 
from n -- 4 to 8 while it increases slightly on going from n = 0 to 4. The 
observed trend for the n - - 4 - 8  series is ascribed to the stereochemi- 
cal consequence of the pyridyl ligands. The lengthening of P t - N  dis- 
tances found in [Pt4(CH3COO)4(dmap)8] 4+ as compared with those in 
[Pt4(CH3COO)6(dmap)4] 2+ corresponds to a decrease in pKa of the coor- 
dinated dmap ligand in the former. 

d. Coupling Constant It is known tha t  there is no correlation be- 
tween the 1Jpt-Pt and P t - P t  distance, and 1 J p t - P t  is sensitive to 
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minor differences in the electronic structure of a complex, especially 
s character in the meta l -meta l  bond (45). For plat inum complexes 
with P t - P t  bonds, the 1Jpt--Pt coupling constants are ~1500 Hz for 
low-valent t r iplat inum complexes, 8000-9000 Hz for ptI--pt I dimers, 
and 1000-12000 Hz for ptIII-pt  III dimers, depending on the kind of 
bridging and axial ligands (45-48). However, it is thought  tha t  a P t - P t  
bond exists between platinum atoms when 1Jpt-pt is more than  1000 
Hz, possibly >5000 Hz. Table IV summarizes the 1Jpt--Pt coupling con- 
stants for unsymmetric  Pt4 clusters. The coupling constants (5450-7700 
Hz) are significantly large, suggesting the presence of Pt--Pt bonds. 
The coupling constants between platinums with different environments 
(04 and 03N) are larger than  those between platinums with the same 
environment [04 and 04, or O3N and O3N, as in 12 and 13 (Fig. 19)]. 
The 2Jpt-Pt  coupling constants between two 195pt nuclei at opposite cor- 
ners of the cluster core were determined to be 110-180 Hz for 12 and 
13 (Fig. 19). The small value of 2Jpt--Pt relative to 1Jpt--Pt is ascribed to 
the right angle between the two P t - P t  bonds as well as to an increase 
in the number of bonds between the two platinums. 

F. Pt4 CLUSTER CORE ROTATION AND Chelate, Bridge 
MUTUAL ISOMERIZATION 

If the square-planar cluster core can rotate in Pt4 cluster com- 
pounds, leaving the peripheral ligand structure unchanged, the rota- 
tional motion may be expressed as "molecular bearing." Experimen- 
tal evidence strongly suggests tha t  the Pt4 cluster core rotation occurs 
through mutual  isomerization of the bridged and the chelated froms of 
[Pt4(CH3COO)4(Et2dtp)4] (39). 

Both chelate-[Pt4(CH3COO)4(Et2dtp)4] (29) and bridge- 
[Pt4(CH3COO)4(Et2dtp)4] (30) isomerize slowly in CDC13 solution 
to give an equilibrium mixture [Eq. (3)]. 

chelate- [Pt4(CH3COO)4(Et2dtp)4] 

kl 
' bridge-[Pt4(CHnCOO)4(Et2dtp)4] (3) 

k2 

The isomerization, followed by 1H NMR, has rate constants of k l =  
1.2 x 10 -4 s -1 and k2 -- 1.5 x 10 -4 s -1 at 40°C in CDC13. The isomeriza- 
tions also proceeded in acetonitrile with similar reaction rates (k l=  
1.4 x 10 -4 s -1 and k2 = 3.4 x 10 -4 s -1 at 40°C). 

In spite of similar rate constants, a striking difference in activa- 
tion entropies was found between the reactions in chloroform and 
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acetonitrile: AS~ = - 9  ± 9 J mo1-1 K -1 in CDCI3, whereas it is - 4 7  ± 
11 J mo1-1 K -1 in CD3CN. This suggests that  the mechanism of the iso- 
merization is different in these solvents. The very small [AS~I in CDC13 
is consistent with mechanism (c) in Fig. 24, where the isomerization 
proceeds without P t - S  bond cleavage; that  is, the reaction proceeds 
through an intermediate in which three sulfur atoms from two Et2dtp 
ligands are coordinated simultaneously to each platinum. On the other 
hand, the relatively large negative value of AS~ for the reaction in 
CD3CN shows that  the isomerization proceeds by a solvent-assisted 
mechanism (b). 

The Pt4 cluster core is surrounded by eight S atoms circularly in a 
single plane, and the $8 ring is close to a regular octagon, as shown by 
X-ray structures of 29 and 30. Simultaneous coordination of three S 
atoms from two Et2dtp ligands to each Pt, giving three approximately 
equivalent P t - S  bonds, is possible only when eight S atoms form a 
regular octagon. The lat ter  is consistent with mechanism (c) in Fig. 24. 
The highly symmetric arrangement  of S atoms facilitates cluster core 
rotation, leading to the transformation from the bridging mode of Et2dtp 
to the chelating mode, or vice versa. 

In contrast, neither chelate- nor bridge-[Pt4(CH3COO)4(Et2dtc)4] un- 
dergoes isomerization. The reason appears to be the irregular $8 
arrangement  around the Pt4 core in these compounds. Intra- and 

(a) 

29 30 

(b) 

solv. solv. 

29 30 

29 30 

FIG. 24. Three mechanisms for the  bridge/chelate isomerization of 
[Pt4(CH3COO)4(Et2dtp)4]. The square  wi th  thick lines denotes the  Pt4 cluster  core, 
and  out-of-plane acetates are omit ted for clarity. ~ represents  Et2dtp ligand. 
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/r - - - I  F ~\ 
, "\ S/ / \ I  , 

P Pt~, 

[Pt4(CH3COO)4(Et2dtp)4] [Pt4(CH3COO)4(Et2dtc) 4] 

Fro. 25. Comparison of the locations of the eight S atoms in bridge and chelate isomers 
for (a) [Pt4(CH3COO)4(Et2dtp)4] and (b) [Pt4(CH3COO)4(Et2dtc)4]. Only the Pt4 core and 
S--P-S (or S-C--S) moiety of dithio ligand are shown: broken line (---), bridge isomer; 
solid line (--), chelate isomer. 

interligand S - . .  S distances are 2.904(4) and 3.424(4)/~ in the chelated 
form, and 3.01(1) and 3.26(1) /~ in the bridged form, respectively. 
The arrangement  of eight S atoms around the Pt4 core in these com- 
pounds deviates greatly from the regular octagon. This is i l lustrated 
in Fig. 25, which compares the regular and irregular $8 rings of 
[Pt4(CH3COO)4(Et2dtp)4] and [Pt4(CH3COO)4(Et2dtc)4]. 

G. PYRIDINE RING ROTATION 

In Pt t  clusters with pyridine derivatives such as 40-52,  two pyridine 
ligands occupy two neighboring sites on a side of the square-planar 
PUt core. Under  the circumstances, a strong steric interaction oper- 
ares between the pair  of pyridine ligands. In fact, it was confirmed 
by temperature-dependent  1H NMR spectroscopy that  the rotation of 
dmap about the P t - N  bond in [Pt4(CH3COO)4(dmap)8] 4+ (50) is re- 
stricted (33). The rate constant for the rotation was k = 4.5 s -1 at 
20°C. On the other hand, the dmap ring in [Pt4(CH3COO)6(dmap)4] 2+ 
(43) rotates freely at  room temperature  (k > 105 s -I) although the ro- 
tation is slightly restricted at lower temperature  (k ~ 3 × 1 0  4 s - 1  at 
-30°C). The ease or difficulty with which the dmap ligand under- 
goes rotation in 50 and 43 can be explained by their X-ray structures. 
The two adjacent dmap rings in 50 are nearly parallel to each other, 
whereas those in 43 are splayed away from each other. This difference 
in orientation occurs to avoid a small N - P t - N  angle. Therefore, the 
distance between adjacent pyridine nitrogens of dmap in 50 is very 
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- ]  3+ 
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site C o / ~ o  site C 

Me2N~N--it t - -N~ NMe2 
Me2N-~N--I~t ..... I~t--N~NMe2 
site B N N site B 

R R 

site A 
FIG. 26. Three chemical environments of the dmap ligand in 

(dmap)6] 3+ (47). Out-of-plane acetates are omitted for clarity. 
[Pt4(CH3COO)5 

short [N-.. N2'= 2.98(4)/k]. The short contact between two adjacent 
dmap rings leads to unprecedented restricted rotation of the dmap 
rings. On the other hand, mutually adjacent dmap rings splay out in 43 
(see Fig. 4), making the rotation easier. 

Site-dependent restricted rotation of the coordinated dmap rings is 
observed in [Pt4(CH3COO)5(dmap)6] 3+ (47). There are three chemical 
environments for the coordinated dmap ligands in 47 (A, B, and C in 
Fig. 26). The relative arrangements of the dmap ligands suggest that 
sites A and B should have an environment similar to the dmap ligands 
in 50, and rotation at site A should be slightly slower than at site B. 
Moreover, site C should be similar to 43, and rotation at site C should 
be much faster than at sites A and B. In fact, three coalescence patterns 
are observed in temperature-dependent 1H NMR spectra of 47. The 1H 
NMR spectra due to the fi ring proton of dmap in 47, along with its 
dynamic NMR simulation for sites A and B, are shown in Fig. 27, and 
an analysis for coalescence of two sets of doublet of doublets gave rate 
constants of 2.0 and 12 s -1 at 20°C for sites A and B, respectively. The 
slightly broadened doublet due to a site-C proton shows that a relatively 
facile rotation occurs. 

H. CATALYTIC ACTWITY OF P t4  CLUSTERS TOWARD THE HYDRATION 

OF ACETONITRILE 

Significant lability at the in-plane sites of the Pt4 clusters suggests 
possible catalytic activities. In fact, some of the Pt4 clusters catalyze 
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(a) observed (b) simulated 

Fro. 27. Dynamic 1H NMR spectra  for [Pt4(CH3COO)5(dmap)6] 3+ (47). 
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the hydrolysis of acetonitrile to give acetamide [Eq. (4)] (49). 

CH3CN + HeO catalys~ CH3CONH2 (4) 

For example, when refluxing of acetonitrile/water (1 : 1) solution of 1 
affords acetamide, the amount of acetamide increases linearly with time 
at the beginning of the reaction (at least for the initial 1 h), and then 
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the efficiency decreases gradually. The turnover number (N), defined 
by Eq. (5), 

acetamide/mol 
N = (5)  

(catalyst/mol) (time/h) 

was est imated from the initial l inear portion of the time course to be 
104 h -1 at 80°C for 20 cm -3 of an aqueous-acetonitrile (1 : 1) solution 
containing 10 mg of 1. Various factors tha t  affect the catalytic activities, 
which include catalyst concentration, water  content in solution, acidity, 
and so on, have been investigated in detail (49). 

Nitriles coordinated to plat inum are often easily hydrolyzed to corre- 
sponding amides (50-53). It is likely tha t  the in-plane acetate ligands 
in 1 are substituted by acetonitrile. Coordinated acetonitrile is then  
at tacked either directly by a free water  molecule or by water  coordi- 
nated at the neighboring plat inum within the cluster. The resulting 
acetamidate ion would dissociate easily owing to the high lability of 
the in-plane sites. Similar Pt4 clusters, [Pt4(CH3COO)4(CH3CONH)4] 
and [Pt4(CH3COO)4(CF3COO)4], also act as catalysts for the hydrolysis 
of acetonitrile, but their  catalytic activities were lower than  that  of 1 
( N =  48.4 and 62.7 h -1, respectively). The present  Pt4 cluster complexes 
are good catalysts compared to the catalysts thus far reported for this 
reaction, although not the best. 

The correlation between rate of in-plane acetate ligand exchange 
[Eq. (1)] and catalytic activity for hydration of acetonitrile [Eq. (4)] 
has been studied for a series of Pt4 cluster complexes (42). The results 
show that  there is a positive correlation. In general, as the exchange 
rate  increases, the catalytic activity also increases. The correlation was 
not simply linear, however. Other factors, such as steric effects or elec- 
trostatic effects, also affect the catalytic activity. 

It  is evident from all the experimental  results that  the catalytic ac- 
tivity is closely associated with remarkable  lability and regioselective 
reactivity of the in-plane coordination sites in the Pt4 clusters owing to 
a trans effect from the P t - P t  bonds (see Section II,A-C). 

III. Trinuclear Platinum(ll) Cluster Complexes 

A. SYNTHESIS--CLUSTER CORE TRANSFORMATION 

During reactivity studies involving [Pta(CHsCOO)s] (1), it was found 
tha t  1 undergoes a cluster core transformation from a square-planar 
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FIG. 28. Ligands (oxime and diamine) for Pt3 clusters. 

237 

core to a tr iangular-type core upon reaction with certain dioxime or 
diamine ligands, affording new Pt(II) cluster complexes having a tri- 
angular core (54-55). Some of the resulting Pt3 complexes undergo in- 
plane ligand subst i tut ion to afford new derivatives. Figure 28 shows the 
dioxime and diamine ligands coordinated to the Pt3 clusters, together 
with their abbreviated notations. 

1. Cluster Core Transformation Method 

When 1 is allowed to react with an excess of dimethylglyoxime 
(dmgH2), the t r iangular  cluster [Pt3(CH3COO)4(dmH)2(dmgH2)] (53) is 
obtained [Eq. (6)]. 

[Pt4(CH3COO)8] ÷ 5 dmgH2 > [Pt3(CH3COO)4(dmgH)2(dmgH2)] (53) 

+ [Pt(dmgH)2] + 4CH3COOH (6) 

Other dioximes such as cdoH2, dpgH2, bqdH2, and dagH2 undergo 
a similar reaction with 1 to afford [Pt3(CH3COO)4(dioxH2)(dioxH)2] 
[dioxH2 = cdoH2 (54), dpgH2 (55), bqdH2 (56), dagH2 (57)]. 

Reaction conditions depend on the nature  of dioxime ligand. For ex- 
ample, when dmgH2 is used, the reaction must  be refluxed for several 
hours, whereas with bqdH2 the reaction occurs rapidly at room tempera- 
ture. The required reaction conditions are harder, in the order dmgH2 > 
dagH2 ~ cdoH2 ~ dpgH2 > bqdH2. It appears tha t  the t rend corresponds 
to the rigidity of dioxime ligand. 

The same type of cluster core transformation occurs when the 
bulky bidentate chelate ligand N,N'-dimethylethylenediamine (Me2en) 
is used [Eq. (7)]. 

[Pt4(CH3COO)s] + 5 Me2en > [Pt3(CH3COO)4(Me2en)3] 2+ (58) 

+ [Pt(Me2en)2] 2+ + 4CH3COO- (7) 
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Attempts  to use more bulky ligands such as tetramethylethylene- 
diamine (Me4en) or ethylenediamine (en) were unsuccessful. Me4en 
did not react with 1 at all, probably for steric reasons. On the 
other hand, reaction of 1 with ethylenediamine afforded exclusively 
[Pt4(CH3COO)4(en)4] 4+ (see Section II,B). These facts suggest that  
the stereochemistry of the entering ligand affects the cluster core 
transformation. 

2. Ligand Substitution Method 

Another route to new trinuclear platinum(II) clusters is in-plane li- 
gand substitution involving trinuclear cluster complexes made through 
the cluster core transformation. Reaction of [Pt3(CH3COO)4(cdoH)2 
(cdoH2)] (54) or [Pt3(CH3COO)4(Me2en)3] 2+ (58) with ethylenediamine 
gave [Pt3(CH3COO)4(en)3] 2+ (59) in moderate yield [Eq. (8)]. 

[Pt3(CH3COO)4(cdoH)2(cdoH2) + 3 en + 2 H20 

) [Pt3(CH3COO)a(en)3] 2+ (59) + 3 cdoH2 + 2 OH-  (8) 

Similarly, the reaction of [Pt3(CH3COO)4(cdoH)2(cdoH2)] (54) with ex- 
cess dimethylethylenediamine (Me2en) gave [Pt3(CH3COO)t(Me2en)3] 2+ 
(58). Note that  58 can be also obtained from the cluster core transfor- 
marion [Eq. (7)], but  59 can be prepared only by the substitution. 

B. STRUCTURES OF TRIANGULAR CLUSTER COMPLEXES 

Four complexes with a t r iangular  Pt3 n cluster core (53, 54, 57, 58) 
have been structurally characterized. The core structures of these com- 
pounds are very similar to one another, each having an isosceles trian- 
gle arrangement.  The structure of [Pt3(CH3COO)4(dmgH2)(dmgH)2] is 
described here. An ORTEP drawing is shown in Fig. 29. 

Three platinum atoms make an isosceles triangle, in which the 
unique edge [Pt(1)-Pt(3) = 2.605(1)/k] is somewhat longer than the sim- 
ilar sides [Pt(1)-Pt(2)=2.522(1)  /~, Pt (2)-Pt(3)=2.516(1)  /~]. The 
P t - P t  distances are consistent with the presence of meta l -meta l  single 
bonds. The lat ter  distances are somewhat  shorter than those in the Pt4 
clusters with N-donor ligands at the in-plane site, whereas the unique 
edge is slightly longer than the P t - P t  bonds in the Pt4 clusters (see 
Section II,B). 

Each platinum atom has distorted octahedral coordination geome- 
t ry  if p la t inum-pla t inum bonds are included. Each platinum atom is 
coordinated by a chelating dimethylglyoximato ligand at the in-plane 
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FIG. 29. ORTEP drawings  of (a) [Pta(CHaCOO)4(dmgH)2(dmgH2)] (53) and  
(b) [Pt3(CH3COO)4(Me2en)3] 2+ (58). 

site. The three dimethylglyoximato ligands interact together by 
two hydrogen bonds between adjacent dimethylglyoximato ligands 
[0(2). . .0(3) = 2.49(2)/~ and 0(4) . . .0(5)  = 2.45(2)/k]. The out-of-plane 
coordination sites are occupied by four acetates. Two of these bridge 
two plat inum atoms on the similar sides [between Pt(1) and Pt(2) and 
between Pt(2) and Pt(3)] and are located above and below the cluster 
plane. The other two acetates are coordinated to the remaining sites, 
Pt(1) and Pt(3), in a monodentate fashion. The out-of-plane acetates 
with respect to the P t 3  plane coordinate in alternating up-down fashion 
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similar to that  in 1. No acetate directly bridges the longer edge [between 
Pt(1) and Pt(3)], but  two hydrogen bonds exist between dimethyl- 
glyoximato and monodentate  acetate [O(1).. .O(14)= 2.66(2) /~ and 
0(6) . . .0(7)  = 2.55(2)/~]. A pseudo-C2 axis passes through Pt(2) and 
the midpoint of Pt(1) and Pt(3). 

P t - O  distances between the plat inum atoms and the out-of-plane 
ligands are 1.98(2)-2.02(2) A, which are within a normal range for P t - O  
distances. P t - N  distances range from 2.09(2) to 2.17(2) A and are some- 
what  longer than those in a mononuclear plat inum dioximato complex 
(~2.00/k) (56). The elongation arises from a trans influence from the 
P t - P t  bonds, which was observed in Pt4 clusters (see Section II,B). 

All the structurally characterized Pt3 clusters have two structural  
features in common: (1) Entering ligands, dioxime or Me2en, which 
cause the core transformation, always occupy coordination sites within 
the plane of the resulting Pt3 cluster; (2) the Pt3 clusters have four 
acetates that  occupy the out-of-plane sites. We believe these originate 
from the regioselective substi tution reactivity of 1. 

C. MECHANISM OF THE CLUSTER CORE TRANSFORMATION REACTION 
FROM SQUARE-PLANAR TO TRIANGULAR TYPE 

Figure 30 shows a proposed mechanism for the cluster core transfor- 
mation. The first step of the core transformation is substi tution of the 
in-plane acetates of 1 by the entering ligands, which coordinate to Pt  in 

dmgH2 

HO.N~-~N_OH /9 

o..~o 

'~.~. / I J,~ 
D.r~Pt~Pt--r~.o. H 
f I I O-H repulsion 

. Pt--P,t~N" 
N~ 

._~x 0"'1+''0 ; 

Y ,)---- 
,N~P t~P t~  N 

> 
\ / ~ - - -  

N~Pt~Pt~N 

/ ' ,  ." I 
H ' O - ~ ' O  

[Pt4(OAc)a] (1) [Pt4(OAc)4(dmgH)z(dmgH2)(L)] [Pt3(OAc)4(dmgH)2(dmgH2)] (53) 

FIG. 30. Cluster core t ransformat ion mechanism from the  te t ranuclear  cluster to the  
t r inuclear  cluster. Out-of-plane l igands are omitted for clarity. 
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a chelating mode ra ther  than a bridging mode owing to stereochemical 
demand. As shown in Fig. 30, coordination of three entering ligands to 
the Pt4 cluster core promotes release of one Pt  atom from the square- 
planar cluster core because of steric hindrance between the entering 
ligands. The released Pt  atom is finally removed completely by excess 
free ligand in a reaction mixture. The four out-of-plane acetates in the 
start ing compound 1, which are substitutionally inert, remain at the 
axial sites of the resulting Pt3 cluster, two of them being unidentate.  

A powdery product that  is regarded as a reaction intermediate was 
isolated from the reaction of I with dmgH2 under mild conditions. In 
fact, this product can be converted to [Pt3(CH3COO)4(dmgH)2(dmgH2)] 
(53) in the presence of an excess of free dmgH2 ligand. An X-ray struc- 
ture of a single crystal obtained from the powdery product is shown 
in Fig. 31. The compound was a dimer of a trinuclear Pt(II) complexes 
bridged by dmgH2, [(Pt4(CH3COO)4(dmgH)2(dmgH2)}2(~-dmgH2)] (60). 
The structure of 60 shows that  one Pt  atom has been partially removed 
from the te t ranuclear  cluster core of 1, which supports the proposed 
mechanism. 

D. EHMO STUDY 

EHMO calculations were performed for a model system, 
[ptII3(HCOO)4(glyoxH)2(glyoxH2)] (glyoxH2 = glyoxime), in a way simi- 
lar to the Pt4 cluster complex. The results reveal the presence of P t - P t  
bonds in the cluster core and regioselective substi tution reactivity. 

FIG. 31. An ORTEP drawing of [{Pt4(CH3COO)4(dmgH)2(dmgH2)}2(/~-dmgH2)] (60). 
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Figure 32 shows the calculated energy levels associated with the 
P t  5d orbitals for the model cluster and its 1/3 fragment, and their 
correlation. 

The relatively large HOMO-LUMO gap (1.67 eV) suggests the stabil- 
ity of the tr iangular cluster core. Molecular orbitals derived from the d= 
(dxy, d=, dyz) orbitals of the fragment  are not considered in the follow- 
ing discussion for the same reason as tha t  mentioned for the Pt4 cluster 
(Section II,C). Molecular orbitals derived from the do orbitals (dx~_y2 
and dz2) of the fragment are shown as thick lines in the diagram. Three 
dz2 orbitals of the fragments make three molecular orbitals, one bond- 
ing and two antibonding orbitals, the lat ter  being nearly degenerate. 
Three dx2_y2 orbitals of the fragments  also form one antibonding and 
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Fro. 32. EHMO diagram for a mode t r inuclear  cluster, [Pt3(HCOO)4(glyoximH)2 

(glyoximH2)], and its 1/3 fragment.  
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two closely separated bonding orbitals. Each fragment has two d~ elec- 
trons and the cluster has six do electrons. These six electrons occupy 
the three low-lying bonding orbitals, giving rise to three P t -P t  sin- 
gle bonds between neighboring Pt atoms in the triangular framework. 
Moreover, the reduced overlap populations between adjacent platinum 
atoms are 0.355 and 0.332, suggesting the existence of metal-metal 
bonds between the platinum atoms. 

The calculated MO scheme for the Pt3 cluster also shows the regio- 
selective reactivity. The coordination sites in the cluster plane are la- 
bile, whereas the out-of-plane sites are inert to substitution. A similar 
explanation concerning the acetate lability for the Pt4 clusters is also 
proposed for the Pt3 clusters (Section II,C). 

E. SOLUTION BEHAVIOR 

1. Species in Solution 

1H and 13C NMR spectra of all of the dioximato clusters 53-56 in 
CDC13 show that each compound has C2 symmetry; that is, the cluster 
core is an isosceles triangle. This is consistent with X-ray structures 
found for 53 and 54 and shows that the solid-state structure is main- 
tained in solution. On the other hand, the Pt3 cluster complexes 58 and 
59 with diamine ligands show complicated 1H and 195pt NMR spectra in 
D20. When an excess of free diamine ligand was added to the solution, 
however, 1H and 195pt NMR spectra typical of trinuclear platinum(II) 
cluster were obtained. This indicates that diamine ligands partially 
dissociate to give an equilibrium mixture in aqueous solution. 

2. In-Plane Substi tut ion Reactivity 

As described in Section II,A, the tetranuclear cluster 1 shows re- 
markably regioselective ligand substitution, that regiose!ectivity being 
ascribed to a strong trans effect from the Pt--Pt bonds in the Pt4 clus- 
ter core. Such regioselective substitution reactivity is also expected 
for the trinuclear cluster complexes, which have analogous P t -P t  
bonds. In fact, some Pt3 complexes undergo in-plane ligand substi- 
tution, while the out-of-plane acetate ligands are inert to substitu- 
tion. The regioselectivity is again ascribed to a strong trans effect 
from the Pt--Pt bonds. However, the reactivity of the Pt3 clusters 
having dioxime ligands was much lower than that of the Pt4 clus- 
ters, and severe conditions are required in most cases for in-plane 
ligand substitution. The reason is the presence of strong intramolecu- 
lar hydrogen bonds among the in-plane dioxime ligands (Section III,B). 
However, when an incoming ligand has a stronger coordinating ability 
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to Pt, substi tution goes smoothly, even though intramolecular hy- 
drogen bonds are present  in the start ing compound. For example, 
reaction of [Pt3(CH3COO)4(cdoH)2(cdoH2)] (54) with excess diamine 
(Me2en or en) at ambient  tempera ture  gave a fully subst i tuted clus- 
ter  [Pt3(CH3COO)4(Me2en)3] 2+ (58) or [Pt3(CH3COO)4(en)3] 2+ (59). The 
195pt NMR spectrum of [Pt3(CH3COO)4(Me2en)3] 2+ (58) in D20 in the 
presence of excess of ethylenediamine was exactly the same as that  
of [Pt3(CH3COO)4(en)3] 2+ (59), providing further evidence for facile in- 
plane ligand substi tution in solution. 

F. 195pt NMR SPECTRA OF Pt3 CLUSTERS 

Because the Pt3 triangle of the tr iplat inum cluster is an isosceles 
t r iangle-- that  is, two kinds of Pt  exist in the cluster core-- the cluster 
shows a complicated 195pt NMR spectrum similar to that  of the unsym- 
metric Pt4 cluster (Section II,D). The spectrum consists of a summation 
of the spectra of five isotopomers (A, A2, B, AB, and A2B) and involves 
two main singlets with an intensity ratio of 3 : 1 and an AB pat tern in 
addition to weak signals. Figure 33 shows the observed and simulated 

A 

(b) AB 
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FIG. 33. 195pt NMR of [Pt3(CH3COO)4(bqdH)2(bqdH2)] in CDCI3. (a) Observed spec- 
trum. (b) Simulated spectrum. 
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195Pt NMR CHEMICAL SHIrrs AND COUPLING CONSTANTS FOR Pt3 CLUSTERS 
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Compound Solvent 3A a 3B b Jpt--pt/I-Iz 

[Pts(CH3COO)4(dmgH2)(dmgH)2] (53) CDC13 1035.1 1038.7 --~ 
[Pt3(CH3COO)4(cdoH2)(cdoH)2] (54) CDC18  1047.8 1020.0 7670 
[Pt3(CH3COO)4(dpgH2)(dpgH)2] (55) CDC13  974.6 995.4 7890 
[Pt3(CH3COO)4(bqdH2)(bqdH)2] (56) CDC13 1023.4 905.7 7750 
[Pt3(CH3COO)4(Me2en)3] 2+ (58) D20 1 1 8 9 . 2  916.4 8060 
[Pt3(CH3COO)4(en)3] 2+ (59) D20 1 0 5 8 . 8  834.1 7570 

apt at the unique apex of the Pt3 isosceles triangle. 
bpt atoms at both the ends of long edge of the Pt3 isosceles triangle. 
c Not determined. 

spectra for [Pt3(CH3COO)4(cdoH)2(cdoH2)] (54). Chemical shifts and 
coupling constants of Pt3 clusters are summarized in Table V. 

The 195pt NMR chemical shifts of dioximato clusters are around 
1000 ppm (vs. K2PtC14/D20) and similar to those for Pt4 clusters with 
oxygen or nitrogen donors at the in-plane positions. Although the co- 
ordination environments around the two kinds of plat inum in the Pt3 
isosceles triangle are almost the same, the two sites show different 
chemical shifts. The differences for the dmg, cdo, dpg, and bqd clus- 
ters are 3.6, 28.0, 20.8, and 117.7 ppm, respectively; and the t rend is 
similar to the order of rigidity of the ligands, which might cause a dis- 
tortion of the cluster core structure. On the other hand, chemical shift 
differences between the two sites in diamine clusters are significantly 
larger than those in dioximato clusters (272.9 ppm for 58 and 224.7 
ppm for 59). This is because the diamine ligands at the two equivalent 
Pt  sites are involved in intracluster hydrogen bonding between an NH 
group of the diamines and a carboxylate oxygen of the monodentate 
acetates, whereas the other diamine ligand does not participate in hy- 
drogen bonding. The coupling constants (JAB) of the present  trinuclear 
clusters (Table V) are very large (~8000 Hz). The values are similar to 
those of the Pt4 clusters (Section II,D), again suggesting the presence 
of P t - P t  bonds. 

IV. Concluding Remarks 

Most of the platinum(II) clusters are limited to tetranuclear  and 
trinuclear platinum(II) clusters, although some Pt--~M complexes hav- 
ing meta l -meta l  dative bonds are known (57-61). In this article, we 
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reviewed the chemistry of PtII4, and ptII3 clusters. Both clusters are 
taken as being constructed from a C2v-type PtL4 fragment with two 
available singly occupied orbitals (isolobal with "CH2"). From this point 
of view, other new platinum(II) clusters, such as a cyclic pentanuclear 
cluster or a zigzag chain cluster, could be synthesized. 

The Pt4 clusters have rich chemistry arising from the lability of the 
in-plane sites owing to a t r a n s  influence (effect) from the P t - P t  bond. 
The site-selective lability gives many derivatives of Pt4 clusters and 
brings catalytic activity to the Pt4 cluster. The Pt4 clusters could be 
model compounds for metal surfaces as they have two adjacent reac- 
tion centers. Furthermore, each Pt in a Pt4 cluster is in the chiral en- 
vironment, although Pt4 clusters are optically inactive as a whole. It is 
possible that an effective chiral catalyst may be obtained by choosing 
an appropriate ligand system. The catalytic activity of Pt3 clusters has 
not been investigated yet. They might be more active than Pt4 clus- 
ters, since the in-plane ligands in diamine Pt3 clusters dissociate eas- 
ily in solution whereas those in diamine Pt4 cluster remain intact in 
solution. 
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I. Introduction 

After the first synthesis of squaric acid in 1959 (1), the focus of at- 
tention shifted rapidly to the preparation of several of its derivatives 
and to the exploitation of its potential as a reactant in synthetic organic 
chemistry, its usefulness apparently being predicated on the variety of 
functional groups it possesses (2-8). However, it was not until four years 
after its synthesis that its potential as a ligand was explored. Since then, 
the complexing properties of squaric acid (3,4-dihydroxycyclobut-3-ene- 
1,2-dione) have been extensively investigated (9-82). The compound is 
an extremely stable dibasic acid with a decomposition point of ~293°C 
(1). The name "squaric acid" is actually a misnomer for the compound, 
since Wang et al. showed, by X-ray crystallography (83), that the non- 
ionized compound is in reality asymmetric (Fig. 1). The squarate di- 
anion, one of a series of monocyclic aromatic anions CnOn 2-, is square 
and resonance-stabilized owing to the delocalization of the negative 
charge over the C4 ring and the four appended oxygen atoms (83, 84). 
This delocalization is evidenced by the near equivalence of the respec- 
tive C-C and C-O bond lengths in the squarate ion in metal squarate 
salts (22, 85-90), except where hydrogen bonding causes a distortion 

1.037 
1.030 

1 . 2 8 7 ~  1.414 

1.461 II II 1.464 

1.227 ~ 1.500 ~ 1 . 2 3 0  

F~G. 1. The asymmetric pattern of bonding in squaric acid as seen in the neutron study 
by Semmingsen et al. {94); the esds are 0.001/k. 
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resulting in a lowering of the symmetry  from D4h (90). A similar pat- 
tern is observed for oxalic acid vis & vis the oxalate ion; the former has 
C2h symmetry  (C--C bond length of 1.54 A and C-O bond lengths of 1.21 
and 1.29/~, respectively) whereas the lat ter  approaches D2h symmetry  
(C-C bond length of ~1.55/~ and C-O bond lengths that  range between 
1.24 and 1.26 A). The stability of the anion is responsible for squaric 
acid being an unusual ly  strong organic acid. Acid dissociation constants 
K1 and K2 can be defined, with pK1 quoted as 1.2 + 0.2, and pK2 as 2.2, 
3.0, and 3.48 ± 0.02. The range ofpK2 values is similar to that  for sul- 
furic acid (10, 91-93). Squaric acid is a white crystalline solid and its 
crystal structure has been the subject of several investigations, includ- 
ing X-ray and neutron diffraction analyses on both the pure compound 
and its deuterated form (83, 94-97). The effects of pressure on its struc- 
ture have also been determined (98, 99). Neutron diffraction studies 
showed the existence of two types of intermolecular hydrogen bonding; 
this hydrogen bonding is extensive in the solid state and results in the 
formation (Fig. 2) of infinite planar sheets (83, 94). It is also responsible 
for the compound's low solubility in water  and the lower alcohols. 

FIG. 2. Projection down the crystallographic b direction showing the offset stacking of 
hydrogen bonded sheets in the solid-state structure of squaric acid. 
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A. SPECTROSCOPY OF THE SQUARATE ION 

A detailed analysis of both the infrared and Raman spectra of squaric 
acid in the solid state has been carried out by Baglin and Rose (100) 
while Ito and West (101) have performed similar analyses on the 
squarate ion and its aqueous solution. The major absorptions associ- 
ated with the non-ionized molecule are the C=O and C=C stretches at 
approximately 1500 cm -1 and 1640 cm -1, respectively; the O - H  stretch- 
ing vibrations occur between 2235 and 2275 cm -1 (Table I). However, 
for the symmetric C4042- the C - O  and C=C stretches occur at ca. 1530 
and 1090 cm -1, respectively. The ultraviolet spectra recorded by Ire- 
land and Walton (10) on aqueous solutions of squaric acid at different 
ionic strengths showed absorptions between 220 and 300 nm, which 
were assumed to be due to electronic transitions from the highest en- 
ergy bonding orbitals to the lowest energy antibonding orbitals in the 
squarate anion (84). 

B. COORDINATION MODES OF THE SQUARATE ION 

Its exceptional versatil i ty as a ligand is at tr ibutable to the fact tha t  
all four of its oxygen atoms are available as potential coordination 
sites. It has also been shown to adopt a range of different coordination 
modes, and sometimes combinations thereof, in its metal  complexes; 
examples of monodentate, bismonodentate,  bidentate, trismonoden- 
tate, and tetrakismonodentate coordination modes have been reported. 
In the complex [Cu(2,2'-bipyrimidine)(C404)(H20)3]. 2H20 reported 
by Castro et al. (66), it coordinates monodentately (Fig. 3), while in 
8rC404.3H20 (35), [Ce(H20)212(C404)3, (57), and Pb(C404)(H20)4 (76) 
it is chelated (Fig. 4). It is interesting to note, however, that  wherever  
there is chelation, the structures are polymeric, there being no struc- 
turally characterized examples of simple mononuclear, mono-, bis-, 
or trischelates. When the ligand coordination is bismonodentate, it is of- 
ten achieved by bridging, either t~-1,2 or t~-l,3, although far more exam- 
ples of the latter appear in the literature. The polymeric chain squarates  
M(C404)" 4H20 (M = Mn, Fe, Co, Ni and Zn) (30) and CuC404 • 2H20 
(33) are all examples of complexes in which the squarate ion exhibits 
~-1,3 bridging (Fig. 5), while in [Cu2(SalNEt2)2(H20)(C404)] .H20 
[SalNEt2 = N-(2-(diethylamino)ethyl)salicylideaminate] (64) and 
[{Ni(C4Ot)(C10H8N2)(H20)2.2H20}n] (41) it bridges adjacent metal  
atoms tL-1,2 (Fig. 6). In [Cu(H20)2(C404)]n (33) the squarate  ion is coor- 
dinated in a t r ismonodentate fashion (Fig. 7). Bouayad et al. (102), 
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TABLE I 

CHARACTERISTIC IR STRETCHING FREQUENCIES (cm-1) FOR SQUARIC ACID 
AND METAL SQUARATE COMPLEXES 

IR stretching frequencies 
(cm-1) Reference 

Squaric acid 1822, 1643, 1513, 1380, 1360, 100 
1318, 1245, 1166, 1070, 1056 

Complex 
Ni(C404)(C3N2H4)2(H20)2 
[{Ni(C404)(CloHsN2)(H20)2 • 2H20}n] 
[Cu(C404)(imidazole)2].2H20 
[Cu2(bipy)2(C404)(H20)4](C404H)2 - 4H20 
[Cu2(bipy)2(C404)(H20)2Br2] 
[Cu2(bipy)2(OH)2](C404). 4H20 
[Fe2(salen)2(CH3OH)2(C404)] 
[Cu(bpy)(H20)(C404)] • H20 
[Cu2(bpy)2(H20)2(C404)](NO3)2 
[Cu(phen)(H20)2(C404)] • 2H20 
[Cu(terpy)(H20)(C404)]. H20 
[Cu2(terpy)2(H20)2(C404)](C104)2 
[Cu2(pmdien)2(H20)2(C404)](NO3)2 
[Cu(mpym)(H20)(C404)] • 2H20 
[Cu2(bpca)2(H20)2(C404)] 
[Cu2(SalNEt2)2(H20)(C404)] • H20 

[(n-C4H9)4N][V203(C404)2(H20)3]. 3H20 

[(C4H9)4N]4[V406(C404)5(H20)4] • 6H20 

(NH4)[V202(OH)(C404)2(H20)3]. H20 

[Cu(bipym)(C404)(H20)3] • 2H20 
[Cu2(bipym)(C404)2(H20)6] 
[Zn(C404)(H20)2(dmso)2] 

[Ni2(C404)(tren)2(H20)2] [C10412 
[Ni2(TPPZ)(H20)6(C404)2 • 5H20 
[Cu2(dpp)(C404)2(H20)6] 
[Fe2(bpym)(C404)2(H20)6] • 2H20 
[Cu2(phen)4(C404)](CF3SO3)2 - 3H20 
[Cu2(bipy)4(C404)](CF3SO3)2 • 6H20 
[Cu4(tren)4(C404)](C104)6 

3250,3050,1480,1100 19 
3140,2920,1550-1450 41 
1500 44 
1500 44 
1500 44 
1500 50 
1780,1480 54 
1780,1620,1520,1490,1450 56 
1730,1610,1525,1480 56 
1715,1580,1500 56 
1710,1600,1530 56 ~ 
1705,1610,1530,1780 56 
1740,1600,1535,1500 56 
3480,1465 58 
1780,1510-1570 59 
1777,1743,1640,1542, 64 

1510,1478,1440 
1787,1665,1522,1374,1060, 65 

970,879,800,736, 
1793,1639,1613,1502,1375, 65 

988,878,800,746, 
1793,1624,1518,1092, 65 

985,744,531 
1790,1490 66 
1790,1490 66 
1593,1560,1518,1400,!322, 69 

1100,1025,956,707,611, 
510,399,351 

1730,1670,1610,1520 72 
1631,1597,1473,1303 74 
1490 78 
1510,1796,1790 79 
1770,1705,1640,1520 80 
1700,1640,1550 80 
1505 103 



0 

0 0 

254 HALL AND WILLIAMS 

FIG. 3. The monodentate  coordination of the  squarate  l igand to Cu(II) in  the s t ructure  
of [Cu(2,2t-bipyrimidine)(C404)(H20)3] • 2H20 reported by Castro et al. (66). 

Trombe et al. (57), and Castro et al. (103) reported the tetrakismono- 
dentate coordination mode for the squarate ion in [Ba(C4Oa)o.5(H20)212 
[Cu(C404 )2(H20)u], [Ce(H20)214(C404)6.3H20, and [Cu4(tren)4(C404)4] 
(C104)6 [tren -- tris(2-aminoethyl)amine], respectively (Fig. 8). (Note: 
A list of ligand names and their  abbreviations is given in Table II.) 

P 

0 0 

0 
FIG. 4. Example of chelation by the squarate ligand to Pb(II) in the polymeric structure 

[Pb(C404)(HuO)4]n (76). 
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0 0 

7n 

0 0 

FIG. 5. The bismonodentate coordination and/x-l,3-bridging modes of the squarate 
ligand go Zn(II) in the polymeric structure [Zn(C404)(H20)4]n (30). 

0 , 0 Ni 

o 

FIG. 6. The ~-l,2-bridging mode of the squarate ligand to Ni(II) in the polymeric struc- 
ture [Ni(C404)(CloI-IsN2)(H20)2]n (41). 
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o ~ 
0 0 

0 

~ ~ o  

Fla. 7. The t r ismonodentate  coordination of the  squarate  ion to Cu(II) in  the  polymeric 
s t ructure  [Cu(C404)(H20)2]n (33). 

N N 

Cu 

N 

~ ~ y ° ~  

FIG. 8. The te t rakismonodenta te  coordination of the  squarate  ion to CU(II) in the  struc- 
ture  of [Cu4(tren)4(C404)](C104)6 [tren = tris(2-aminoethyl)amine] (103). 
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TABLE II 

LIGAND NAMES AND ABBREVIATIONS 
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bipy = 2,2~-bipyridyl 
bipym or bpym = 2,2~-bipyrimidine 
bpca -- bis(2-pyridylcarbonyl)amide anion 
cyclen = 1,4,7,10-tetraazacyclodecane 
dmso -- dimethylsulfoxide 
dpp = 2,3-bis(2-pyridyl)pyrazine 
mpym = 4-methoxy-2-(5-methoxy-3-methyl-lH-pyrazol-l-yl)-6-methylpyrimidine 
phen = 1,10-phenanthroline 
pmdien = 1,1,4,7,7-pentamethyldiethylenetriamine 
salen or SalNEt2 = N, Nt-ethylenebis(salicylideneaminate) 
terpy = 2,2 ~ : 6~,2"-terpyridine 
TPPZ = 2,3,5,6-tetra(2-pyridyl)pyrazine 
tren -- tris(2-aminoethyl)amine 

E x a m p l e s  of  t h e  s q u a r a t e  i o n  e x h i b i t i n g  d i f f e r e n t  c o m b i n a t i o n s  
of m i x e d  c o o r d i n a t i o n  m o d e s  occur  i n  t h e  t e t r a n u c l e a r  complex  

[(C4H9)4N]4[V406(C404)5(H20)4] • 6 H 2 0  (65) s y n t h e s i z e d  b y  K h a n  et al. 
w h e r e  t he  s q u a r a t e  ion  a d o p t s  b o t h  i t - l , 2 -  a n d  t t - l , 3 - b r i d g i n g  ro les  

(Fig. 9), wh i l e  i n  [Eu(H20)412(C404)3 s y n t h e s i z e d  b y  P e t i t  et al. (55), 

0 

FIG. 9. The ~-1,2- and ~-l,3-bridging roles adopted by the squarate ion in the tetranu- 
clear V(IV)/(V) complex [(C4H9)4N]4[V406(C404)5(H20)4] • 6H20 (65). 
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Eu 

Eu 

Eu 

Eu 

Eu 

0 

Fro. 10. The adoption of both bismonodentate and trismonodentate coordination roles 
by the squarate ion in the polymeric structure of the Eu(III) complex {[Eu(H20)412 
(C404)3}n (55); the coordinated water molecules have been omitted for clarity. 

FIG. 11. The adoption of both mono- and bis-chelating coordination modes by the 
squarate ion to Ce(III) in the polymeric structure {[Ce(H20)212(C404)3}n (57). 



COMPLEXES OF SQUARIC ACID 259 

it adopts both bismonodentate and trismonodentate coordination roles 
(Fig. 10). By contrast, in the cerium(III) squarate [Ce(H20)212(C404)3 
prepared by Trombe et al. (57), the squarate ligand exhibits both mono- 
and bischelating coordination (Fig. 11). 

II. Squaric Acid Compounds 

A. SALTS OF SQUARIC ACID 

Several salts of squaric acid have been synthesized. The significant 
resonance stabilization of the squarate anion confers on it the potential 
to form salts, especially in polar solvents and in the presence of stable 
cations. Peters et al. prepared a series of salts, M2C404. xH20 (M = NH4, 
Na, Rb, Cs) (86). Other examples are Cr(C404)3/2.7H20 (22), K2C404. 
H20 (85), PtBr2(C2HsN2)2][C404] .2HuO (87), [Ni(C2H6N402)2][C404] 
and [Ni(C2H5NtO2)(C2H6N4Ou)]2[C404] (88), and [Pt(NH3)4C12]C404 
(90). In the majority of these salts the squarate ion is stated to have D4h 
symmetry, which would be consistent with the complete delocalization 
of its z electrons (22, 85-88). Unfortunately, in most of these examples 
the experimental errors are so large that the assumption of the equiv- 
alence in the bond lengths should be treated with caution (Table III). 
However, in the structure of [Ni(C2H6N402)2][C404], the estimated stan- 
dard deviations (esds) are small and the four C-C bond lengths in the 
squarate ion are, within statistical significance, the same, although the 
C=O distances differ (Fig. 12, Table III). In the report on the structure 
of [Pt(NH3)4C12]C404, it is claimed that the squarate anion is distorted 
owing to hydrogen bonding with the ammine groups coordinated to the 
platinum atom (90), although the differences in bond lengths are not 
statistically significant (Table III). 

B. SQUARATE COMPLEXES 

By far the major focus of research into squaric acid chemistry has, 
however, been on its complexing properties with a variety of metals, 
including main-group, transition, and lanthanide elements (9-82); a 
uranium complex has also been reported (25). A multitude of such com- 
plexes, exhibiting a significant structural diversity, which is largely 
a consequence of its versatility with respect to its coordination modes, 
have been synthesized. Included in this wide variety of structural types 
(9-82) are monomers, dimers, trimers, tetramers, linear chain poly- 
mers, single- and double-tiered sheets, and a range of cage compounds. 
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TABLE III 

C 4 RING C--C AND C--O BOND LENGTHS (/~) IN SQUARATE SALTS 

Bond lengths 

Salt C--C C--O Reference 

Cr(C404)3/2 • 7H20 

[Ni(cyclen)(H20)212(C404)(C104)2 

K2C404 • H20 

[PtBr2(C2HBN2)2][C404] • 2H20 

[Ni(C2H6N402)2] [C404] 

[Ni(C2HsN402)(C2H6N402)]2[C404] 

[Pt(NH3)4C12][C404] 

1.447(4) 1.262(5) 22 
1.469(4) 1.253(5) 
1.459(4) 1.255(5) 
1.458(4) 1.256(5) 
1.467(6) 1.26(1) 49, 89 
1.42(2) 1.23(1) 
1.49(1) 1.28(1) 
1.452(6) 1.24(1) 
1.469(8) 1.260(7) 85 
1.444(8) 1.258(7) 
1.44(3) 1.30(3) 87 
1.45(3) 1.24(3) 
1.464(2) 1.243(2) 88 

1.259(2) 
1.43(4) 1.29(3) 88 
1.47(4) 1.28(3) 
1.46(3) 1.26(3) 90 
1.54(2) 1.26(2) 
1.45(3) 1.24(3) 
1.40(2) 1.27(2) 

1.259(1) 

1.464(2) 

1.243(1) 

FIG. 12. The D4h symmetric pattern of bonding in the C4 ring in the Ni(II) salt [C404] 2- 
[Ni(C2H6N402)2] 2+ (88); the crystallographic symmetry is Ci. 
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BF 
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0 

sr  

FIG. 13. The simple t~-l,3-bridging by the squarate ion of a pair of transition metal 
complexes in the structure of [(tt2-squarato-O,O')-bis(aqua-bromo-(2,2'-bipyridyl-N,N')- 
copper(II)] (44). 

H y d r o g e n  bond ing  p lays  a role in the  f o r m a t i o n  of s eve ra l  of t hese  net-  
works ,  as descr ibed  by  Lee et al. (71). The  f o r m a t i o n  of sho r t  cha ins  is 
p r e p o n d e r a n t  w h e r e  mixed  l igand  s y s t e m s  were  u s e d  in syn thes i s  (27, 
41, 43-46, 48, 49, 54, 56, 59, 63-66, 72, 74, 78-80, 103). In  all t hese  
examples ,  however ,  t he  s t r u c t u r e  conta ins  only  one or two s q u a r a t e  li- 
gands  h a v i n g  e i the r  a s ingle s q u a r a t e  l igand  br idge  b e t w e e n  a pa i r  of 
m e t a l  complexes  (Fig. 13) or  a pa i r  of t e r m i n a l  l igands  on e i the r  side of 
the  complex  (Fig. 14). 

0 

N 

0 0 N 

Cu 

0 0 

0 0 

o 

FIG. 14. The monodentate coordination of a pair of terminal squarate ligands on 
either side of a metal complex in the structure of [(~2-2,2'-bipyrimidine)bis(triaqua-(3,4- 
dihydroxycyclobut-3-ene- 1,2-dione)copper(II)] (66). 
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First-row transition metal complexes were some of the earliest inor- 
ganic squaric acid compounds to be synthesized. While the majority of 
workers, using aqueous and alcoholic solutions, carried out their syn- 
theses in the presence of moisture and oxygen, Hall et al. used dried 
solvents and anaerobic conditions for their preparations (26, 29, 37, 38, 
47, 53). They claimed, on the basis of solid-state UV/vis spectroscopy 
and IR spectroscopy [and, additionally, EXAFS spectrometry in the case 
of the copper(II) complex] (26, 29, 37, 38, 47, 53), to have synthesized 
five-coordinate iron(II), cobalt(II), and nickel(II) complexes as well as 
a square planar copper(II) squarate complex with bidentate squarate 
groups. Other earlier workers also proposed, again solely on the basis 
of spectroscopic evidence (9, 12, 20, 104, 105), structures with bidentate 
squarate groups for several first-row transition metal complexes. It was 
subsequently indicated, however, by bite-parameter calculations, that 
the squarate ligand should not be able to coordinate bidentately with 
such small metal cations (56). Indeed, it was later shown by single- 
crystal X-ray structural analysis that  the complexes [M(C404). 4H20] 
[M = Mn(II), Fe(II), Co(II), Ni(II), Zn(II)] and CUC404-4H20, which 
were originally assumed to have bidentate squarate groups, are in fact 
chain squarates in which the ligand is coordinated monodentately to 
two neighboring metal centers, which it bridges t~-l,3 (see Fig. 5). It 
should be noted, however, that the analogous thiosquarate ligand is able 
to form chelates with first-row transition metals (106-109) even though 
its bite parameter is smaller than that of squaric acid because of the en- 
hanced pliability of the metal-sulfur bonds (Fig. 15). Examples such as 
SRC404.3H20 (35), [Ce(H20)212(C404)3 (57), and Pb(C404)(H20)4 (76), 
in which the squarate ligand is chelated, all contain metals with suffi- 
ciently large ionic radii. 

C. MAGNETOCHEMISTRY AND OTHER ELECTRON-TRANSFER PHENOMENA 

The squarate ion was assumed to have the potential for mediating 
magnetic interactions between metal centers because it appeared to 
provide a suitable conduit through which electron transfer would be 
possible. This potential was considered to be especially important 
in light of the fact that the analogous oxalate ion does not function 
efficiently in a similar capacity. Thus, magnetochemical analyses were 
performed by several investigators in order to explore this potential. 
Some researchers focused their attention on the linear chain squarates 
in which the ligand bridged t~-l,3 in order to ascertain their suitabil- 
ity as precursors for molecular magnets (61), while others concen- 
trated on different structural types. No significant antiferromagnetic 
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0 

)0 

FIG. 15. The reduced valence angles at sulfur that, in conjunction with the longer C--S 
and M--S distances, permit the chelation of a pair of thiosquarate ligands by a first-row 
transition metal in the structure of the Ni(II) complex K2[Ni(S2C402)2]. 2H20 (107). 

interactions were observed in the one-dimensional polymer N i C 4 0 4  

(C3N2H4)2(H20)2 reported by van Ooijen et al. (19), nor in a series 
of chromium(III) squarato-bridged complexes synthesized by Bang 
et al. (43). Other examples of complexes in which antiferromag- 
netic coupling through bridging squarate groups was essentially 
insignificant include Fe(C404)(C4H4N2).4.5H20 (20), [Cu(mpym) 
(H20)(C4Ot)]. 2H20 [mpym = 4-methoxy-2-(5-methoxy-3-methyl-lH- 
pyrazoyl-l-yl)-6-methylpyrimidine] (58), and [Ni2(C404)(tren)2(H20)2] 
[C10412 [tren = tris(2-aminoethyl)amine] (72). However, it was shown 
subsequently by molecular orbital calculations that the poor overlap 
between the squarate ligand orbitals and the metal orbitals due 
to the disparity in energy militated against any significant elec- 
tron transfer between adjacent metal centers (64). In the complex 
[Cu2(SalNEt2)2(H20)(C404)] • H20, where the ligand bridges ~-1,2, the 
squarate ring geometry changes from square to trapezoidal with an 
accompanying lowering of its symmetry from Dnh to C2v (64) (Table IV). 
The significant antiferromagnetic interactions observed in this and 
related complexes were attributed to enhanced overlap of the now more 
energetically compatible metal and ligand orbitals. However, none of 



264  HALL AND WILLIAMS 

TABLE IV 

C4 RING C--C AND C--O BOND LENGTHS (/~) IN METAL SQUARATE COMPLEXES 

Bond lengths Mode 

Complex C--C C-O (tL-1,2, t~-1,3) Reference 

Ni(C404)(C3N2H4)2(H20)2 

[{Ni(C404)(C 1oHsN2)(H20)2.2H20}n] 

[Cu(C404)(imidazole)2] • 2H20 

[Cu2(bipy)2(OH)2](C404) • 4H20 

[Fe2(salen)2(CHaOH)2(C404)] 

[Cu2(bpy)(H20)(C404)]. H20 

[Cu2(bpy)2(H20)2(C404)](NO3)2 

[Cu(phen)(H20)2(C404)] • 2H20 

[Cu(terpy)(H20)(C404)] - H20 

[Cu2(terpy)2(H20)2(C404)](C104)2 

[Cu2(pmdien)2(H20)2(C404)](NO3)2 

[Cu(mpym)(H20)(C404)] • 2H20 

[Cu2(bpca)2(H20)2(C404)] 

[Cu2(SalNEt2)2(H20)(C404)] • H20 

(NH4)[V202(OH)(C4Oa)2(H20)3]. H20 

1.463(2) 1.250(2) ~-1,3 
1.470(2) 1.252(2) 
1.465(6) 1.249(5) p~-l,2 
1.448(6) 1.259(5) 
1.454(6) 1.255(5) 
1.471(6) 1.258(5) 
1.55(1) 1 .24 (1 )  ~-1,3 
1.49(1) 1.23(1) 
1.471(3) 1.252(3) ~-1,3 
1.460(4) 1.248(4) 
1.439(7) 1.290(3) ~-1,3 
1.476(7) 1.260(6) 
1.446(5) 1.267(5) 1,2,3 tris mono 
1.468(5) 1.240(4) 
1.491(5) 1.252(5) 
1.465(5) 
1.456(4) 1.248(3) ~-1,3 
1.465(4) 1.247(3) 
1.460(4) 1.257(3) mono, terminal 
1.482(4) 1.252(4) 
1.484(4) 1.245(3) 
1.456(4) 1.257(4) 
1.448(7) 1.257(6) ~-1,2 
1.445(8) 1.276(6) 
1.462(8) 1.246(7) 
1.458(7) 1.257(6) 
1.461(7) 1.255(6) re-l,3 
1.486(6) 1.230(6) 
1.446(6) 1.265(5) ~-1,3 
1.476(6) 1.250(5) 
1.438(6) 1.266(5) tt-l,3 
1.462(6) 1.244(6) 
1.469(6) 1.258(5) 
1.464(6) 1.245(6) 
1.467(4) 1.268(3) ~-1,3 
1.449(4) 1.245(4) 
1.428(4) 1.264(4) tt-l,2 
1.451(5) 1.281(4) 
1.489(5) 1.237(4) 
1.470(4) 1.230(4) 
1.43(3) 1 . 25 ( 3 )  ~-1,2 
1.51(4) 1.20(3) 
1.46(3) 1.30(3) 
1.35(4) 1.27(3) 

19 

41 

44 

50 

54 

56 

56 

56 

56 

56 

56 

58 

59 

64 

65 

(continued) 
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TABLE IV (continued) 
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Complex 

Bond Lengths Mode 

C-C C-O (~-1,2, ~-1,3) Reference 

[(n-C4H9)4N)[V203(C404)2(H20)3] • 3H20 

[Cu(bipym)(C404)(H20)3] • 2H20 

[Cu2(bipym)(C404)(H20)6] 

Ni2(C404)(tren)2(H20)2][C104]2 

[Cu2(dpp)(C404)2(H20)6 

[Fe2(bpym)(C404)2(H20)6] • 2H20 

[Cu2(phen)4(C404)J(CF3SO3)2 • 3H20 

[Cu2(bipy)4(C404)](CF3SO3)2 • 6H20 

[Cu4(tren)4(C404)](C104)6 

1.466(13) 1.247(11) ~-1,2 65 
1.466(10) 1.240(9) 
1.463(13) 1.276(10) 
1.419(10) 1.272(9) 
1.445(3) 1.260(3) mono, terminal 66 
1.467(3) 1.265(2) 
1.457(3) 1.241(2) 
1.475(3) 1.244(3) 
1.458(3) 1.240(2) mono, terminal 66 
1.492(3) 1.269(3) 
1.430(3) 1.260(2) 
1.468(3) 1.241(3) 
1.456(3) 1.245(3) t~-l,2 72 
1.469(3) 1.262(3) 
1.450(3) 1.257(3) 
1.457(3) 1.254(3) 
1.447(4) 1.259(3) mono, terminal 78 
1.453(4) 1.247(4) 
1.489(4) 1.242(4) 
1.470(4) 1.249(4) 
1.453(4) 1.254(4) mono, terminal 79 
1.463(4) 1.252(4) 
1.475(4) 1.248(4) 
1.479(4) 1.256(3) 
1.409(14) 1.285(11) ~-1,2 80 
1.49(2) 1.275(11) 
1.462(15) 1.224(12) 
1.51(2) 1.229(13) 
1.460(5) 1.254(4) ~-1,3 80 
1.468(4) 1.239(4) 
1.44(1) 1 . 2 7 ( 1 )  t~-1,2,3,4 103 
1.46(1) 1.27(1) 

these complexes is polymeric and all contain ligand groups in addition 
to squarate. Mixed ligand systems have also been utilized by several 
workers as a means of controlling polymerization in their syntheses of 
squarate complexes, which were used for a variety of magnetochemi- 
cal analyses. For example, Castro et al. used the tetradentate ligand 
tris(2-aminoethyl)amine (tren) as a blocking group in the synthesis of 
[Ni2(C404)(tren)2(H20)2][C104]2 (72). Bis(2-pyridylmethyl)amine (43), 
[N,N~-ethylenebis(salicylideneaminate)] (salen) (54), 2,2'-bipyridyl (50), 
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and [2,3,5,6-tetra(2-pyridyl)pyrazine] (TPPZ) (74) are some other exam- 
ples of ligands similarly used as peripheral groups. 

The squarate ion is also assumed to have the potential for provid- 
ing a pathway for electron conduction when it bridges metal atoms in 
polymeric complexes (61). Some workers have used partial oxidation to 
enhance the possibility that compounds will exhibit conductivity. For ex- 
ample, Toftlund (110) showed that the partially oxidized platinum salt 
K2[Pt(CaO4)2] • 2H20 has the properties of a one-dimensional conductor, 
while Wrobleski and Brown (18) reported that some mixed-valence iron 
squarate complexes display semiconductivity. 

Attempts were made by Bouayad et al. at synthesizing heterobimetal- 
lic complexes using the squarate ion as potential precursors for high-Tc 
superconductors (102). To this end La/Cu, Gd/Cu, and Ba/Cu complexes 
were synthesized with a view to achieving this objective (62, 102). They 
also contemplated the possibility of synthesizing heterobimetallic com- 
plexes with the potential to function as molecular ferromagnets (102). 
However, in the complex they studied, {[Gd2Cu(C404)4(H2Oh2] • 2H20} 

FIG. 16. Part of the "cubic" network structure formed by the Ni(II) complex 
[Ni(C404)(H20)213. CH3COOH. H20 (31), showing the staggered relationship between 
the C4 rings on opposite faces. 
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(62), no significant spin coupling between the copper and gadolinium 
centers was observed. This they attributed to the poor overlap between 
the copper and gadolinium orbitals due to the Cu-squara te -Gd geom- 
etry and the inherent  "innerness" of f orbitals in lanthanide metals. 
Insignificant meta l -meta l  orbital overlap also militated against the 
complexes showing potential as superconductors. 

D. CUBIC STRUCTURES 

Weiss et al. synthesized a number  of first-row transit ion metal 
squarates with "cubic cages." In the complexes (MC404.2H20)3. 
CH3COOH. H20 [M = Zn(II), Ni(II)] (31), which crystallize in the Pn3n 
space group, the squarate moieties on opposite cube faces are staggered 
(Fig. 16). In the related Fe(II) complex Fe(C404)(H20)2 (71), which crys- 
tallizes in the space group R3, opposite faces are eclipsed (Fig. 17), as 
is the case in complexes [M = Zn(II), Mn(II)] (32) that  crystallize in 

FIG. 17. Part of the "cubic" network structure formed by the Fe(II) complex [Fe(C404) 
(H20)2] (71), showing the eclipsed relationship between the C4 rings on opposite faces 
and the stabilization of the network by intramolecular hydrogen bonds. 
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FIG. 18. Part of the "cubic" network structure formed by the Cu(II) complex [Cu(C404) 
(H20)2] - 0.5H20 (111) showing the presence of both eclipsed and staggered relationships 
between the C4 rings on opposite faces; the lengths of the bonds linking to the oxygen 
atoms in adjacent "cubes" have been shortened for illustrative purposes. 

the space group Pi .  In the copper complex [Cu(CtO4)(H20)2]. 0.5H20 
unexpectedly produced by the hydrolysis of the methoxy group dur- 
ing the attempted preparation of a copper(II) methoxysquarate (111), a 
mixture of eclipsed and staggered geometries is observed, the complex 
crystallizing in the space group P4/n (Fig. 18). These examples, we be- 
lieve, represent the only reported three-dimensional "cubic" complexes 
of the squarate ligand. 

E. SQUARATE COMPLEXES OF HEAVIER TRANSITION 

METALS AND LANTHANIDES 

Although there are several examples of lanthanide complexes with 
the squarate ion (42, 55, 57), only a few squarate complexes of second- 
and third-row transition metals have been reported. The plat inum and 



COMPLEXES OF SQUARIC ACID 269 

molybdenum complexes synthesized by Bernardinelli et al. and Hilbers 
et al., respectively, make up the majority of complexes of the second- 
and third-row transition metal squarates described in the literature 
(28, 70, 90). Other examples of complexes of the heavier transition met- 
als include the two dinuclear palladium complexes reported by Crispini 
et al. (82) and the rhodium(I) complexes prepared by Dhillon et al. (73). 

The lanthanide metals, with their larger coordination numbers, in- 
variably have the ligand coordinated in either a trismonodentate or a 
tetrakismonodentate fashion (42, 55, 57) (see Figs. 10 and 11). Thus, 
the ligand apparently tends toward the maximization of its coordinat- 
ing capacity where circumstances allow, giving rise in many cases to the 
formation of sheet or cage structures. Limited chain formation was ob- 
served in the platinum, palladium, and rhodium complexes described, 
while the molybdenum complexes described by Hilbers et al. consist of 
dinuclear and tetranuclear units. 

F. THE SQUARATE ION AS A LINKING GROUP 

There are several examples of the utilization of the proven linking 
ability of the squarate ligand in the assembly of three-dimensional 
structures. For example, Yaghi et al. used manganese(II) and zinc(II) 
squarates in their study of the development and understanding of struc- 
tural control in solid-state materials (69). Lin and Lii used the squarate 
ion as a bridging ligand in the self-assembly of inorganic polymers (112). 
Chen et al. explored the suitability of the squarate ion as an alterna- 
tive to MoO42- in the design of useful polymetalate structures (45, 46), 
while Muller et al. employed it in their study on the control of linkages 
in the design of engineering materials (113). Hydrothermal synthesis 
was the technique of choice in several studies designed to produce ma- 
terials with desirable structural properties. Gutschke et al. used the 
squarate ion in the preparation of a microporous cobalt squarate (75); 
Lin and Lii (112), to synthesize polymeric vanadium complexes, and 
Trombe et al., to assemble dehydrated cerium phases (57). Yaghi et al. 
(68) used silica gel as a crystallization medium for obtaining crystals 
of Cu(1,4-C4H4N2)(C404)(H20)4 in their research on the synthesis of 
three-dimensional solids. 

The squarate ligand has also been used by Zou et al. (114, 115) as 
an oxygen-ligating leaving group in studies on antitumor activity. Its 
ability to function as a bridging ligand has also been exploited in the 
synthesis of gadolinium(III) complexes for use in biochemical applica- 
tions (116, 117). 



270 HALL AND WILLIAMS 

G. SPECTROSCOPY OF SQUARATE COMPLEXES 

Infrared and UV/vis data have been used by several authors to iden- 
tify the C=C, C=O, and M-O stretches in the complexes synthesized 
(15, 18-21, 37, 38, 41, 44, 50, 54, 56, 58, 59, 64-66, 69, 74, 78, 80, 82, 
103). Except in the initial research on first-row transition metal com- 
plexes of squaric acid, where these data were used in proposing struc- 
tures, IR and UV/vis analysis have been used as supporting evidence 
for the particular coordination mode of the ligand (19, 21, 22, 45, 52, 59, 
65). Infrared spectroscopy has also been utilized in the study of mixed 
oxalate/squarate complexes (118), although not to the same extent as 
in complexes of the oxalate ion. For example, Scott et al. studied the IR 
properties of Co(III) oxalate complexes with the ligand in a variety of 
chelating/bridging situations (119). 

The O-H stretching vibrations between 3400 and 3600 cm -1, which 
broaden and shift to lower frequencies when hydrogen bonding occurs, 
were rarely mentioned in reports on metal squarate complexes (19, 41, 
58) (Table I). However, the other characteristic peaks of the squarate 
ion, especially those observed ca. 1500, 1600, and 1750 cm -1, which 
correspond to C--C/C:O, C=C, and C=O stretching, respectively, 
were always included in IR spectral data of these complexes (15, 
18-21, 37, 38, 41, 44, 50, 54, 56, 58, 59, 64-66, 69, 74, 78, 80, 82, 103) 
(Table I). Some authors used the differences between the C-O and 
C-C stretching frequencies in the IR spectra of the metal complexes 
and the squarate ion to assess changes in the extent of delocalization 
on complexation (44, 54, 59). In several examples, metal-oxygen and 
metal-halogen stretches in the far-infrared region were also reported 
(19, 20, 37, 53). The UV/vis spectra have almost invariably been used 
to ascertain the coordination polyhedron adopted by the metal in the 
squarate complexes (19, 37, 38, 41, 53). 

H. LUMINESCENCE STUDIES 

The luminescence characteristics of europium(III) squarate at room 
temperature and 4 K, respectively, have been reported by Donega 
et al., Legendziewicz, and Ribeiro et al. (120-122) and indicated 
a temperature dependence subsequently investigated by Alleyne 
et al. (123). The temperature-dependent, strong and multidimensional 
europium-europium electronic interactions observed from the lumi- 
nescence decay dynamics of europium(III) squarate led Alleyne et al. 
to postulate that the energy transport process in the complex was in 
the dynamic regime (123). Huskowska et al. (124) also conducted lumi- 
nescence studies on neodymium squarate, [Nd2(CtO4)3(H20)11] • 2H20, 
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which indicated the presence of neodymium atoms in two different coor- 
dination polyhedra in the complex; this was confirmed by single-crystal 
X-ray structural  analysis. 

I.  ELECTROCHEMISTRY 

Electrochemical studies on squaric acid under different conditions 
were conducted by Sazou and Kokkinidis, Farnia et al., and Rodes et al. 
(125-128). Sazou and Kokkinidis proposed a mechanism for the two- 
step oxidation of squaric acid on Pt  surfaces which involved the initial 
formation of the squarate  monoanion followed by further  oxidation to 
a radical ion (125). Farnia et al. proposed two one-electron processes 
involving the sequential formation of the squarate  monoanion and 
dianion, respectively, based on the results of their s tudy using Pt  elec- 
trodes and dimethylformamide (126). Rodes et al. reported the disso- 
ciative adsorption of squaric acid on Pt  electrodes of differing basal  
orientations in acidic solutions (127, 128). 

III. Complexes of Monosubstituted Squarate Derivatives 

Several complexes have been synthesized using ligands in which one 
of the two hydroxy groups in the squaric acid molecule is replaced by an- 
other functional group (76, 111; 123, 129-137). These monosubst i tuted 
squarate  ligands are all acidic owing to the ionization of the unsubsti-  
tu ted OH group. At least two resonance forms of each ligand can be 
drawn because of the potential for electron density migration from the 
hydroxyl oxygen onto the C4 ring. In monosubst i tuted squarate  ligands 
whose subst i tuent  is attached to the C4 ring by an atom containing lone 
pairs, additional resonance forms can be drawn. It was assumed that  
all the monosubst i tuted squarate ligands used in metal  complex syn- 
theses were resonance-stabilized and that  the lower symmetry of these 
ligands compared to that  of the squarate ion was responsible for the 
lat ter  being more stable. 

When monosubst i tuted squarate ligands (which are resonance- 
stabilized) are reacted with stable cationic species in sufficiently 
polar solvents, they form salts instead of coordination compounds, a 
result  similar to tha t  observed in some instances with squaric acid. 
For example, the salt [Mn(H20)6][HC403NH212.2H20 is produced in 
aqueous solution on reacting manganese(II) ni trate with 1-amino- 
2-methoxycyclobut-3-ene-l,2-dione (130). In this example, the stabi- 
lization of the aminosquarate  ligand is enhanced by the migration 
of the nitrogen lone pair of electrons onto the C4 cycle, the process 
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being facilitated by the coplanarity of the amino substituent with 
the C4 ring (130). Nickel(II) diphenylaminosquarate contains the sta- 
ble hexaaquanickel(II) ion in association with the resonance-stabilized 
diphenylaminosquarate anion (134), while the complex tetraamineplat- 
inum(II) ion is associated with the phenylsquarate anion in tetraamine- 
platinum(II) phenylsquarate (137) (Fig. 19). With the exception of the 
case of the aminosquarate ion, there is, as expected, a disparity in the 
C-C bond lengths on the C4 cycles of the anions of the monosubstituted 
squarate ligands (Table V). 

While, as described earlier in this review, the complexing proper- 
ties of squaric acid have been extensively investigated, it is only quite 
recently that  any attention has been paid to those of the monosubsti- 
tuted squarate ligands. Hall et al. and Alleyne et al., among others, 
have reported on several complexes of monosubstituted ligands (76, 
111, 123, 129, 131-137). Lead(II) aminosquarate and the lead(II) com- 
plexes of a few 1-(dialkylamino) squarate ligands were the first such 
complexes to be fully characterized (76, 129). The linear arrangement of 
the lead atoms and the t~-l,2-bridging coordination mode adopted by the 
ligands in these complexes prompted investigations into the complex- 
ing properties of several other monosubstituted squarate ligands with 
transition and lanthanide metals. Monosubstituted squarate ligands 

~'~ H20 " , j "  0 

Fro. 19. Par t  of one of the  hydrogen-bonded gapes present  in  the s t ructure  of the  sal t  
te t raaminepla t inum(II )  b isphenylsquarate  hydra te  (137). 
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TABLE V 

C4 RING C--C AND C--O BOND LENGTHS (~k) IN SALTS OF MONOSUBSTITUTED 
SQUARATE LIGANDS 

273 

Bond lengths 

Salt C - C  C--O Reference 

[Mn(H20)6][HC403NH2]2 - 2H20 

[Ni(H20)6] [(C6Hs)2NC40312.2H20 

[Pt(NH3)4][C6HsC40312 - 2H20 

1.445(4) 1.248(4) 130 
1.466(4) 1.253(4) 
1.471(2) 1.257(2) 134 
1.501(2) 1.236(2) 
1.460(2) 1.232(2) 
1.437(2) 
1.514(8) 1.247(8) 137 
1.511(8) 1.222(7) 
1.461(8) 1.215(8) 
1.427(8) 

FIG. 20. Part  of one of the polymer chains in the structure of lead(II) diethylamino- 
squarate Pb[(C2Hs)2NC40312(H20) (76) showing the chelating and bridging roles of the 
aminosquarate ligand and the linear arrangement of the pairs of lead atoms. 
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containing subst i tuents  of varying sizes and electron-donating abilities 
were studied in order to determine the effects of steric and electronic 
factors on the structural  and other characteristics of the complexes 
produced. 

A. COMPLEXING PROPERTIES OF MONOSUBSTITUTED SQUARATE LIGANDS 

The reduction in the number  of potential coordination sites from 
four to three on monosubsti tution of squaric acid restricts the vari- 
ety of possible coordination modes possible for these ligands. In the 
majority of the complexes prepared by Hall et al., the monosubst i tuted 
squarate  ligands adopt a t~-l,3 role, although in a few instances the lig- 
ands coordinate monodentately, adopting a pendant  role (111, 123, 132- 
137). Expectedly, as a consequence of bite-parameter considerations, 
chelation is observed only in the case of the large lead(II) ion (76). In 

FIG. 21. Part of one of the polymer chains in the structure of lead(II) aminosquarate 
(129). 
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} 

Z, 

0 

FIG. 22. Par t  of one of the polymer chains in  the  s t ructure  of zinc(II) dipheny- 
laminosquara te  (134) where the l igand bridges (filled bonds) as well as adopts a pendan t  
coordination mode (open bonds). 

lead(II) dimethylaminosquarate and diethylaminosquarate (76), in ad- 
dition to the ligands exhibiting a chelating mode, one of the ligand 
oxygen atoms in each case is binucleating and bridges two neighbor- 
ing lead atoms (Fig. 20). However, in lead(II) aminosquarate (129) the 
ligand groups complex in a bismonodentate fashion and serve only to 
bridge juxtaposed lead atoms t~-1,2 (Fig. 21). In some phenylsquarate 
complexes and in cobalt(II) and zinc(II) diphenylaminosquarate (123, 
134, 136, 137), the ligand both bridges and adopts a pendant coordina- 
tion mode (Fig. 22). 

Hall et al. deduced that transition metal and lanthanide com- 
plexes with structural features similar to that of the lead(II) dialkyl- 
aminosquarates should possess the potential to show desirable elec- 
tronic properties such as semiconductivity, superconductivity, and 
molecular magnetism. In particular, multiple bond localization, a prop- 
erty exhibited by the squarate ion when it adopts the tL-1,2-bridging 
mode owing to distortion of the C4 cycle and the consequent lowering of 
t h e  D4h symmetry, is observed in all the complexes of monosubstituted 
squarate ligands. It was suggested that the multiple bond localization 
exhibited by the ligands in complexes of the monosubstituted squarate 
ligands was to be expected because such ligands all have lower than 
D4h symmetry by virtue of the monosubstitution of the parent squaric 
acid. It was also believed that this property conferred on such ligands 
versatility with respect to varying their orbital energies by changing 
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the substi tuent--a property lacking in the unsubsti tuted squarate 
ligand. Additionally, they surmised that  monosubstituted squarate li- 
gands would be superior to the squarate ligand with respect to synthesi- 
zing semiconductors and molecular magnets. This conclusion prompted 
several at tempts at the syntheses of complexes with such ligands. 

B. SUBSTITUENTS WITH LONE PAIRS 

The syntheses of metal complexes with monosubstituted squarate 
ligands containing 1-(dialkylamino), diphenylamino, and methoxy sub- 
stituents have been reported (76, 111, 129, 133, 134). However, all 
at tempts to synthesize first-row transition metal and lanthanide com- 
plexes of the 1-(dialkylamino) squarate ligands proved futile because of 
the metal-mediated hydrolysis of the dialkylamino substituents, which 
results in the formation of metal complexes of the parent unsubsti- 
tuted squarate ligand (130). Alleyne et al. suggested that  this hydroly- 
sis could be used as a convenient synthethic tool in the preparation of 
X-ray-quality crystals of metal squarates, which proved difficult to pre- 
pare using the unsubsti tuted squaric acid (131). (This difficulty often 
arises because of the limited solubility of several metal squarates, which 
prevents the formation of X-ray-quality crystals). A similar hydrolysis 
of the substituent in 1-(diphenylamino) squarate did not occur because 
the sterically hindered carbon containing the bulky diphenylamino sub- 
sti tuent is inaccessible to nucleophilic attack by water. Thus, several 
metal diphenylaminosquarate complexes were prepared. Among these 
were monomers, dimers, and polymers containing the ligand in different 
coordination roles (133, 134). For instance, in the lanthanum complex 
La[(C6Hs)2NC40313(H20)6.5H20, all three diphenylaminosquarate li- 
gands coordinated monodentately, the substituent being oriented cis to 
the ligating oxygen in one and trans in the other two (133) (Fig. 23). 
However, in the isomorphous europium, gadolinium, and terbium se- 
ries of dimers, the ligands adopt both monodentate and bidentate coor- 
dination modes (Fig. 24). In all the polymeric first-row transition metal 
diphenylaminosquarates, the ligand bridges t~-l,3 (134). 

The methoxysquarate ligand produced only monomeric species on 
complexation with first-row transition metals (111) (Fig. 25). Hosein 
et al. suggested that  chain propagation is prevented owing to the steric 
hindrance of the methoxy oxygen atom by the adjacent methyl group, 
with its sp 3 hybridized carbon (111). The two methoxy ligands in these 
monomers are oriented cis, the methoxy substituent also being oriented 
cis with respect to the ligating oxygen atom. 

In the 1-(dialkylamino) squarate and methoxysquarate ligands (111, 
133, 134), bond lengths obtained from the X-ray data provided 
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FIG. 23. The monomeric lanthanum(III) diphenylaminosquarate complex La[(C6Hs)2 
NC4Oa]a(I-I20)6 • 5H20 (133) showing the three diphenylaminosquarate ligands to be co- 
ordinated monodentately; in one, the substituent is oriented cis to the ligating oxygen, 
whereas in the other two it is trans. 

substantial evidence for migration of the nitrogen and oxygen lone pairs 
from the dialkylamino and methoxy substituents, respectively, onto the 
C4 ring. For example, in the 1-(dimethylamino)squarate ligand, the C-N 
bond by which the substi tuent is attached to the C4 ring is significantly 
shorter than those between the nitrogen atom and its attached methyl 

0 
0 0 

FIG. 24. The dimeric gadolinium(III) diphenylaminosquarate complex [Gd(~-(C6H5)2 
NC403)(C6H5)2NC403)(NO3)(H20)4]" 4H20 (133), showing the bidentate bridging and 
monodentate pendant roles of the ligand. 
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0 

0 

FIG. 25. The C2 symmetric monomeric cobalt(II) methoxysquarate complex 
Co(CH3OC403)2(H20)4] (111). 

groups. Similarly, in the series of monomeric first-row transition metal 
methoxysquarates, the C-O bond linking the methoxy group to the 
C4 ring is significantly shorter than the methyl to oxygen C-O bond. It 
was concluded that the electron migration is, in each case, facilitated by 
the coplanarity of the substituents with the ring, which renders the lig- 
ands susceptible to hydrolysis owing to sensitization of the substituent- 
containing carbon atom to nucleophilic attack. This effect, they sur- 
mised, was analogous to the observed hydrolysis during the attempted 
syntheses of first-row transition metal and lanthanide complexes with 
1-(dialkylamino)squarate ligands. Substituent hydrolysis was also re- 
sponsible for the formation of the cubic form of copper squarate (see 
Fig. 18) instead of the desired copper methoxysquarate when copper(II) 
ions were reacted with the methoxysquarate ligand (111). Surprisingly, 
however, no hydrolysis occurred in the synthesis of the isomorphous 
manganese, cobalt, and nickel complexes. It was deduced that in the 
case of copper the compatibility of the energies of the ligand and metal 
orbitals was probably responsible for hydrolysis occurring. 

Hall et al. also observed that the extent of delocalization on the mono- 
substituted squarate ligand ring, and hence its dimensions, was depen- 
dent on electron migration from the substituent (111, 123, 130, 132- 
137) (Table VI). For example, for the methoxysquarate ligand in its 
metal complexes A(C--C) -- 0.05 .~, whereas in the analogous dipheny- 
laminosquarate complexes the value is ~0.02/~ (Table VI). This differ- 
ence was attributed to the smaller size of the oxygen atom relative to 



TABLE VI 

C4 RING C--C BOND LENGTHS (/~) IN COMPLEXES OF MONOSUBSTITUTED 
SQUARATE LIGANDS 

Bond lengths 
Mode 

Complex C--C C--O (~-1,3; pendant) Reference 

Mn(CH3OC403)2(H20)4 

Pb(C403HNH2)2(H20)2 

Co(CH3C403)2(NO3)(H20)4 - 2H20 

Ni(CH3C403)2(NO3)(H20)4 • 2H20 

Mn(CH3C403)2 • 4H20 

{Eu(~-C6H5C403)2(C6H5C403)- 
(CH3OH)2(H20)2 - (CH3OH)}n 

{ Cu[~-(C6H5)2NC40312[H20]2}n 

{ Co[~-(C6Hs)2NC403]- 
[(C6H5)2NC403][H20]3 } n 

[Mn(~-C6H5C403)- 
(C6HsC403)(H20)3]n 

[Zn(C6H5C403)2(H20)4] 

1.427(4) 1.242(4) pendant 
1.435(4) 1.307(4) 
1.489(5) 1.245(4) 
1.487(4) 1.220(5) 
1.465(15) 1.249(13) ~-1,2 
1.448(15) 1.275(13) 
1.410(17) 1.267(15) 
1.457(16) 
1.506(8) 1.242(7) u-l,3 
1.428(8) 1.218(10) 
1.479(12) 
1.510(2) 1.249(2) ~-1,3 
1.421(2) 1.215(2) 
1.480(3) 
1.506(2) 1.216(2) pendant 
1.512(2) 1.238(2) 
1.425(2) 1.244(2) 
1.424(2) 
1.522(12) 1.234(11) pendant 
1.506(12) 1.213(11) 
1.437(12) 1.239(11) 
1.435(12) 
1.503(13) 1.220(12) bridging 
1.515(12) 1.223(11) 
1.444(13) 1.260(12) 
1.418(12) 
1.481(3) 1.259(2) ~-1,3 
1.493(3) 1.228(3) 
1.455(3) 1.229(3) 
1.434(3) 
1.471(5) 1.263(4) ~-1,3 
1.481(5) 1.228(4) 
1.453(5) 1.240(4) 
1.451(4) 
1.490(5) 1 .248(4)  pendant 
1.494(5) 1.228(4) 
1.446(5) 1.250(4) 
1.443(5) 
1.519(4) 1.246(3) ~-1,3 
1.505(3) 1.213(3) 
1.423(3) 1.244(3) 
1.426(3) 
L506(3) 1.241(3) pendant 
1.514(3) 1.215(3) 
1.433(3) 1.241(3) 
1.434(3) 
1.501(3) 1.240(3) pendant 
1.513(3) 1.216(3) 
1.437(3) 1.235(3) 
1.432(3) 

111 

129 

132 

132 

132 

123 

134 

134 

134 

136 

136 

136 
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the nitrogen atom and the consequent greater difficulty for lone-pair 
migration. It was also proposed that when the extent of this electron 
migration is sufficiently great, the ligand exerts a cis-directing effect, 
since the resulting enhanced electron flow into the trans metal-oxygen 
bond prevents any nucleophilic attack along this direction. 

C. SUBSTITUENTS WITHOUT LONE PAIRS 

The syntheses of a number of complexes of the methylsquarate and 
phenylsquarate ligands have been reported. X-Ray crystallographic 
analysis of these complexes showed that the extent of electron delocal- 
ization on the C4 ligand rings was significantly less than that observed 
in those containing the diphenylaminosquarate and methoxysquarate 
ligands. This difference was attributed to the fact that the atom by 
which either the methyl or the phenyl substituents are attached to 
their respective C4 rings did not have available lone-pair electrons 
for migration into these rings. The C4 ring dimensions in both the 
methylsquarate and phenylsquarate complexes did not differ signifi- 
cantly (Table VI) despite the fact that  the short Cphenyl-C 4 bond length 
in the phenylsquarate ligand suggested conjugation between the two 
adjacent ~ systems. Thus, they concluded that  the C4 ring geometry 
and the extent of electron delocalization in these coordinated monosub- 
stituted ligands are dependent solely on the extent of electron migration 
from the substituent. The identity of the metals to which these ligands 
were coordinated did not appear to have any significant effect in this 
regard. 

D. EFFECTS OF SUBSTITUENT ON STRUCTURE 

Hall et al. deduced that both the steric demands and the cis-directing 
effect of the substituent appear to play a significant part in determin- 
ing the structure of the metal complexes of monosubstituted squarate 
ligands. They used a series of first-row transition metal and lanthanide 
complexes of both the diphenylaminosquarate and methylsquarate 
ligands to illustrate the effect of the steric bulk of the substituent 
on structure (132-135). They observed that the number of diphenyl- 
aminosquarate groups coordinated to the central metal ion in a series 
of first-row transition metal complexes paralleled the decrease in the 
size of the metal ion as the period was traversed from manganese to 
zinc. In the case of the copper complex, the expected Jahn-Teller dis- 
tortion reduced the steric effects of the substituent and allowed the 
coordination of the same number of diphenylaminosquarate ligands as 
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the larger manganese ion. However, the expected increased number 
of monosubstituted squarate ligands that should have coordinated to 
the lanthanide metals, which are significantly larger than the first-row 
transition metals, was not observed. This observation, they concluded, 
was due to the decreased Oligand--M--Oligand angles associated with the 
higher coordination numbers shown by the lanthanides and the result- 
ing increased steric hindrance. As a consequence, no polymers were pro- 
duced in a series oflanthanide complexes of the diphenylaminosquarate 
ligand. However, with the less sterically demanding methyl substituent 
several polymeric lanthanide methylsquarates were produced (135), in- 
cluding the first reported three-dimensional complex (135) of a mono- 
substituted squarate ligand, {Eu[/~-(CH3C403)3][(H20)2}n (Fig. 26). 

The structures of the complexes ofmonosubstituted squarate ligands 
are also dependent on the orientation of the substituent with respect 
to the ligating oxygen atom. For example, in the monomeric species 
M(CH3C403)2(H20)4 (M = Mn, Co, Cu, Zn) (132), the methyl substituent 
is oriented trans to the ligating oxygen atom on both methylsquarate 

FIG. 26. Part of the rhomboidally distorted "cubic" three-dimensional network com- 
plex of the methylsquarate ligand in the Eu(III) complex {Eu[/~-(CH3C403)3][(H20)2]}n 
(135). 
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ligands coordinated to the metal ion (see Fig. 25). This geometry pre- 
cludes any viable mechanism for chain propagation, hence polymeriza- 
tion is not observed. It was therefore suggested that the cis-directing 
effect of the methoxy substituent acts as an inhibitor to polymerization. 

E. SQUARATE AND MONOSUBSTITUTED SQUARATE COMPLEXES 
WITH y~ INTERACTIONS 

Mention of the existence ~-~  interactions in complexes of squaric 
acid is infrequent. One example is provided by the ~-stacked layers 
in the organometallic salts of the cobaltocenium ion [Co(~5-C5H5)2] + 
(77, 138). Weiss et al. assumed the existence of 7f-~ interactions in 
the polymeric complexes M(C404)-4H20, noting that the distance 
between the planes of the squarate ligands in neighboring chains was 
3.335 + 0.013 A (30). Macintyre and Werkema also reported ~-r~ inter- 
actions in K2C404 • H20 (85). The incidence of such interactions in com- 
plexes of the monosubstituted ligands is significantly greater. In sev- 
eral such complexes (123, 133, 134, 136, 137), where the ligands contain 
substituents with phenyl groups, the ~ orbitals in both the C4 cycles and 
the phenyl groups were shown to participate in ~-7f interactions when 
the orientations of the participating moieties allowed. Furthermore, the 
tertiary structures and other physical properties of the complexes in 
which these interactions occurred are apparently influenced by these 
interactions. This is particularly true for metal complexes of the phenyl- 
squarate ligand. For example, in europium(III) phenylsquarate, the 
~-~ interactions are partly responsible for holding the polymer chains 
together, with the resultant formation of sheets (123) (Fig. 27). In addi- 
tion to sheet formation, in the complexes M(III) phenylsquarate (M = 
Gd, Tb) and manganese(II) phenylsquarate, 7f-stacking was assumed to 
be at least partly responsible for the formation of bilayers bounded by 
hydrophobic layers of phenylsquarate groups (136, 137). However, ~-~  
interactions have also been observed in methylsquarate and diphenyl- 
aminosquarate complexes. In the polymeric cobalt(II) and nickel(II) 
methylsquarates the ~-~ interaction occurs between the methyl- 
squarate rings and the nitrate ions with a mean interplanar separa- 
tion of ~3.3 ,~ (132) (Fig. 28). In the Ln diphenylaminosquarate dimers 
{Ln[/~-(C6H5)2NC403)][(C6H5)2NCaO3][NOa][H20]4}2-4H20 (Ln = Eu, 
Gd, Tb), the ~-~ interaction occurs between the C4 rings of t~-l,2- 
bridging and neighboring pendant diphenylaminosquarate groups 
(133). The centroid-.-centroid separation in the europium analog was 
shown to be temperature-dependent and assumed to be responsible for 
excimer formation at lower temperatures. 
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FIG. 27. Part  of one of the sheets formed by re-re stacking and hydrogen bonding 
of adjacent polymer chains in the structure of europium(III) phenylsquarate (123). 
The interplanar spacings between the pairs of phenylsquarate rings are in the range 
3.35-3.51/~ and the hydrogen-bonding O-- .O distances are 2.62 and 2.64/~. 

Fro. 28. rc-z Stacking interactions between the methylsquarate rings and the nitrate 
ions in the polymeric nickel(II) methylsquarate structure (132); the mean interplanar 
separation is 3.25/~. 
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A weak electrostatic interaction was observed between nearly orthog- 
onal C=O groups in gadolinium and terbium methylsquarates (135). 

F. COMPLEXES OF HEAVIER TRANSITION METALS 

Williams et al. attempted the preparation of polymeric complexes 
of ruthenium(II) and platinum(II) with the phenylsquarate ligand 
(137). However, they only managed to synthesize the monomer 
Ru(dmso)3Cl(H20)(C6H 5C403). H20 (Fig. 29) and the salt [Pt(NH3)4] 
[C6H5C40312. H20 using Ru(dmso)4C12 and [Pt(NH3)4]C12, respectively, 
as starting materials. They suggested that  the medium field strength 
of the phenylsquarate ligand was responsible for its inability to re- 
place more than one dmso group from Ru(dmso)4C12, hence reducing 
the possibility of polymer formation. They also suggested that  the salt 
[Pt(NH3)4][C~H5C40312. H20 was produced instead of a polymer ow- 
ing to the stabilities of the [Pt(NH3)4] 2+ and the resonance-stabilized 
phenylsquarate ions in the polar medium used in synthesis. 

G. ELECTROCHEMICAL STUDIES 

Iwuoha et al. investigated the electrochemistry of some of the 
monosubstituted squarate ligands (139, 140). They found that  the 

0 
FIG. 29. The structure of the ruthenium(II) squarate monomer [Ru(C6H5C403)(dmso)3 

CI(H20)]- H20 (137). 
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methylsquarate, phenylsquarate, and diphenylaminosquarate ligands 
undergo oxidation-reduction sequences similar to those of ortho- 
quinones, the magnitudes of the oxidation and reduction potentials 
being dependent on the identity of the substituent (139, 140). They 
also proposed that, unlike squaric acid, which showed two one- 
electron redox processes in aqueous solutions, each methylsquarate, 
phenylsquarate, and diphenylaminosquarate ligand displayed a single- 
electron reversible process which, they assumed, occurred at the ionized 
hydroxyl moiety (139, 140). However, the diphenylaminosquarate li- 
gand showed an additional one-electron redox process similar to that 
of the tetrahydrazone of squaric acid (140, 141). 

The electrochemistry of the polymeric and isomorphous cobalt(II) and 
nickel(II) methylsquarates was also studied by Iwuoha et al. In aqueous 
solutions, they found evidence that both the nickel(II) methylsquarate 
and its cobalt analog were dissociated without any reversible redox pro- 
cesses occurring for the metal ions. However, the cyclic and Osteryoung 
square wave voltammograms, obtained using a Pt electrode for solu- 
tions of these complexes in dimethylformamide and dimethylsulfoxide, 
contained signals attributable to both ligand-based and metal-based 
redox processes (142). 

H. LUMINESCENCE STUDIES 

Luminescence studies on both europium(III) phenylsquarate and 
diphenylaminosquarate were carried out by Hall et al. in order to com- 
pare the luminescence characteristics of these complexes with that of 
europium(III) squarate (123). The results of these studies suggested 
that the interactions between the C4 ring and the phenyl and diphenyl- 
amino substituents, respectively, sensitize Eu3+(SDo -> 7Fj) emissions, 
which the unsubstituted squarate group is unable to do. 

IV. Hydrogen Bonding and Other Weak Interactions in Complexes 
of Squaric Acid and Its Monosubstituted Derivatives 

Hydrogen-bonding interactions in complexes of squaric acid have re- 
cently been reviewed (71); therefore, only such interactions in the com- 
plexes of monosubstituted squarates and aspects of hydrogen bonding 
not covered in that review will be discussed. 

Most of the complexes of squaric acid and its derivatives contain hy- 
drogen bonds that appear to have a significant influence on the tertiary 
structure (19, 21, 22, 28, 30, 41, 56, 62, 65, 69, 76, 82, 90, 111, 112, 
121, 123, 129, 131-137). The prevalence of hydrogen bonding in these 
complexes is not surprising, since the metals in most instances have 
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Fla. 30. The crosslinking of hydrogen-bonded chains of monomers to form tapes in the 
structure of nickel(II) methoxysquarate [Ni(CH3OC403)2(H20)4] (111). 

aqua  l igands t ha t  hydrogen-bond  e i t he r  in t ra -  or in t e rmolecu la r ly  ei- 
t h e r  to themse lves  or to oxygen a toms  on the  squa ra t e  ligands. In  
fact,  except  where  s ter ic  factors  p r e v e n t  it, t he  molecules  t en d  to maxi-  
mize  the i r  hydrogen-bonding  po ten t ia l  often resu l t ing  in d i s to r t i ons - -  
somet imes  large in  the  coordinat ion  po lyhedra  of the  metals .  

Hal l  et al. observed t h a t  in  the  complexes of monosubs t i t u t ed  sq- 
u a r a t e  l igands, the  l igands,  inva r i ab ly  uti l ize all the  hydrogen-bond ing  

0 

FIG. 31. Intramolecular O--H..-O and O--H...~ interactions in the structure of 
cobalt(II) diphenylaminosquarate (Co[(tt-(C6H5)2NC403][(C6H5)2NC403](H20)3}n (134); 
the H...O and H...7~ distances are 1.77 and 2.57/k, respectively. 
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contacts allowed by the conformational characteristics of the complex 
(76, 111, 123, 129, 132-137). Both intra- and intermolecular hydrogen 
bonding are prevalent in these complexes and normally involves the 
noncoordinated ketonic oxygen atoms on the monosubst i tuted squarate 
ligands and hydrogen atoms on neighboring aqua ligands (Fig. 30). In 
some instances, molecules of water  of crystallization also participate in 
hydrogen bonding. The intermolecular hydrogen-bonding interactions 
in the complexes synthesized by Hall et al. are seen to facilitate the 
linking of polymer chains and the formation of discrete ribbons as well 
as corrugated sheets. 

Weaker O - H .  • • n hydrogen bonds were also observed in M dipheny- 
laminosquarate complexes (M -- Mn, Co, Cu, Zn) and involve the inter- 
action of aqua hydrogen atoms and the phenyl groups of neighboring 
diphenylamino subst i tuents  (134) (Fig. 31). 

ACKNOWLEDGMENTS 

L. A. H. wishes to thank the St. Augustine Campus Committee on Graduate Studies, 
The University of the West Indies, for financial support throughout the years, as well as 
Dr. B. D. Alleyne and Dr. Avril Williams-Dottin for their contributions to the research 
on monosubstituted squarates. D. J. W. wishes to thank the Inter American Develop- 
ment Bank and CARISCIENCE for financial support, and Drs. I. Baxter, S. Menzer, and 
A. J. P. White for their contributions to the X-ray crystal structure determinations. 

REFERENCES 

1. Cohen, S.; Lacher, J. R.; Park, J. D. J. Am. Chem. Soc. 1959, 81, 3480. 
2. Smutny, E. J.; Caserio, M. C.; Roberts, J. D. J. Am. Chem. Soc. 1960, 82, 1793. 
3. Blomquist, A. T.; Vierling, R. A. Tetrahedron. Lett. 1961, 2, 655. 
4. Maahs, G. Angew. Chem. 1963, 75, 982. 
5. Blomquist, A. T.; LaLancette, E. A. J. Org. Chem. 1964, 29, 2331. 
6. Maahs, G. Liebigs Ann. Chem. 1965, 686, 55. 
7. Treibs, A.; Jacob, K. Angew. Chem. 1965, 77, 680. 
8. Cohen, S.; Cohen, S. G. J. Am. Chem. Soc. 1966, 88, 1533. 
9. West, R.; Niu, H. Y. J. Am. Chem. Soc. 1963, 85, 2589. 

10. Ireland, D. T.; Walton, H. F. J. Phys. Chem. 1967, 71, 751. 
11. Doyle, G.; Tobias, R. S. Inorg. Chem. 1968, 7, 2484. 
12. Ludi, A.; Schindler, P. Angew. Chem. 1968, 80, 664. 
13. Tedesco, P. H.; Walton, H. E Inorg. Chem. 1969, 8, 932. 
14. Bailey, R. A.; Mills, W. N.; Tangredi, W. J. J. Inorg. Nucl. Chem. 1971, 33, 2387. 
15. Gerstein, B. C.; Habenschuss, M. J. Appl. Phys. 1972, 43, 5155. 
16. Duggan, D. M.; Barefield, E. K.; Hendrickson, D. N. Inorg. Chem. 1973, 12, 985. 
17. Habenschuss, M.; Gerstein, B. C. J. Chem. Phys. 1974, 61, 852. 



288 HALL AND WILLIAMS 

18. Wrobleski, J. T.; Brown, D. B. Inorg. Chem. 1978, 17, 2959. 
19. Van Ooijen, J. A. C.; Reedijk, J.; Spek, A. L. Inorg. Chem. 1979, 18, 1184. 
20. Wrobleski, J. T.; Brown, D. B. Inorg. Chem. 1979, 18, 2738. 
21. Reinprecht, J. T.; Miller, J. G.; Vogel, G. C.; Haddad, M. S.; Hendrickson, D. N. Inorg. 

Chem. 1980, 19, 927. 
22. Chesick, J. P.; Doany, F. Acta CrystaUogr. 1981, B37, 1076. 
23. Simonsen, O.; Toftlund, H. Inorg. Chem. 1981, 20, 4044. 
24. Doyle, G.; Eriksen, K. A.; Modrick, M.; Ansell, G. Organometallics 1982, 1, 1613. 
25. Wilson, A. S. Cryst. Struct. Commun. 1982, 11, 809. 
26. Headley, O. St. C.; Hall, L. A. Polyhedron 1985, 4, 1697. 
27. Altman, J.; Beck, W. Inorg. Chim. Acta 1986, 119, 203. 
28. BernardineUi, G.; Castan, P.; Soules, R. Inorg. Chim. Acta. 1986, 120, 205. 
29. Headley, O. St. C.; Hall, L. A. Polyhedron 1986, 5, 1829. 
30. Weiss, A.; Riegler, E.; Alt, I.; BShme, H.; Robl, C. Z. Naturforsch. 1986, 41b, 18. 
31. Weiss, A.; Riegler, E.; Robl, C. Z. Naturforsch. 1986, 41b, 1329. 
32. Weiss, A.; Riegler, E.; Robl, C. Z. Naturforseh. 1986, 41b, 1333. 
33. Robl, C.; Weiss, A. Z. Naturforsch. 1986, 41b, 1341. 
34. Robl, C.; Weiss, A. Z. Naturforsch. 1986, 41b, 1485. 
35. Robl, C.; Weiss, A. Z. Naturforseh. 1986, 41b, 1490. 
36. Robl, C.; Weiss, A. Z. Anorg. Allg. Chem. 1987, 546, 161. 
37. Maharaj, D. I.; Hall, L. A. lnorg. Chim. Acta 1988, 145, 235. 
38. Maharaj, D. I.; Hall, L. A. Polyhedron 1988, 7, 2155. 
39. Robl, C.; Kuhs, W. P. J. Solid State Chem. 1988, 73, 172. 
40. Robl, C.; Kuhs, W. F. J. Solid State Chem. 1988, 75, 15. 
41. Soules, R.; Dahan, F.; Laurent, J.-P.; Castan, P. J. Chem. Soc., Dalton Trans. 1988, 

587. 
42. Trombe, J.-C.; Petit, J.-F.; Gleizes, A. New. J. Chem. 1988, 12, 197. 
43. Bang, E.; Michelsen, K.; Nielsen, K. M.; Pedersen, E. Acta Chem. Scand. 1989, 43, 

748. 
44. Bernardinelli, G.; Deguenon, D.; Soules, R.; Castan, P. Can. J. Chem. 1989, 67, 1158. 
45. Chert, Q.; Liu, S.; Zubieta, J. Inorg. Chim. Acta 1989, 164, 115. 
46. Chen, Q.; Ma, L.; Liu, S.; Zubieta, J. J. Am. Chem. Soc. 1989, 111, 5944. 
47. Hall, L. A. Polyhedron 1989, 8, 1335. 
48. Soules, R.; Mosset, A.; Laurent, J.-P.; Castan, P.; Bernardinelli, G.; Delamar, M. 

Inorg. Chim. Acta 1989, 155, 105. 
49. Bencini, A.; Bianchi, A.; Garcia-Espafia, E.; Jeannin, Y.; Julve, M.; Marcelino, V.; 

Philoche-Levisalles, M. Inorg. Chem. 1990, 29, 963. 
50. Castro, I.; Faus, J.; Julve, M.; Verdaguer, M.; Monge, A.; Gutierrez-Puebla, E. Inorg. 

Chim. Acta 1990, 170, 251. 
51. Chert, Q.; Liu, S.; Zubieta, J. Angew. Chem., Int. Ed. Engl. 1990, 29, 70. 
52. Chen, Q.; Liu, S.; Zubieta, J. Inorg. Chim. Acta 1990, 175, 269. 
53. Hall, L. A. P. M. Polyhedron 1990, 9, 2575. 
54. Lloret, F.; Julve, M.; Faus, J.; Solans, X.; Journaux, Y.; Morgenstern-Badarau, I. 

Inorg. Chem. 1990, 29, 2232. 
55. Petit, J.-F.; Gleizes, A.; Trombe, J.-C. Inorg. Chim. Acta 1990, 167, 51. 
56. Solans, X.; AguilS, M.; Gleizes, A.; Faus, J.; Julve, M.; Verdaguer, M. Inorg. Chem. 

1990, 29, 775. 
57. Trombe, J.-C.; Petit, J.-F.; Gleizes, A. Inorg. Chim. Acta 1990, 167, 69. 
58. BenetS, M.; Soto, L.; Garcla-Lozano, J.; Escriv~, E.; Legros, J.-P.; Dahan, F. J. Chem. 

Soc., Dalton Trans. 1991, 1057. 



COMPLEXES OF SQUARIC ACID 289 

59. Castro, I.; Faus, J.; Julve, M.; Journaux, Y.; Sletten, J. J. Chem. Soc., Dalton Trans. 
1991, 2533. 

60. Sisley, M. J.; Jordan, R. B. Inorg. Chem. 1991, 30, 2190. 
61. Frankenbach, G. M.; Beno, M. A.; Kini, A. M.; Williams, J. M.; Welp, U.; Thompson, 

J. E.; Whangbo, M.-H. Inorg. Chim. Acta 1992, 192, 195. 
62. Bouayad, A.; Brouca-Cabarrecq, C.; Trombe, J.-C.; Gleizes, A. Inorg. Chim. Acta 

1992, 195, 193. 
63. Xanthopoulos, C. E.; SigMas, M. P.; Katsoulos, G. A.; Tsipis, C. A.; Terzis, A. Polyhe- 

dron 1992, 11, 2819. 
64. Xanthopoulos, C. E.; Sigalas, M. P.; Katsoulos, G. A.; Tsipis, C. A.; Hadjikostas, C. C.; 

Terzis, A.; Mentzafos, M. Inorg. Chem. 1993, 32, 3743. 
65. Khan, M. I.; Chang, ¥-D.; Chen, Q.; Salta, J.; Lee, Y.-S.; O'Connor, C. J.; Zubieta, J. 

Inorg. Chem. 1994, 33, 6340. 
66. Castro, I.; Sletten, J.; Glaerum, L. K.; Cano, J.; Lloret, F.; Faus, J.; Julve, M. J. Chem. 

Soc., Dalton Trans. 1995,, 3207. 
67. Shi, J.-M.; Yan, S.-P.; Llao, D.-Z.; Jaing, Z.-H.; Wang, G.-L.; Wang, R.-J.; Wang, H.-C.; 

Yao, X.-K. Chinese J. Struct. Chem. (Jiegou Huaxue). 1995, 14, 102. 
68. Yaghi, O. M.; Li, G.; Groy, T. L. J. Solid State Chem. 1995, 117, 256. 
69. Yaghi, O. M.; Li, G.; Groy, T. L. J. Chem. Soc., Dalton Trans. 1995, 727. 
70. Hilbers, M.; Meiwald, M.; Mattes, R. Z. Naturforsch. 1996, 51b, 57. 
71. Lee, C.-R.; Wang, C.-C.; Wang, Y. Acta CrystaUogr. 1996, B52, 966. 
72. Castro, I.; Calatayud, M. L.; Sletten, J.; Lloret, F.; Julve, M. J. Chem. Soc., Dalton 

Trans. 1997, 811. 
73. Dhillon, R.; Elduque, A.; Oro, L. A.; Pinillos, M. T. Inorg. Chim. Acta 1997,255, 351. 
74. Graf, M.; Stoeckli-Evans, H.; Escuer, A.; Vicente, R. Inorg. Chim. Acta 1997, 257, 

89. 
75. Gutschke, S. O. H.; Molinier, M.; Powell, A. K.; Wood, P. T. Angew. Chem. Int. Ed. 

Engl. 1997, 36, 991. 
76. Hall, L. A.; Williams, D. J.; Menzer, S.; White, A. J. P. Inorg. Chem. 1997, 36, 3096. 
77. Braga, D.; Grepioni, F. Chem. Commun. 1998, 911. 
78. Sletten, J.; Bj0rsvik, O. Acta Chem. Scand. 1998, 52, 770. 
79. Sletten, J.; Daraghmeh, H.; Lloret, F.; Julve, M. Inorg. Chim. Acta 1998, 279, 127. 
80. Castro, I.; Calatayud, M. L.; Sletten, J.; Lloret, F.; Julve, M. Inorg. Chim. Acta 1999, 

287, 173. 
81. Yufit, D. S.; Price, D. J.; Howard, J. A. K.; Gutschke, S. O. H.; Powell, A. K.; Wood, 

P. T. Chem. Commun. 1999, 1561. 
82. Crispini, A.; Pucci, D.; Aiello, I.; Ghedini, M. Inorg. Chim. Acta 2000, 304, 219. 
83. Wang, Y.; Stucky, G. D.; Williams, J. M. J. Chem. Soc., Perkin Trans. 2, 1974, 35. 
84. West, R.; Powell, D. L. J. Am. Chem. Soc. 1963, 85, 2577. 
85. Macintyre, W. M.; Werkema, M. S. J. Chem. Phys. 1964, 42, 3563. 
86. Peters, K.; Peters, E. M.; v. Schnering, H. G. Acta Crystallogr. 1978, A34, $101. 
87. Keller, H. J.; Traeger, U. Acta Crystallogr. 1979, B35, 1887. 
88. Endres, H.; Schendzielorz, M. Acta Crystallogr. 1983, C39, 1528. 
89. Marsh, R. E.; Bernal, I. Acta Crystallogr. 1995, B51, 300. 
90. Castan, P.; Deguenon, D.; Fabre, P.-L.; Bernardinelli, G. Polyhedron 1992, 11, 901. 
91. MacDonald, D. J. J. Org. Chem. 1968, 33, 4559. 
92. Schwartz, L. M.; Howard, L. O. J. Phys. Chem. 1971, 75, 1798. 
93. Schwartz, L. M.; Howard, L. O. J. Phys. Chem. 1970, 74, 4374. 
94. Semmingsen, D.; Hollander, F. J.; Koetzle, T. F. J. Chem. Phys. 1977, 66, 4405. 
95. Semmingsen, D. Acta Chem. Scand. 1973, 27, 3961. 



290 HALL AND WILLIAMS 

96. Semmingsen, D. Acta Chem. Scand. Ser. A, 1975, 29, 470. 
97. McMahon, M. I.; Nelmes, R. J.; Kuhs, W. F.; Semmingsen, D. Z. Kristallogr. 1991, 

195, 231. 
98. Katrusiak, A.; Nelmes, R. J. J. Phys. C: Solid State Phys. 1986, 19, L765. 
99. Tun, Z.; Nelmes, R. J.; McIntyre, G. J. J. Phys. C: Solid State Phys. 1987, 20, 5667. 

100. Baglin, F. G.; Rose, C. B. Spectrochim. Acta 1970, 26A, 2293. 
101. Ito, M.; West, R. J. Am. Chem. Soc. 1963, 85, 2580. 
102. Bouayad, A.; Trombe, J.-C.; Gleizes, A. Inorg. Chim. Acta 1995, 230, 1. 
103. Castro, I.; Sletten, J.; Calatayud, M. L.; Julve, M.; Cano, J.; Lloret, F.; Caneschi, A. 

Inorg. Chem. 1995, 34, 4903. 
104. Condren, S. M.; McDonald, H. O. Inorg. Chem. 1973, 12, 57. 
105. Long, G. J. Inorg. Chem. 1978, 17, 2959. 
106. Coucouvanis, D.; Hollander, F. J.; West, R.; Eggerding, D. J. Am. Chem. Soc. 1974, 

96, 3006. 
107. Coucouvanis, D.; Holah, D. G.; Hollander, F. J. Inorg. Chem. 1975, 14, 2657. 
108. Petit, J.-F.; Trombe, J.-C.; Gleizes, A.; Galy, J. C.R. SeancesAcad. Sci. Ser. 2, 1987, 

304, 1117. 
109. Arrizabalaga, P.; Bernardinelli, G.; Geoffroy, M. Inorg. Chim Acta 1988, 154, 35. 
110. Toftlund, H. J. Chem. Soc., Chem. Commun. 1979, 837. 
111. Hosein, H.-A.; Jaggernauth, H.; Alleyne, B. D.; Hall, L. A.; White, A. J. P.; Williams, 

D. J. Inorg. Chem. 1999, 38, 3716. 
112. Lin, K.-J.; Lii, K.-H. Angew. Chem., Int. Ed. Engl. 1997, 36, 2076. 
113. Miiller, A.; Rohlfing, R.; Krickemeyer, E.; BSgge, H. Angew. Chem., Int. Ed. Engl. 

1993, 32, 909. 
114. Zou, J.; Dou, P. Y.; Wang, K. J. Inorg. Biochem. 1997, 65, 145. 
115. Zou, J.; Dong Yang, X.; An, F.; Wang, K. J. Inorg. Biochem. 1998, 70, 227. 
116. Aime, S.; Botta, M.; Crich, S. G.; Giovenzana, G.; Palmisano, G.; Sisti, M. Bioconj. 

Chem. 1999, 10, 192. 
117. Aime, S.; Botta, M.; Fasano, M.; Crich, S. G.; Terreno, E. Coord. Chem. Rev. 1999, 

186, 321. 
118. Trombe, J.-C.; Petit, J.-F.; Gleizes, A. Eur. J. Solid State Inorg. Chem. 1991, 28, 

669. 
119. Scott, K. L.; Weighardt, K.; Sykes, A. G. Inorg. Chem. 1973, 12, 655. 
120. Doneg~, C. de M.; Ribeiro, S. J. L.; Gon~alves, R. R.; Blasse, G. J. Phys. Chem. Solids 

1996, 57, 1727. 
121. Legendziewicz, J. Acta Phys. Pol. A, 1996, 90, 127. 
122. Ribeiro, S. J. L.; Gon~alves, R. R.; de Oliveira, L. F. C.; Santos, P. S. J. Alloys and 

Compounds 1994, 216, 61. 
123. Alleyne, B. D.; Hall, L. A.; Kahwa, I. A.; White, A. J. P.; Williams, D. J. Inorg. Chem. 

1999, 38, 6278. 
124. Huskowska, E.; Glowiak, T.; Legendziewicz, J.; Oremek, G. J. Alloys and Compounds 

1992, 179, 13. 
125. Sazou, D.; Kokkinidis, G. Can. J. Chem. 1987, 65, 397. 
126. Farnia, G.; Sandon~, G.; Marcuzzi, F. J. Electroanal. Chem. 1993, 348, 339. 
127. Rodes, A.; P~rez, J. M.; Orts, J. M.; Feliu, J. M.; Aldaz, A. J. Electroanal. Chem. 1993, 

352, 345. 
128. Rodes, A.; Orts, J. M.; P~rez, J. M.; Feliu, J. M.; Aldaz, A. J. Electroanal. Chem. 1997, 

421, 195. 
129. Narinesingh, D.; Ramcharitar, N.; Hall, L. A.; Williams, D. J. Polyhedron 1994, 

13, 45. 



COMPLEXES OF SQUARIC ACID 291 

130. Hosein, H.-A.; Hall, L. A.; Lough, A. J.; Desmarais, W.; Vela, M. J.; Foxman, B. M. 
Inorg. Chem. 1998, 37, 4184. 

131. Alleyne, B. D.; Hall, L. A.; Hosein, H.-A.; Jaggernauth, H.; White, A. J. P.; Williams, 
D. J. J. Chem. Soc., Dalton Trans. 1998, 3845. 

132. Alleyne, B. D.; Hosein, H.-A.; Jaggernauth, H.; Hall, L. A.; White, A. J. P.; Williams, 
D. J. Inorg. Chem. 1999, 38, 2416. 

133. Alleyne, B. D.; St. Bernard, L.; Jaggernauth, H.; Hall, L. A.; Baxter, I.; White, A. J. P.; 
Williams, D. J. Inorg. Chem. 1999, 38, 3774. 

134. Williams, A. R.; Alleyne, B. D.; Hall, L. A.; White, A. J. P.; Williams, D. J.; Thompson, 
L. K. Inorg. Chem. 2000, 39, 5265. 

135. Alleyne, B. D.; Williams, A. R.; Hall, L. A.; White, A. J. P.; Williams, D. J. Inorg. 
Chem. 2001, 40, 1045. 

136. Williams, A. R.; Alleyne, B. D.; Hosein, H.-A.; Jaggernauth, H.; Hall, L. A.; Foxman, 
B. M.; Thompson, L. K.; Agosta, C. Inorg. Chim. Acta 2001, 313, 56. 

137. Williams, A. R.; Hall, L. A.; White, A. J. P.; Williams, D. J Inorg. Chim. Acta 2001, 
314, 117. 

138. Braga, D.; Bazzi, C.; Maini, L.; Grepioni, F. Cryst. Eng. Commmun. 1999, 5. 
139. Iwuoha, E.; Williams, A. R.; Hall, L. A. Biosensors and Bioelectronics 2000 (sub- 

mitted). 
140. Iwuoha, E.; Williams-Dottin, A. R.; Hall, L. A. Electroanal. Chem. (submitted). 
141. Seitz, G.; Imming, P. Chem. Rev. 1992, 92, 1227. 
142. Iwuoha, E.; Williams-Dottin, A. R.; Hall, L. A. Electrochim. Acta (submitted). 



ADVANCES IN INORGANIC CHEMISTRY, VOL. 52 

APPLICATIONS FOR POLYAZA MACROCYCLES 
WITH NITROGEN-ATTACHED PENDANT ARMS 

KEVIN P. W A I N W R I G H T  

School of Chemistry Physics and Earth Sciences, The Flinders University of South Australia, 
GPO Box 2100, Adelaide, South Australia 5001, Australia 

I. Introduction 
A. Second-Generation Pendant -Arm Macrocycles 

II. Bioinorganic Applications 
A. Hydrolytic Enzyme Models 
B. Synthetic Ribonucleases 
C. Nucleobase Recognition Reagents  
D. Oxygenase Promoters  

III. Luminescent  Sensors 
A. Complexes wi th  Pendant  Fluorophores 
B. Lanthan ide  Complexes with Pendant  Antennae  

IV. Contras t  Reagents  for Magnetic Resonance Imaging 
V. Tumor-Directed Radioisotope Carriers  

VI. Surfactants  
VII. Molecular Receptors 

References 

I. Introduction 

A. SECOND-GENERATION PENDANT-ARM MACROCYCLES 

Ever since the first report in 1976 (1), the synthesis and charac- 
terization of nitrogen-attached pendant donor polyaza macrocyclic li- 
gands and their complexes have been a major focus of curiosity-driven 
research (2-4). Although initiated out of curiosity over whether they 
could be synthesized, and about the nature of the complexes they might 
form, there was, nonetheless, a steadfast belief, at least in the mind of 
this author (5), that once the syntheses had been mastered, the com- 
plexes would contribute to our understanding of a variety of aspects of 
bioinorganic chemistry. The connection between the two is that pendant 
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donor macrocycles provide a metal  ion with a set of collectively nonla- 
bile donors capable of localizing it and a set of labile donors capable 
of mediating the chemistry at other coordination sites, their role being 
similar to the dual role performed by the set of donor groups at the 
metal-ion binding sites found in some metalloenzymes and metallo- 
proteins. It is pleasing to note now that  contributions to bioinorganic 
chemistry began to emerge about  a decade ago, moreover, these contri- 
butions have not been confined to tha t  area of science alone. Indeed, 
the original notion of a pendant  donor as one that  would bind to its par- 
ent metal  ion has now broadened to embrace pendant  arms, which are 
capable of interacting noncovalently with a substrate at tached to the 
metal ion or with the solvent. This review focuses on the complexes of 
nitrogen-attached pendant-arm polyaza macrocyclic ligands that  have 
been prepared and used, with specific application to some secondary 
areas of scientific investigation in mind. To distinguish these macrocy- 
cles from those produced to tes t  synthetic techniques or purely to estab- 
lish the characteristics of their coordination chemistry, I have coined 
the term "second-generation pendant-arm macrocycle." It serves as 
a tr ibute to all the chemists who have devoted, and continue to de- 
vote, their expertise to the development of the synthetic methodology 
and to an understanding of the ensuing coordination chemistry. 

I I .  Bioinorganic Applications 

A. HYDROLYTIC ENZYME MODELS 

Kimura and his associates have been preeminent in exploiting the 
potential of Zn(II) complexes of pendant-arm polyaza macrocycles to 
act as models for the hydrolytic Zn(II)-containing enzymes. Collectively, 
their work in this area involves structurally unmodified macrocycles 
as well as pendant-arm macrocycles, and the reader is referred to a 
number  of reviews (6-15) tha t  summarize their work in its entirety. 
The particular object of this section is to examine how different types of 
pendant  arm have been introduced onto a macrocyclic framework and 
how it has been possible to utilize their presence to elicit information of 
relevance to a particular group of enzymes. The enzyme groups studied 
using pendant-arm macrocycles have been the alkaline phosphatases  
and the class II aldolases. 

1. Models for Alkaline Phosphatases 

Alkaline phosphatases, a highly efficient class ofmetalloenzymes con- 
taining two Zn(II) ions at the active site, hydrolyze phosphomonoesters 
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at close to the diffusion-controlled limit (16). It is now well established 
that  the phosphomonoester substrate bridges the two Zn(II) sites and 
undergoes nucleophilic attack, first by the alkoxide group belonging to 
Ser 102, activated at one site, yielding a phosphoseryl intermediate, 
and then by hydroxide that  emanates  from a water  molecule bound to 
the other Zn(II) site. Thus, the enzyme utilizes one Zn(II) site to acti- 
vate the serine toward deprotonation and the other to deprotonate a 
water  molecule, while both serve to enhance the electrophilicity of the 
phosphorus(V) center by being disposed in such a way that  the phos- 
phate can simultaneously bind to each of them through one or two of 
its oxo groups. 

The first successful a t tempt  to simulate some aspects of alkaline 
phosphatase activity by using a pendant  donor macrocycle was done 
using the Zn(II) complex of ligand (3), which was formed from 2,6- 
dioxocyclen (cyclen-- 1,4,7,10-tetraazacyclododecane) (1) (17) by reac- 
tion with (S)-styrene oxide followed by reduction of the intermediate 
diamide (2) (18). 

H 

HN NH %N-.) 

H H 

HN NH BH3-THF ,. HN NH 

H H 

2 

The Zn(II) ion is held by the te traaza assembly and further coordi- 
nated by the labile pendant  alcohol, which simulates Ser 102 in the en- 
zyme. Under  these conditions, the pendant  alcohol is activated toward 
deprotonation such that  its pKa drops from about 15 to 7.51 (at 298 K). 
Above pH 7.5, deprotonation of the pendant  alcohol ra ther  than a coor- 
dinated water  molecule, was shown by NMR spectral changes associ- 
ated with the protons in the pendant  arm and by the crystal s tructure 
of the deprotonated Zn(II) complex (Fig. 1). Apparently, [Zn(3)] + hy- 
drolyzes phosphomonoesters too slowly for ease of investigation; how- 
ever, the reaction with a phosphodiester, bis(4-nitrophenyl) phosphate, 
which is sufficient to clarify the proposed cooperative role of Ser 102 
and Zn(II) in alkaline phosphatases, is considerably faster and was 
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Fro .  1. Molecular structure of the Zn(II) complex of ligand 3 when isolated at pH 9 .5 .  

thoroughly investigated. This reaction initially yields the phosphoseryl 
analog [Zn(4)H20] + and then the bound monophosphoester [Zn(5)]. 

O ~  / O  A 

-o >P, O.p_O. C  

/ .Zn-... "~ / NT~n~N'~ 

[Zn(S)l ÷ [Zn(4)H201 ÷ [Zn(5)l 

The rate of phosphorylation was found to be 125 times faster than 
hydrolysis of bis(4-nitrophenyl) phosphate by [Zn(6)(OH)] + (19, 20), 
which lacks the pendant alcohol, 

H 
H ~0 Me 

[Zn(B)(OH)] + 
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and the subsequent hydrolysis is 45,000 times faster that  the rate of 
hydrolysis of ethyl(4-nitrophenyl) phosphate by [Zn(6)(OH)] +. The pKa 
of the bound water molecule in [Zn(4)H20] + is 9.1, which is considerably 
higher than is normally the case for water bound to a Zn(II) tetraaza 
macrocyclic complex (14), and higher than the value of 7.4 reported for 
water in the enzyme. This is thought to be due to competition between 
the water and the pendant phosphodiester anion for the coordination 
site, which probably does not occur in the enzyme owing to the avail- 
ability of two Zn(II) sites. The monophosphoester [Zn(5)] was found to 
be inert toward further hydrolysis, and so, despite its otherwise illumi- 
nating properties, [Zn(3)] + does not actually act as a catalyst. 

The work described above indicated two reasons that explain why 
a dinuclear model is essential if one is to model alkaline phosphatase 
more closely: the high pKa of [Zn(4)(H20)] +, and the inability of [Zn(5)] 
to sustain hydrolysis, probably because of the strong bonding of the di- 
anionic phosphomonoester (compared to a monoanionic diester), which 
prevents formation of a Zn(II)-bound hydroxide at the same Zn(II) 
center. Kimura and co-workers addressed this need by attempting 
the synthesis of macrocycle 7 in which two cyclen macrocycles a re  
linked by a propyl group that carries the required pendant alcohol 
at the 2 position, according to the reaction shown in Scheme 1 (21). 
Instead of forming 7, however, this reaction produced the unexpected 
octaazacryptand 8 which, although initially thought to be unpromising, 
reacted exclusively with the phosphomonoester dianion 4-nitrophenyl 

0 o 

H. j~N~'~ 
. . . . . . . . . . .  H 0 - )  n2' I~ NH 

~ N ' - I " ~  H 

• Et010 0 ~ 
HaN + NH2 

HN )-OH NH 

SCHEME 1 Reaction pathway used  to form l igand 8. 
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FIG. 2. 3+ Molecular structure of [Zn2(8_H)] . 

phosphate, and not at all with the usually more reactive phosphodiester 
monoanion bis(4-nitrophenyl) phosphate or the neutral phosphotriester 
tris(4-nitrophenyl) phosphate. The initial complexation of Zn(II) with 8 
produces only two observable species during potentiometric titration; 
[Zn2(8)] 4+ a n d  [Zn2(8_H)] 3+. The latter, having a deprotonated pendant 
alcohol predominates above pH 4. 

The X-ray structure of [Zn2(8_H)] 3+ is shown in Fig. 2. The pKa for 
the doubly coordinated pendant alcohol is below 4, in accord with corre- 
sponding measurements made on water molecules coordinated to a pair 
of Zn(II) ions in a cyclic octaamine (<7) (22), or in a cyclic tetraamine 
with four pendant amines (<5.3) (23). On reaction with 4-nitrophenyl 
phosphate, 4-nitrophenol is released and a complexed phosphoramide 
is produced, [Zn2(9)] 3+, resulting from attack of a secondary amine at 
phosphorus. 

o., 
d,~o 

[Zn2(8_.)] 3+ [Zn2(g)] 3+ 

The crystal structure of [Zn2(9)] 3+ has been determined (Fig. 3), and 
from this it is known that the phosphoramide bridges both Zn(II) 
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FIG. 3. Molecular structure of [Zn2(9)] 3+. 

ions, si tuated 3.65 A apart, using two of its oxo groups. With adeno- 
sine triphosphate (ATp4-), phosphoryl transfer to [Zn2(g_H)] 3+ occurs 
in a similar manner,  yielding adenosine diphosphate (ADP 3-) and 
[Zn2(9)] 3+. However, the same reaction carried out with free 8 gave 
inorganic phosphate and ADP 3-. From this, it is evident that  the Zn(II) 
ions play a significant role in stabilizing the phosphoryl-transferred 
intermediate  [Zn2(9)] 8+. 

2. Model for Class H Aldolases 

The class II aldolase enzymes contain a single Zn(II) ion that  is be- 
lieved to be responsible for stabilizing the enediolate form of dihydroxy- 
acetone phosphate such tha t  it can undergo aldol condensation with 
an aldol accepter such as D-glyceraldehyde 3-phosphate, leading to the 
catalytic formation and decomposition of, in this case, D-fructose 1,6- 
bis(phosphate) (24). This is shown diagramatically in Scheme 2. To test  
this hypothesis and to establish whether  Zn(II) is a sufficiently strong 
Lewis acid to deprotonate a methylene group adjacent to a carbonyl 

0 - ~  2- -"0P032" I-'U3 ( "  

~...i~ O .~ 1~\ .~0 H20 
.] ~/ uk~ = I / /Hist idine " O~ '~  /~NI-I'OPO32-+ H20-Zn . ~  HO-Zn ~ ,2 O3P I / ~  Histidine 

O H I ~ Histidine H O / ' - ~ O H  ' I Histidine 
Histidine Histidine 

SCHEME 2 Proposed stabilization of the enedio]ate form of dihydroxyacetone phosphate 
by Zn(II) in the class II aldolase enzyme fructose 1,6-bis(phosphate) aldolase, and its 
reaction with D-glyceraldehyde 3-phosphate to form D-fructose 1,6-bisphosphate. 
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group (which normally has a pKa of 18-19) to produce an enolate, the 
pendant donor macrocyclic ligand 11 was synthesized (25). This was 
achieved by the reaction of 1,4,7-tris(tert-butoxycarbonyl)cyclen (10) 
(26) with ~,4'-dibromoacetophenone in CH3CN and subsequent depro- 
tection with aqueous HNO3. 

Br 

Boc ?O Boc 
Br Boc---N N--Boc ,. Boc--N N--Boc ," HN NH 

~ j  N..~ 10 Na2CO3 ~'~J ~ O  dioxane t 1 ~ ~  O 

 oc= 

Br Br 
The X-ray structure of the Zn(II) complex of 11 was solved, estab- 

lishing that the ligand binds in its keto form with the carbonyl group 
and one water molecule combining with the four nitrogen atoms of 
the macrocycle to produce the octahedral complex shown in Fig. 4. 

Br 

FIG. 4. Molecular structure of the Zn(II) complex of ligand 11, showing it to be in the 
keto form. 
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Potentiometric t i tration of free U in aqueous solution indicated no 
tendency for deprotonation of the active methylene group below pH 
11. In the presence of Zn(II), however, a similar t i tration indicated a 
deprotonation corresponding to a pKa of 8.41. With the assistance of 
spectroscopic data, this deprotonation was unambiguously assigned to 
the formation of a 3 : 1 equilibrium mixture of [Zn(ll)(OH)] + and the 
enolate complex [Zn(12)] +. 

Br Br Br 

H H 
H).N~ O~,,- ' '  -H+ H 

/ N ~  :H~ " ~N.~_~ N~ H'~ N~?'~ N ~ z n  + ~HN~:H ~ 

[Zn(11)]2+ [Zn(11)(OH)] + [Zn(12)] + 

The equilibrium moves completely towards [Zn(12)] + when the aqueous 
solvent is replaced by CH3CN, and from this it was possible to isolate 
[Zn(12)]C104. 

This appears to be the first example of a macrocycle with a pendant  
enolate, and its characterization in this system supports the suggestion 
that  similar species occur as intermediates in the reaction pathway 
associated with the class II aldolases. Deprotonation of the carbonyl 
methylene group at near  physiological pH corresponds to a change 
in the pKa for this moiety of more than 10 orders of magnitude and 
indicates the extraordinary ability of Zn(II) in a constrained polyaza 
environment to polarize species that  are coordinated to it. The ob- 
servation of simultaneous formation of [Zn(ll)(OH)] +, coincidentally, 
suggested a mechanism for the retroaldol condensation in which the 
class II aldolases catalyze, for example, the decomposition of D-fructose 
1,6-bis(phosphate) into its two aldol components. This requires depro- 
tonation of the C4 hydroxyl group, and it has not hitherto been apparent  
how this is accomplished. It now seems possible tha t  changing the hy- 
drophilicity of the Zn(II) environment may be the means  by which the 
direction of the enzymatic catalysis is controlled (7). 

B. SYNTHETIC RIBONUCLEASES 

The observation that  Ln(III) ions can catalyze phosphate ester 
transesterification, hydrolysis, and RNA cleavage (27) has prompted 
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extensive investigation of the possible use of Ln(III) complexes as syn- 
thetic ribonucleases. The use of macrocycles derived from cyclen with 
four pendant  donors for this purpose is attractive, as they are known to 
form complexes that  are inert toward dissociation (28, 29); and pendant  
alcohols coordinated to Ln(III), which probably occur substantial ly as 
alkoxides at physiological pH (30), can act as nucleophiles in the trans- 
esterification process. 

Early investigations (30) of the rate of internal transesterification 
of the 4-nitrophenylphosphate ester of propylene glycol (HPNP) and 
also on RNA oligomers of adenosine phosphate were carried out using 
Ln(III) complexes ofl igands 13 (31) 14 (32) and 15 (29, 33, 34). 

Me H 
He\ / ~  ~ / ~ / O H  H.,,~__~ / - ~  ~ O H  H / k / - - ~ N / - - - ~  H2 O/ " " \£) 

2N ,N 

" / r~N N-.~ v H O # ~N N.... I Me 

~ " N  N/JA Me L ~N N J .H O ~N N ~ O 

H2N NH2 

13 14 15 

H P N P  acts as a model substrate  for RNA, as shown in Scheme 3. It  was 
discovered that,  for catalysis, the Ln(III) complex requires two vacant  
coordination sites' in cases where a pendant  alkoxide is not available, 
or one if it is. Thus, potentially nine-coordinate Ln(III) complexes of 

H O" 

0 CH3 Ln(lll) complex ,. O~ P''/~CH3 + 
0 .v.-jP.,,O -H + 

o- 
O- NO2 

HPNP NO2 

NH2 NH2 

o 

4' 1' kn(lll) complex 

H "H+ I O~ RIO 
o- "o- 

Adenosine monophosphate oligomer 

SCHEME 3 The relationship between the transesterification of HPNP and RNA cleavage. 
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18 or 14 catalyze transeste "nfica~on, but  those of 15 do not, except 
when the metal  ion is La(III), which is capable of ten  coordination 
(29, 35). It  appears from this that  cooraJn~tion of Ln(III) to the phos- 
phate is essential for catalysis; and if nlkoxido is not available, coordi- 
nation of water (hydroxide at physiological pH) is also required. This 
theory was tested through the synthesis of the Eu(III) complex of new 
pendant  donor macrocycle 17 (36) fi~nn 16 (37). 

H N ~ H  EtsN : ~ ) f ~ N  /N~ONI.. ~ 

16 17 

This complex appears to be a particularly useful precursor to pen- 
dant  donor m.crocycles in which one pendant  a rm is noncoordinat~ 
Jn~, In contrast to octadentate [Eu(15)] s+, the heptadentate  complex 
[Eu(1Y] s+ catalyzes the internal tr-n.esterificafion of the  RNA model 
substrate. Other mJ~ed pendant  donor ligands, 18-92, were also syn- 
thesizod to test  these points (Scheme 4) (38). The heptadontate hydrox- 
yethyl Eu(III) complexes of 18 and 19 were too dissociatively -n . tab le  
to be considered for applicatious, but  the octadentate RmJde-cent-JnJng 
Eu(rrr) complexes of g O - ~  were considerably more stable and were 
found to catalyze intern-I transosterification of the  model RNA sub- 
strate, but  at  a rate about 10 ~mes more slowly than  t.hst of [Eu(l$)] 8+. 

StoichiometrJc tr-n.esterfScation reactions in which the pendant  
hydroxyl group of La or [Eu(18)](CFsSOs)s is phosphorylated, giving 
[Ln(Lq)](CFsSOs)2, have been observed when bis(4-nitrophenyD phos- 
phate or ethyl(4-nitrophenyl) phosphate are used as the substrate (39). 
The reaction is 10-fold faster when the more acidic Eu(IH) ion is used. 

L,n .,'~ NF.~,, N:".I ~ I i0" 

v \ . _ / ~  o 
H O ~ /  R - PhN~ or Et 

~( : : ) ]b  

Advances in this area of work have led to the use of [Eu(18)] s+ as 
a reagent able to cleave the 5' cap t.h.t  forms the te~n;~us of cellular 
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X___/ HO/--/ ~ ~OH 
16 18 

H2, Pd/C 
HO NH2 HO, k___ X / ~  

~ x  N/~N ~/~kO Et3N ~N NH 
~N N ~ BrCH2CONH2 ~"" N N ~] 

20 19 

TS\ ~ Ts\ / ~  /~/OH  NNH 
N~ H N  "Ts s 

H 
I Na2HP04 

Na/Hg 
H2N OH ~ /_jOH 

o.%~,,,, ' - '  ~,~. rHN % ~NN3O 
21 

Br [ ~ ~  
H 2 N ~  NO2 

HN HN NH 
k_J L_/  

HO NO2 

HO/~/ ~ ~ O H  
22 

SCHEME 4 
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and viral RNAs synthesized by RNA polymerase II (40). This is deemed 
significant, as it may provide a way to inactivate the messenger RNA 
transcript which would then selectively inhibit gene expression at  the 
mRNA level (41). The 5'-cap structure is an N7-methylated guano- 
sine tha t  is connected to the 5'-terminal nucleotide of the mRNA 
(transcription initiation site) via a triphosphate linkage between the 
5'-hydroxyl groups of each sugar residue. Through initial experiments 
on a 5'-capped RNA:antisense substrate, it was demonstrated tha t  
[Eu(13)] 3+ effected substantial  decapitation; interestingly, however, 
[Eu(14)] 3+ and [Eu(15)] 3+ did not. 

Detailed experiments on two 5'-cap model compounds, GpppG and m 7 
GpppG, have been used to investigate the chemistry of the [Eu(13)] 3+ 
interaction. 

0 0 
ii O O O 7 .N ,-WILNH 

. L . .  9q_"o1"o-7",o ;J .t 
H2N/'"N/ - - N ~ _ .  O O (~- ~ Ng~" N ' / "  NH2 

HO OH HO" u z "OH 
GpppG 

O 
o o o cH3 - 

• O ...-' U O O- 4' 1' NH2 

H H H 
m7GpppG 

From this, it is evident tha t  the complex acts in a stoichiometric sense, 
binding via a pendant  alkoxide preferentially to a phosphate adjacent 
to a guanosine, or in the case ofm 7 GpppG, to the phosphate adjacent to 
the nonmethylated guanosine, and so inducing cleavage. The principal 
macrocyclic product formed is analogous to [Ln(23)] 2+ with R -- guano- 
sine. The presence of one equivalent of Zn(II) [but not Mg(II)], which 
may aid the cleavage by polarizing the pair of phosphates not under at- 
tack by the pendant  alkoxide, brings about a 15-fold rate enhancement 
of this reaction (42). 

To extend this work so tha t  [Eu(13)] 3+ could be attached to an 
antisense oligonucleotide, which would target the capped end of a 
mRNA, it was necessary to convert the nitro group of ligand 22 to an 
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isothiocyanato group. This was done via the amine 24 and reaction of its 
Eu(III) complex with thiophosgene to give complex 25 (Scheme 5) (43). 
[Eu(25)] 3+ was reacted with a 2'-propylamine modified oligonucleotide 
to give the oligonucleotide-europium complex conjugate, 26 (41). By 
equipping the antisense oligonucleotide with the Eu(III) complex, a 
3-fold higher inhibition of protein expression was achieved than in the 
absence of the attached Eu(III) complex (41). It is possible that this is a 

O2 N~/~-- '~"~ H 2 N ~  
OH /OH 

EU(III) 0 k....N / \N J 

NO/-/~--/ ~--%H HO/--/L_/ ~--~OH 
22 [Eu(24)]3+ 

o  oCe C,C, 
b b ~ N H 2  

o=,~-o- S C N ~  __,o. O ase + 

6H L~N/ -.N. J 
o=P-O- H°/-~ L_J ~OH 

0 

Modif ied ant isense  ol igonucleot ide [Eu(25)] 3+ 

O"~o~Base 

, , H H / ~  

o=P-O- "~ ~ ] __OH 
6 S H2N~.~ X ~ / ~ /  
% O Base ~ ~-N\ /N-..~ 

v °c/uJ 
? oH HO/-y ~ ~--%H 

O = P - O  - 
I O 

% 26 

SCHEME 5 
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result of 51-cap cleavage, involving the same mechanism as that deter- 
mined for the model compounds GpppG and m7GpppG: alternatively, 
it may be that the macrocyclic complex simply exerts a steric blocking 
effect toward one of the proteins important in translation. It was noted 
that the 5'-cap cleavage reaction proceeded slowly and that significant 
loss of Eu(III) from the complex was apparent after 24 h, ultimately 
limiting the extent of 5'-cap cleavage to about 25%. 

Experiments directed toward sequence-specific RNA cleavage have 
been conducted using both 26 and the Eu(III) complex 31 derived from 
27 (44) by the same sequence of reactions used to form 26 (Scheme 6). 
Surprisingly, in view of the results described above, where phosphate 

/ --k 

~ HN NH 

HN NH 3 
NO2 

27 

~-7 
O 3 

02 H O / ~ /  ~-~OH 
28 

1. H2, Pd/C 
2. Eu(Ili) 

C, c, 
N ' / N  ,~ S ~ N D . .  ~ 

NCS HO ~ ~ O H  N 2 HO ~ O H  
[Eu(30)] 3+ [Eu(29)]3+ 

Modified antisense 
~ c l e o t i d e  

H H HO OH 
(9 6 N N / ~  - ~ / - - ' - - ~ / ~ /  , ~ ~ "-~\ / / - - - - " - ~ N  /N- -~  

O----P-O- II ~ I ~Eu / 
I S L ~ N /  "N.. J 
O\ Base ~ \ / ~ .  

~ 0 . . ~  HO / ~ ~ ' O H  

6 6H 
i 

O - - P - O -  I 
O %, 31 

SCHEME 6 
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cleavage was seen to be best  promoted by the Eu(III) complex having 
the greatest  number  of pendant  hydroxyethyl groups, it was found that  
[Eu(26)] 3+ promotes a slightly greater  extent of cleavage than does 
[Eu(31)] 3+, although the difference is jus t  barely beyond the bounds 
of experimental error. Other workers have shown that  the a t tachment  
of pendant  groups to the carbon framework of the macrocycle has a 
destabilizing effect on the Ln(III) complexes (45, 46), and this may be 
a contributing reason. 

C. NUCLEOBASE RECOGNITION REAGENTS 

Molecular recognition of DNA and RNA components is clearly an 
important  biochemical objective that  presents a considerable challenge 
to the synthetic chemist. One approach to this has used pendant-arm 
macrocycles to build upon the earlier observation that  [Zn(cyclen)] 2+ 
is able to bind deoxythymidine (dT) and uridine (U) selectively from 
a mixture of all nucleosides in aqueous solution at physiological pH, 
with binding constants of 105.6 and 10 5.2 M -1, respectively (47). These 
particular nucleosides are differentiated by the presence of the imido 
group (OC-NH-CO) which, upon deprotonation, coordinates to Zn(II) 
via the nitrogen, then hydrogen-bonds to a trans-related pair of cyclen 
NH groups via the two carbonyl oxygen atoms, either directly or with 
the interpolation of a water  molecule (Fig. 5). It occurred to Kimura 
and co-workers that  this binding could be enhanced by the a t tachment  
of a pendant  aromatic moiety to the cyclen, which would be capable of 
engaging in a stabilizing ~ - n  interaction. Accordingly, ligands 32 and 
33 were synthesized using excess cyclen and 9-bromomethylacridine 
(48) or 2-bromomethylanthraquinone (49). 

32 33 

This appears to be the first t ime that  pendant  arms have been de- 
liberately introduced onto a macrocycle to stabilize a hos t -gues t  in- 
teraction in a ternary complex via noncovalent interaction. The effect 
of the pendant  acridine is to stabilize the interaction with dT and U 
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FIG. 5. The or ienta t ion of 1-methylthymine and  the  pendan t  acridine in the Zn(II) 
comp]ex of 32. 

by a factor of about 40, and slightly less in the case of the pendan t 
anthraquinone containing complex. A strengthening of the otherwise 
negligible binding to 2'-deoxyguanosine (dG), presumably because of 
a favorable acridine-purine ~ - ~  interaction, was also noted. The na- 
ture of the z-r~ interaction is clearly seen in the crystal structure of 
the 1-methylthymine adduct of [Zn(32)] 2+, shown in Fig. 5. A similar 
stability enhancement  is seen using ligand 34. 

NO2 

Boc ~ NO2 BOC 
Boc--N N--Boc ,-Boc--N N--BOC " HN NH 

=~'~J N ..~10 NaHOO3 ~'~~N 02 MeOH ~'/N~ 

NO2 
O ~  NO2 34 NO2 Boc 

Ligand 34 acts as a tr identate ligand toward Zn(II), with the anilino 
nitrogen uncoordinated, but  as a te t radentate  ligand with Cu(II) (50). 
[Zn(34)] 2+ binds dT with log K -- 6.9 and the crystal s tructure of the 
1-methylthymine adduct again shows evidence of ~ - z  interaction. 

The interactions of [Zn(32)] 2+ with uracil and thymine have been in- 
vestigated in situations where these nucleobases occur as a part  of a 
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single, polyU, or double-stranded polynucleotide (51, 52). It was discov- 
ered that  [Zn(32)] 2+ interacts with the uracil in polyU through depro- 
tonation of the uracil at N(3) with little interference from the anionic 
phosphate backbone. The structures of double-stranded poly(A).poly(U) 
and poly(dA).poly(dT) were also significantly altered in the presence 
of [Zn(32)] 2+, indicating that  the interactions with U and dT are pre- 
served in this situation also. Experiments with the dinucleotide thymy- 
lylthymidine showed tha t  two [Zn(32)] 2+ entities bind cooperatively to 
the thymidine bases, the binding constant for the second interaction 
being 20 times greater  than  tha t  for the first (53). This cooperativity 
is not seen with [Zn(cyclen)] 2+, highlighting the additional attributes 
tha t  can be provided to these systems by the addition of an appropri- 
ate pendant  arm, particularly as [Zn(32)] 2+ also proved more efficient 
at disintegrating a thymine containing double-stranded octanucleotide 
than  [Zn(cyclen)] 2+. 

Fur ther  work on double-stranded DNA has called for the synthesis 
of ligands 35-39 (54--56). 

L__J k__/ 

35 ~ 36 
1. 

O 
/ ~  ~OEt  CI ~ K2CO3 ~ H N / _ _ ~ N / ~ / X  _HN N~ OEt 

EtO----p~\ ~ 2. HCI, MeOH N /N 

EtO" "~O 38: X = CH 
37 39: X = N 

Ligands 35 and 36 were prepared from precursor 10 and from unpro- 
tected cyclen, respectively, using s tandard methods. Ligands 38 and 39, 
which have the uncommon 1,7-substitution pattern, were prepared with 
4,10-protection of the cyclen residue achieved Using bis(phosphoramide) 
37 (57). The Zn(II) complexes of 35, 36, 38, and 39 as well as 32 selec- 
tively bind to the adenine/thymine-rich regions of double-stranded DNA 
via the thymine base using the fifth coordination site of the Zn(II) ion. 

More detailed work has been done on uracil, to address in particular, 
the question of why the N(1) site is specifically selected for enzymatic 
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glycosylation rather than the more nucleophilic N(3) site (58). To do 
this, uracil was appended to cyclen through its 6 and 5 sites (ligands 40 
and 41) to investigate the ability of both Zn(II) and protonated amines in 
the metal free ligand to facilitate deprotonation of N(1) and to stabilize 
the negative charge at that site. 

cyclen 

0 

+ 

CI 

Zn(Cl04)2 

0 
~ N  1. HBr/MeOH 

H 2. Zn(CI04)2 
10 + ,,- 

Br ~ 

0 

/~i Zn-.. "~ 

[Zn(4e)] + 

0 

/ zo..~ 

[Zn(41)] + 

The findings from this work show that the pKa of the N(1) site is low- 
ered from 9.5 in free uracil to 7.1 in diprotonated (at trans-secondary 
amines) 40 and to about 3.9 in [Zn(40)] 2+. Furthermore, tautomeri- 
zation, through which proton transfer shifts the negative charge to 
N(3), is substantially reduced by Zn(II) complexation or by diprotona- 
tion, providing insight into how enzymatic control over this tendency 
may be achieved. Ligand 41 affords a less favorable geometric arrange- 
ment for positioning N(1) adjacent to the protonated amines of the 
diprotonated macrocycle, or to Zn(II) in the complex; accordingly, the 
pKa of the uracil is reduced to 8.6 (6.0 in the complex) and the conju- 
gate base is predominantly the C(4) enolate anion arising from N(3) 
deprotonation. 

Enhancing the cell membrane-crossing capability of the Zn(II)- 
cyclen-based nucleobase recognition reagents was tackled by using 
pendant-arm macrocycles with a single long-chain alkyl pendant (59). 
These were derived from cyclen by reacting 10 with the appropriate 
alkyl bromide in the presence of Na2CO3 and (n-Bu)4NI, followed by 
deprotection. Of the Zn(II) complexes of ligands 42-45, [Zn(45)] 2+ 
was found to be the most efficient, raising the percentage of dT and U 
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extracted from basic aqueous solution (pH 9) into CHC13, from 0% to 
22% and 13%, respectively, while not facilitating the extraction other 
nucleosides at all. 

H - - ~ / u  R = C3H7: [Zn(42)(dT)] + 
Me R = C8H17: [Zn(43)(dT)] + 

O~'L~N - O R = 012H25: [Zn(44)(dT)] + 
'H 
, H 2-N~ ~N..~ R = C16H33: [Zn(45)(dT)] + 

/U. £n~ 
N ~ NR,..~ dT = deoxythymidine 

The binding of the Eu(III) complex of 46 to [(CG)612, [(AT)6]2, and calf 
thymus DNA has been observed (60). 

Me 

~ M e  ~ "h 
O ~ H v ~ ~  ~ /__._ Ph N 

M O / ~  / - , , /  HMe 

This is believed to occur by intercalation of the positively charged 
phenanthridinium unit, and it is noted that this occurs 50 times more 
effectively at the electron-rich C and G bases than at the AT sites. 
Ligand 46 was prepared by reaction of the acid chloride form of the 
pendant (61) to the molybdenum tricarbonyl complex of cyclen (62). 
The monosubstituted cyclen was then reacted with 3 moles of (R)- 
or (S)-N-(2-chloroethanoyl)-2-phenylethylamine (61). Quarternization 
was achieved by reaction of methyl iodide with the Eu(III) complex (61). 

D. OXYGENASE PROMOTERS 

Aseriesofdioxocyclam(cyclam = 1,4,8,11-tetraazacyclotetradecane) 
based ligands (63-65) have been equipped with a single pyridyl moiety, 
forming ligands 47-49, for the purpose of studying their potential for 
monooxygenase activity and its effect on DNA cleavage (66). Ligand 50 
was produced as a reference compound. 
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These endeavors expand on an earlier observation of monooxygenase 
activity by the five-coordinate nickel(II) complex of dioxopentamine 51 
(67) by replacing a ring nitrogen atom with a pendant  nitrogen atom. It 
was found that  [Ni(47)] reacts with an equimolar amount  of dioxygen 
to  produce [Ni(52)]. By comparison with results from 48-50,  it was 
shown that  for this type of system to have monooxygenase activity, it 
is necessary for it to have a five-coordinate structure, with both amides 
deprotonated, apical coordination of the pyridine, and at least one C - H  
proton between the malonylamide groups. The formation of [Ni(52)] 

° 

02 
~ . H  

OH 
[Ni(47)] [Ni(52)] 

is believed to proceed through a 1 : 1 02 adduct. Like [Ni(51)], [Ni(47)] 
and, to a lesser extent, [Ni(48)] have the ability to activate oxygen to 
cleave plasmid DNA, but  can perform this at  pH 7.9, ra ther  than 9.5; 
therefore, they may be more practical DNA cleavage reagents under 
physiological conditions. 
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III. Luminescent Sensors 

Chemical sensors generally consist of two components separated by 
a spacing linkage: a recognition unit  tha t  selectively interacts with the 
analyte, and a signaling unit tha t  indicates the occurrence of a recogni- 
tion event. One of the easiest and most sensitive signaling mechanisms 
that  can be utilized in practical devices is a change in the fluorescence 
or luminescence of the sensor. In sensors where a metal ion is involved, 
macrocyclic ligands provide a convenient way of positioning the metal  
ion in a kinetically inert  species. A fluorophore can then be attached as 
a pendant  group to the macrocycle, with or without the capability for 
binding to the metal ion, in accordance with the demands of the individ- 
ual  sensor. Alternatively, changes in the luminescence of a lanthanide 
ion [Ln(III), usually Eu(III) or Tb(III), which luminesce in the visible 
region] can be used as indicators of changes in the concentration of the 
analyte. Again, pendant  donor macrocycles, especially those providing 
eight coordination, are useful, since they produce an inert environment 
for the Ln(III) ion. The weak absorbance bands in Ln(III) spectra re- 
quire tha t  for adequate luminescence an antenna chromophore be at- 
tached to the molecule. In favorable cases, this absorbs strongly at a 
suitable wavelength and transfers the excitation energy to the Ln(III) 
ion, raising it to an excited state from which it can radiatively decay. 
The at tachment  can conveniently be done by allowing the antenna to 
form a par t  of one or more of the pendant  donors. 

A. COMPLEXES WITH PENDANT FLUOROPHORES 

A pH-sensing system has been designed by attaching an anthracene 
moiety (the fluorophore), through a methylene group, to an ethylamine 
linkage that  is pendant  to one of the secondary amino groups in 

% 
H N+ 

H20, OH f k I i N . , .  OH 

,2 
H "H H "H 

[Ni(53)(H20)] 2+ 
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cyclam (68). Depending on the pH, the Ni(II) complex of this ligand, 
53, may be square-planar, with the pendant amine protonated; octahe- 
dral, with the pendant amine coordinated and a water molecule trans to 
it, or octahedral, with the pendant amine coordinated and a hydroxyl 
ion trans to it. The complex shows its maximum fluorescence below 
pH 2; but this reversibly reduces by about 40% between pH 2 and 
pH 5, as the aquo species forms, then again between pH 7 and pH 
10, effectively to nothing as the hydroxo species forms. 

The observation that Zn(II) incorporation into apocarbonic anhydrase 
in the presence of dansylamide raises the fluorescence of the dansyl- 
amide (69) has led to the adoption of the dansyl group as a pendant 
accessory to cyclen to generate a Zn(II)-sensitive fluorophore 54 (70-72). 

(-".% 
Boc--N N--Boc 

10 Boc 

Me~N~le 
Me..N.Me 

05/S- N/~-. 1 

~. Boc --N N--Boc 
KI/K2CO3 in CH3CN ~ N~,,> 

Boc 

Deprotection 

HCI~/MeOH 
54 

The Lewis acidity of the incoming Zn(II) ion deprotonates the sulfon- 
amide group in aqueous solution at physiological pH, giving a single 
species which has been characterized by X-ray crystallography as that 
shown in Fig. 6. The fluorescence of the free ligand is enhanced by a 

FIG. 6. Molecular s t ructure  of the  Zn(II) sensor  formed from ligand 54. 
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factor of 4.9 upon Zn(II) incorporation and the emission wavelength is 
blue-shifted by 27 nm. The only other metal ion having a comparable 
effect on the fluorescence is Cd(II), and the only biologically significant 
interfering metal is Cu(II), which has a higher formation constant with 
54_H than Zn(II) and quenches the fluorescence. 

Temperature sensing has been suggested using the Ni(II) complex of 
ligand 55 (73). 

55 

In this case, increasing the temperature between about 27 and 65°C 
gradually switches the complex from a blue octahedral form, where two 
solvent molecules are coordinated in a trans relationship, to a yellow 
square-planar form. As this occurs, the fluorescence from the pendant 
naphthalene moiety increases by a factor of about 2.5 and is easily 
discernible in a micromolar solution of the complex. 

B. LANTHANIDE COMPLEXES WITH PENDANT ANTENNAE 

Luminescent sensors for pH, pO2, halide, and hydroxide concentra- 
tions have been developed using the Eu(III) and Tb(III) complexes of 
ligands 46 and 56 in their N-methylated, nonmethylated, or protonated 
forms (61, 74). 

0-~" O- H ~N~] 
~ ,r'~Me N ...../P--.~/.;.<... / /  %. 

0 %P-Me 56 

o-  

Ligands 56 and 46 were made by the same procedure except that in 56 
N-(2-chloroethanoyl)-2-phenylethylamine was replaced by a combina- 
tion of paraformaldehyde and MeP(OEt)2 and the resulting triphosphi- 
nate ester was subjected to base hydrolysis. 

The principle behind the sensors is that the level of Ln(III)-based 
delayed luminescence, arising from the intramolecular energy transfer 
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that  flows from the UV excitation of the antenna chromophore (the 
pendant  phenanthridine),  can be perturbed by the prevailing concen- 
tration of the analyte, each of which interacts with the chromophore 
in a different way. Protonation at the phenanthridine nitrogen in non- 
methylated 46 and 56 increases the intensity of the UV absorption by 
a factor of about  2, and shifts the longest absorption wavelength from 
about 350 nm to about  370 nm. For this reason, and because protona- 
tion diminishes the quenching of the intermediate singlet excited state 
by charge t ransfer  to Eu(III), excitation at 370 nm of the Eu(III) com- 
plexes of nonmethylated 46 and 56 produces a sigmoidally increasing 
fluorescence as the pH is reduced from 7 to 2. With the correspond- 
ing Tb(III) complexes, excitation at the isosbestic wavelength (for the 
protonated and neutral  phenanthridine) induces pH-dependent  lumi- 
nescence in the opposite direction, with the neutral  form of the com- 
plex quite strongly emissive. This luminescence, however, is dependent 
on the level of dissolved oxygen. Thus, the Tb(III) complexes of non- 
methylated 46 and 56 can act as combined pH and 0 2 sensors, or, if 
N-methylated, as 02 sensors alone (61, 75). N-Methylated 46 and 56 
undergo reversible hydroxide ion addition, as shown in Scheme 7. Since 
this results in the loss of the absorption band at 358 nm from 46, Eu(III) 
luminescence, induced by excitation at 360 nm, is correspondingly re- 
duced as the pH changes from 10 to 13. N-Methylphenanthridinium 
fluorescence is quenched by charge transfer from halide ions to the sin- 
glet excited state of the cation. Thus, the intensity of Eu(III) lumines- 
cence of complexes of 46 and 56 is sensitive to the presence of chloride 
ions at physiological concentration levels and may be used to determine 
their concentration. Interference from other biologically significant an- 
ions, such as citrate, lactate, bicarbonate, or hydrogen phosphate, is 
minimal. 

To assess the effect of distance between the antenna  chromophore 
and the Eu(III) center on luminescence sensitization, a series of four 
additional Eu(III) complexes, ofligands 57-60,  each having the pendant  
phenanthridyl  group at a different distance from the Eu(III) center, 
have been synthesized for comparison with [Eu(46)] 4+ (76). 

Me Me 
J I N ÷ ~ O H  

3 ~  4- OH" pEoN = 11.94 

;L m a x  = ~, m a x  = 3 2 5  n m  

SCHEME 7 Reaction wi th  O H -  tha t  allows [Eu(46)] 4+ to operate  as  an  O H -  sensor. 
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The finding was that the Eu(III) ion and the chromophore distance for 
50% attenuation of the sensitisation is about 5.5 A. 

Wide-range pH sensors have also been made using the Eu(III) com- 
plexes of ligands 61 and 62, which are prepared from the appropriate 
~-haloamide of 2-methylquinoline reacting either with cyclen or with 
the molybdenum tricarbonyl complex of cyclen (62) followed by phos- 
phinoxymethylation and base hydrolysis (77). 

o (N 

Me 61 ~ - ' ~  N ~'~ Me 

O~,-, ,'O- H ~ .,Me 
~ ,r'~Me N~/2 

r--N N-~ O~ 
O- ~N N ~ 

O Me O~.~-Me 
O- 

62 

The delayed Eu(III) emission is switched on in acidic solution and be- 
haves similarly to Eu(III) with 46 and 56, providing pH sensing in the 
range pH 2.5-6.5 in the case of [Eu(61)] 3+, and over a narrower range 
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(4.5-6.5) for [Eu(62)], which has only a single quinolyl nitrogen atom 
available for protonation. In the acidic range, the fluorescence emission 
from the ligand in either complex shows no significant change; rather, it 
undergoes a marked reduction between pH 8 and 11 as the aryl amide 
proton is removed, providing pH sensing in a region complementary to 
that  accessed by observing the Eu(III) emission. The luminescence of 
[Tb(62)] shows enhancement  only in acidic conditions in the absence of 
oxygen (which quenches the triplet state of the antenna chromophore). 
This complex has been proposed as a molecular logic gate correspond- 
ing to a two-input INHIBIT function (78): A response, luminescence 
enhancement,  is observed as a result  of jus t  two chemical inputs - - the  
presence of protons and the absence of oxygen. 

Selective sensitivity to bicarbonate concentration of Ln(III) lumi- 
nescence, or the NMR relaxivity behavior of Gd(III) complexes (see 
Section IV), has been discovered using the heptadentate  ligands 63 and 
64 (79, 80). These allow for the coordination of two water  molecules in 
the Ln(III) complexes, both of which undergo simultaneous replacement 
by a chelating bicarbonate ion. This induces a sudden drop in the NMR 
relaxivity and a sudden increase in luminescence. Other anions do not 
appear to replace both water  molecules simultaneously, and so the ef- 
fect with them is not as marked. Ligands 65-70 were also prepared 
during the course of this work. 

H H 

x 

\ ~ ,H \ ~ ,H 
Ph r /N N~ 

H " /  " L " ]  ",,,fl_ H '  cox LNr~'N N I]N'~ 
~,Ao 4"-~" N , N N "~ Me \ / ~ - 
"'~ Y ~ ' ~  HMe O//--" ~ .  H "H'Me 

O O~.. H~ph O~.N~cox 
64 X=O- 

63 65 X= OEt 

H H H H H ~ O O X  
N ~ M e  H N ~ M e  

O~,... ~ P h  H ,,. O.-.~/ ~ Z ~ . .  H .... H O'~ ' / N ~  I 
" 1  . , N ~ " ~ M e  I ~ ~ ' M ~ / N ~  Me 

H p h ~N N... O cox ~N N-.~ O L r ~N N h O ~ o x  

o//-~ I H E Me O/'~-/ ~H ~ Me 

O'~L'N'~ph 67 X=O- O~L"N~cox 69 X=O- H--~--CO x 
66 68 X= OEt 70 X= OEt 

Formation of 63 was achieved with three equivalents of (R)-N- 
(2-chloroethanoyl)-2-phenylethylamine using cyclen that  was p-meth- 
oxytosy!ated at one amino site. Deprotection was achieved reductively 
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using Na with liquid ammonia in an EtOH-THF mixture. Ligand 64 
was formed without protection of a cyclen amino site by alkyation un- 
der mild conditions with (S)-ethyl-N-2-chloroethanoylalanate followed 
by hydrolysis of the Ln(III) complexed triester. 

Another instance of eliminating two water molecules coordinated 
to Ln(III) and thereby inducing a marked luminescence increase has 
been found using the pendant p-substituted benzene sulfonamides 
71-74 (81). 

C02" 
o o- 

R OCH3 - O ~(~ f_~ .o o o 

(= =; =. (= 

71 R = OF 3 -O O 

72 R = CH3 74 
73 R = OCH3 

In the Ln(III) complex, the sulfonamide nitrogen atom is uncoordinated 
while protonated; but on deprotonation, which commences above pH 
5-6 depending on the p-substituent, it coordinates, displacing two wa- 
ter molecules and initiating an increase in luminescence which max- 
imizes when deprotonation is complete at about pH 7.5. Within this 
pH range the level of luminescence can be used to measure pH to 4-0.1 
units. Interference from bicarbonate is obviated by using 74, which 
generates tri- or tetraanionic complexes. The various arylsulfonamides 
were introduced onto the cyclen ring by ring opening of the appropri- 
ate arylsulfonylaziridine with tris(t-butoxycarbonylmethyl)cyclen, fol- 
lowed by trifluoroacetic acid deprotection. 

Selective signaling of Zn(II) ions by modulation of the Tb(III) lumi- 
nescence in a macrocyclic complex carrying a combined antenna chro- 
mophore and pendant ligand designed specifically for Zn(II) has been 
noted using ligand 75 (82). 

~ '  ~ N  N ~  OH 

"~'~" H ~ /  ~ ' X  

75 HO' '~O 
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This ligand is formed by reaction of the chloromethyl form of the pen- 
dant  group with tris(t-butoxycarbonylmethyl)cyclen followed by hydrol- 
ysis of the result ing triester. 

IV. Contrast Reagents for Magnetic Resonance Imaging 

Magnetic resonance imaging (MRI) is now a widely used clinical 1H 
NMR technique tha t  provides images of t issues and organs based on 
their water  distribution. The intensity of the water  resonance increases 
in the presence of a deliberately injected paramagnetic contrast  reagent 
because of the relaxation-time reduction that  occurs for the protons in 
its vicinity. This provides contrast in the image received from water- 
containing areas to which the paramagnetic reagent  distributes, com- 
pared to those where it does not. Gd(III) complexes are favored for 
this application because of the high magnetic susceptibility and long 
electron-spin relaxation time of the Gd(III) ion; however, at the dose 
levels used in MRI work, free Gd(III) is too toxic to be used and must  be 
injected as a kinetically stable, water-soluble complex. To induce a rea- 
sonably high relaxivity, the kinetically stable complex must  facilitate 
exchange of water  molecules between the aqueous environment and, 
ideally, the pr imary coordination sphere of the complex. This necessi- 
tates that  at  least  one coordination site on the generally nine-coordinate 
Gd(III) ion not be occupied by the ligand donor atoms. Eight-coordinate 
pendant  donor macrocyclic ligands are able to strike a satisfactory bal- 
ance, producing Gd(III) complexes with sufficient stability and suffi- 
cient relaxivity. Three that  have been approved for clinical use to date, 
as their Gd(III) complexes, are 76-78. 

o N3 

76 

H N N FN oH 

. o  . 3  Ho Ho 
¸̧  

77 78 

These are marketed  as Dotarem, ProHance, and Gadovist, respectively. 
Dozens of other Ln(III) complexes ofcyclen-based ligands, too numerous 
to detail here, have also been investigated, either as potential MRI 
reagents or to shed light on the factors important  in optimizing the 
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relaxivity. Several excellent reviews on the subject summarize recent 
work and predict its future directions (83-86). 

V. Tumor-Directed Radioisotope Carriers 

Directing radioisotopes to tumor sites has become an achievable aim 
following the isolation ofmonoclonal antibodies that target the antigens 
produced by tumors. Gamma-emitting indium-i l l  and gallium-67 are 
particularly suitable isotopes for imaging purposes and beta-emitting 
yttrium-90 is used for therapeutic work. Thus, the challenge for the 
inorganic chemist is to attach the desired radioisotope to the antibody. 
As with magnetic resonance imaging, it is essential to lock the radioiso- 
tope ion into a kinetically stable complex to eliminate toxic effects that 
may arise from its binding within the body, and, if possible, to use the 
nature of the complex to direct the radioisotope to a particular bodily 
organ and the tumor therein (87). 

In pursuit of the imaging objective, 111In(III) has been incorporated 
into ligand 79, which involves the macrocycle 1,4,7-triazacyclononane 
with three pendant acetate moieties (88). 

CO2 H CO2H 

LNr-- N j . 

HO2 CjJ 
79 

This produces a neutral six-coordinate species with the requisite in- 
ertness and good tumor uptake (89). Attachment of this species to the 
appropriate antibody is accomplished by means of the carbon-attached 
pendant group which terminates in a maleimide moiety. This can be in- 
duced to couple with a thiol that exists as a part of a favorably positioned 
cysteine residue in the antibody or has been introduced by reacting an 
exposed lysine residue in the antibody with 2-iminothiolane (Traut's 
reagent). 

Incorporation of 9°y(III) into a kinetically stable complex suitable 
for attachment to an antibody calls for an octadentate ligand, and so 
pendant-arm cyclen derivatives are appropriate. In particular, two or 
three antigen-binding fragments of an antibody (Fabs) have been at- 
tached to the di- or trimaleimide ligands 80-82 (Scheme 8) (90, 91) 
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derived from cyclen te t raacetate  (DOTA) or cyclen tris(methylphos- 
phinate). Multiple antigen-binding fragments crosslinked by the macro- 
cycle are favored over a single Fab attachment,  as this leads to faster  
blood clearance and a greater concentration of the radioisotope at the 
tumor site. In a further development, intended to direct the 9°y(III) as 
closely as possible to the chromosomal DNA of tumor stem cells (the 
target), ligand 83 (Scheme 8) has been produced (92). Ligand 83 has 
all the at tr ibutes of 82, but  in addition carries a pendant  9-substi tuted 
acridine, which is a known DNA intercalator. 

VI. Surfactants 

Pendant  donor macrocycles have been investigated as a basis for pro- 
ducing cationic surfactants. The potential ligands 86-90  can easily be 
produced in an elegant two-step synthesis starting from 84 (93, 94). 

~N.~..~N ~ Br(CH2)3Br/ ~N.~...N ~ 
KOH / NaBH4 [.,v.. j 

84 85 

gr 

+ jN 

OCnH2n+l L . ~  Br 

86 n=l ~" II 
87 n=12 
88 n=14 | 
89 n = 16 OCnH2n+l 
90 n=18 

Ligands 87-90 have been found to have critical micelle concentrations 
(cmcs) below 10 -4 tool dm -3, about  an order of magnitude less than 
tha t  normally found for cationic surfactants, owing to the hydropho- 
bic nature of the head group and the dispersed nature of the charge. 
At higher concentrations, and with increasing temperature,  lyotropic 
hexagonal, cubic, and lamellar phases are successively formed, allow- 
ing the surfactant molecules to be organized in a predetermined man- 
ner. Corresponding compounds derived from the nine-membered tr iaza 
macrocyclic orthoamide analogous to 85 have been prepared, but  are 
unstable in water  (94). 

Metallosurfactants, where the cationic head group is a polyaza macro- 
cycle or cavitand containing a strongly coordinated metal ion and the 
hydrophobic tail is a pendant  a rm attached to a nitrogen atom of the 
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head group, have also been investigated. Compound 91 has  been formed 
by treating the parent  cryptand (95) with palmitoyl chloride in the pres- 
ence of base (96). 

(5o / 

91 

Both 91 and  its Cu(II) complex form unilamellar vesicles of about 
400 nm diameter tha t  are indefinitely stable in water. 

A series of metallosurfactants based on structure 92 has also 
been prepared by reacting a large excess (20 equivalents) of 1,4,7- 
triazacyclononane with the appropriate 1,2-epoxyalkane, in either the 
racemic or an optically active form (97). 

R 

o .  

n = 6 , 8 , 1 0 , 1 2 , 1 4 , 1 6  

92 

The crystal s t ructure of the racemic Ni(II) complex of one of these has 
been solved, and the alkyl chain (C10H21) was found to lie in the fully 
extended conformation, as shown in Fig. 7. The cations pack into a 
lamellar s tructure that  is formed from an antiparallel arrangement,  

N 

0 N 

N 

FIG. 7. The solid-state s t ruc ture  of a single cation of the  su r fac t an t  [Ni(92)(H20)2]C12, 

where  R = C10H21. 
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where al ternating layers within the structure have opposite chirality. 
Both the Ni(II) and Cu(II) complexes form micelles with cmcs in the 
millimolar region. In the case of the structurally characterized surfac- 
tan t  cation shown in Fig. 7, small-angle neutron scattering experiments 
show tha t  the micelle consists of about 50 cations and has a radius of 
about 34 A. 

VII. Molecular Receptors 

Four-armed pendant  donor macrocycles derived from cyclen invari- 
ably coordinate to a metal ion in such a way tha t  all four pendant  arms 
project in the same direction. If, in addition to carrying a donor group, 
these arms also have a phenyl or polycyclic aromatic group attached to 
them, the possibility arises of using the coordination of the ligand to a 
metal ion as a way of assembling a molecular receptor with a substantial  
hydrophobic cavity tha t  arises from the juxtaposition of the aromatic 
groups. On rare occasions, the inclusion of a small molecule has been 
observed adventitiously in situations where the macrocyclic complex 
was prepared for another purpose (98). An example is shown in Fig. 8, 
where an acetonitrile molecule has been captured within the confines 
of a cavity formed from four quinolyl groups which have juxtaposed 
as a consequence of the coordination of the remainder of the ligand to 
sodium(I). The three hydrogen atoms of the acetonitrile molecule are 

FIG. 8. Inclusion of acetonitrile within the cavity of the sodium(I) complex of a cyclen- 
based ligand carrying four pendant quinolyl groups. 
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located at distances of 3.082, 3.067, and 3.344 A from the centers of 
C--C bonds in the aromatic rings, suggesting that  C--H/~ interactions 
(99) are responsible for its retention in the cavity. 

More deliberate at tempts to set up molecular receptors based on cy- 
clen with four pendant  donor arms, which assemble into an appropri- 
ate conformation in the presence of an eight-coordinate metal ion, have 
been described recently (100). The objective of this work has been to 
initiate a means by which the well established phenomenon seen in 
biology, whereby a protein (the ligand), a metal ion, and a substrate 
(the guest) come together in the assembly and subsequent  functioning 
of a metalloenzyme, could be simulated. Hydroxyethyl ligands 93-97, 
which are all formed by the reaction of the appropriate epoxide with 
cyclen, have been investigated for this purpose. 

H H  H H  

%.:N N. ~ I  %.:.N N. ~ I  

93 94 

HO OH HO OH 

o o  

:.N N, -,J % :N N . : , ~  r~ k ~ / ~ l ~  ,~, k ~ / ~ , N  
.l J \  /'.,.h 

95 96 97 

In cases where the epoxide is chiral, an optically pure form is used 
to ensure that  the resulting ligand is homochiral. These ligands as- 
semble into a cone conformation upon complexation with a cavity that  
varies from being negligible in 93 and 94 (101, 102), to saucer-shaped 
in 95 (103, 104), to quite deep in 96 and 97 (100, 105). The dimensions 
and shape of the cavity can be varied according to the ionic radius of 
the metal ion that  is incorporated (103, 104). With Cd(II), the cavity 
that  is created with ligand 96 is an effective receptor site for aromatic 
anions such as p-toluenesulfonate (100), p-nitrophenolate (100, 105- 
107), (L)-phenylalaninate (106), and p-aminobenzoate (106), all of 
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s t r u c t u r e  of  [ C d ( 9 6 ) ]  . FIG. 9. Inc lus ion  of p - t o l u e n e s u l f o n a t e  w i t h i n  t he  2+ 

which have been observed through X-ray diffraction studies to bind 
within the cavity in the solid state. Some of these structures are shown 
in Fig. 9-11. It is evident from the structures tha t  the anions bind to 
the cavity predominantly through the agency of two or more hydrogen 
bonds formed from the oxoanion to the pendant  hydroxyl groups. There 
is no evidence for ~ - ~  interaction between the aromatic groups com- 
prising the walls of the cavity, or between the guest and any of these; 
however, in the case of the bis(p-nitrophenolate), shown in Fig. 10, the 
two guests are situated in a face-to-face arrangement  with a separation 
of 3.23/~ indicative of an inter-guest ~-r~ interaction. In all cases, the 
distance between the anionic center and Cd(II) is greater than  3.9/~, 
indicating tha t  direct electrostatic interaction between the ions is not 
a major contributor to the stabilization of the anion within the cavity. 

NMR and conductivity studies indicate tha t  these structures are 
substantially preserved in DMSO and methanol solutions. Binding 
constants for the host-guest  interactions determined in DMSO so- 
lution are shown in Table I as log (K/M -i) values (106). It can be 
seen from a comparison of these tha t  the depth of the cavity does not 
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Fro. 10. The double inclusion of p-nitrophenolate within the cavity of [Cd(96)] 2+. 

FIG. 11. The inclusion of the amino acid anion (L)-phenylalaninate within the structure 
of [Cd(96)] 2+. 
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TABLE I 

BINDING CONSTANTS [log (K/M -1] FOR GUEST ANIONS WITH RECEPTOR COMPLEXES OF 93, 95, AND 96 
DETERMINED BY 1H N M R  TITRATION IN DMSO-d6 AT 298 K 

Guest 

Receptor Metal ion p-Nitrophenolate p-Nitrobenzoate Phenoxyacetate Acetate (D)-Histidinate (L)-Histidinate 

93 Cd(II) 3.2 3.9 3.6 
95 Cd(II) 4.0 4.9 3.7 3.6 
95 Pb(II) 3.4 3.1 
96 Cd(II) 4.2 4.5 >5 3.3 4.2 4.2 

always make a substantial  difference to the binding constant, providing 
it is formed from aromatic moieties, tha t  aromatic guests are favored 
when this is the case, and tha t  Cd(II) forms a better receptor cavity than  
Pb(II) for the guests in question. This last point presumably relates to 
the greater ionic radius of Pb(II), which increases the distances between 
the hydroxyl hydrogen bond donors, hence they are less favorably posi- 
tioned for the guest anion to bridge than  are those in the Cd(II) complex. 

These receptors are inherently chiral because the spiraling of the 
pendant  arms in either a A or A conformation, and also because of 
the stereogenic center in each arm at the point of a t tachment  of the 
hydroxyl group in 94-97; however, no thermodynamic or kinetic chiral 
discrimination between enantiomeric guests has yet been observed. 
For example, the binding constants for the (D) and (L) enantiomers of 
histidinate with [Cd(96)] 2+ are the same within experimental error, 
despite the fact tha t  there are significant differences in the 1H NMR 
spectra of the diastereomeric host-guest  complexes, indicative of 
a different binding environment for each enantiomeric form of the 
guest (106). 
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I. Introduction 

Among inorganic heterocycles, perhalogenated cyclic phosphazenes 
occupy a very prominent place as the precursors for polyphosphazenes 
whose properties can be tuned by changing the substituents on the 
phosphorus sites (1). The heterocycles, as such, provide a robust frame- 
work for building a variety of novel molecules that have high thermal 
stability and flame retardancy, and have also been used recently to 
prepare a variety of dendrimers (2). The most widely studied among 
these are the perchlorinated cyclophosphazenes. Their syntheses~ reac- 
tions, properties, and application potential have been well documented 
(1, 3-7). 

Surprisingly, although perfluorinated cyclic phosphazenes have been 
known for a long time and their reactivity well explored by various re- 
search groups, with the exception of a brief summary (8), no attempts 
have been made to consolidate this interesting chemistry. Compared 
to chlorophosphazenes, the fluoro analogs are more stable, more highly 
volatile, and less reactive. Another notable difference is the lower basic- 
ity of the ring nitrogen atoms, this arises from the high electronegativity 
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of the fluorine atoms attached to the phosphorus centers and facil- 
itates a much cleaner reaction with organometallic compounds such 
as organolithium and Grignard reagents (9). A wide variety of reac- 
tions carried out on perfluorinated cyclic phosphazenes have shown 
that  the reactivity of the P - F  bonds of these heterocycles differs dis- 
tinctly from that of the P-C1 bonds of chlorophosphazenes. This review 
consolidates the properties and reaction chemistry ofperfluorinated cy- 
clophosphazenes, with an emphasis on comparing their reactivity with 
that  of the perchlorinated analogs. 

I I .  Synthesis of Perfluorinated Cyclic Phosphazenes 

In contrast to chloro- and bromophosphazenes, for which a variety of 
synthetic methods have been reported, the only effective way of mak- 
ing fluorophosphazenes has been by fluorinating chlorophosphazenes 
to per- or polyfluorinated derivatives using a variety of fluorinating 
reagents. The fluorinating agents that have been successfully utilized 
are PbF2 (10-12), KSO2F (13-19), AgF (10, 11, 20), AgF2 (3), SbF3 
(18, 21-23), NaF (3, 17, 24-26), KF/18-crown-6 (27), and Et3N.HF (28). 
Among these, the most effective method for making N3P3F6 (1) and 
N4P4Fs (2) involves the use of NaF in a polar solvent such as acetonitrile 
or nitrobenzene (25). The larger rings, such as (NPF2)5-12, are prepared 
from the mixture of the corresponding perchloro compounds by using 
potassium fluorosulfite, KSO2F (19). The individual compounds are 
separated by distillation and purified by gas-liquid chromatography. 
Cyclic fluorophosphazenes up to (NPF2)4o have been detected chromato- 
graphically. 

F 
F F F--.. [ \ / /P---N\ /F 

N/'PxN N P \  
rx[ I[/F F... IJ q F 

/P \  /N 
F/P'~'N/PXF F N_=p....F 

F 
(1) (2) 

Fluorination of chlorophosphazenes, especially the trimeric phos- 
phazene, has been the subject of studies primarily to understand the 
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mechanism and regiospecificity involved in metathet ical  reactions. 
Reactions of three fluorinating reagents have been studied in detail: 
namely, NaF, KSO2F, and SbF3 with catalytic amounts  of SbC15. Fluo- 
rination reactions of(NPC12)3_5 with anionic reagents, NaF  (for trimer) 
and KSO2F (for te t ramer  and pentamer), all follow a geminal pathway 
(17, 29). At the tr isubsti tut ion stage for the tetramer, 2,2,4- rather  than 
2,2,6-substitution is favored, while for the pentamer  equal amounts 
of both the isomers are formed. Approximate kinetic studies indicate 
that  the rate of fluorination of a P(F)(C1) center is greater  than that  
of a PC12 center by a factor of 9 for the trimer, 7 for the pentamer, 
and 100 for the tetramer. In contrast to these systems, fluorination 
using an SbF3/SbC15 mixture results in the formation of nongeminal 
derivatives (30). This difference is also observed in the fluorination 
of dimethylamino-substi tuted trimeric chlorophosphazenes. Reaction 
of N3P3C15NMe2 with NaF or KSO2F results in the fluorination of the 
PC12 groups first, with the chlorine atom geminal to the dimethyl- 
amino group being the most difficult one to react  (31). The reverse 
is observed when SbF3/SbC15 is used as the fluorinating agent. A 
similar pat tern of behavior is observed in the partial  fluorination of 
2,4-N3P3C14(NMe2)2 to give 2,4-N3P3C12F2(NMe2)2, where KSO2F ef- 
fects substi tution at the PC12 centers and SbF3 at the P(NMe2)C1 
sites (18). 

The geminal pa thway followed in fluorination reactions using fluoride 
salts, such as NaF, and the rate of acceleration on going from a reaction 
at a PC12 center to the one at a P(F)C1 center have been explained using 
an electrostatic argument.  The presence of the highly electronegative 
fluorine atom increases the positive charge on the phosphorus atom, 
thus favoring nucleophilic attack. In tetrameric compounds, a PF2 cen- 
ter competes effectively for lone-pair electron density on an adjacent 
nitrogen atom relative to an adjacent PC12 group; this increases the 
positive charge on the PC12 center and favors fluorination at that  cen- 
ter, resulting in 2,2,4-regioisomer formation. The nongeminal pathway 
followed by the antimony reagents was thought to result  from the co- 
ordination of the antimony compound, a Lewis acid, to the most basic 
nitrogen atom in the ring (18). 

The electron-withdrawing ability of the fluorine atom can draw 
electron density from an adjacent nitrogen atom, making a distant 
nitrogen more basic. A second effect is the shortening of the P-C1 bond 
in a P(F)C1 vs. a PC12 center (32). Thus, an incoming Lewis acid will 
interact with the phosphazene at a site that  is distant  from the P(F)C1 
site. 
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I I I .  Physical and Spectral Properties of Perfluoro Cyclic Phosphazenes 

In general, perfluorinated cyclic phosphazenes are low-melting solids 
or liquids at room temperature.  In Table I are listed some of the impor- 
tant  physical and spectral properties of the homologous series of cyclic 
fluorophosphazenes (PNF2)n (n - -3 -11)  (19). The boiling points of the 
cyclic fluorophosphazenes are similar to those of sa tura ted  aliphatic 
fluorocarbons of comparable molecular weight. The hexameric phos- 
phonitrilic fluoride (M--  498) boils 21.9 ° higher than perfluorononane 
(M = 488), while the decameric phosphonitrilic fluoride (M -- 830) boils 
only 1.2 ° below perfluorohexadecane (M = 834). The entropies of va- 
porization of the phosphonitrilic fluorides are high and tend to in- 
crease with molecular weight. Unlike fluorocarbons, the cyclic phos- 
phonitrilic fluorides are flexible molecules. The infrared spectra show 
no evidence of the multiple peak characteristics of  configurational iso- 
merism observed in the hydrocarbon series. Barriers to internal mo- 
tion in the fluorides are therefore small. Fur ther  evidence that  the 
molecules can fold in on themselves economically is obtained from 
the molar volumes Vm = (43.753n + 8.19) ml, within an average de- 
viation of 0.27 ml. This constant term, which is a measure  of the vol- 
ume made unavailable by ring closure, is 13.3 ml for the parallel series 
of cyclic dimethyl siloxanes and approximately 20 ml for cycloparaf- 
fins (19). Based on this argument,  the fluorides are the most flexible 
of the three series. Molecular flexibility is further demonstrated di- 
rectly by viscosities. The viscosity of the pentameric fluoride at 25°C is 
1.37 cp, while for decamethyl pentasiloxane, the corresponding value is 
3.824 cp (19). 

Also found in Table I are the P - N  stretching frequencies obtained 
from the infrared spectra of the cyclic phosphazenes. These values fall 
in the range 1297-1408 cm -1. For the chlorophosphazenes, (NPC12)n 
(n = 3-6), this frequency is observed in the range 1218-1354 cm-l(3). 

T A B L E  I 

PHYSICAL, THERMODYNAMIC, AND SPECTRAL PROPERTIES OF ( P N F 2 ) n  

n i n  ( P N F 2 ) n  3 4 5 6 7 8 9 10  11  

m p  (°C) 27.1 30.4 - 5 0  - 4 5 . 5  - 6 1 . 0  - 1 6 . 9  < - 7 8  - 5 1  < - 7 8  
bp (°C) 51.0 89.7 120.1 147.2 170.7 192.8 214.4 230.8 246.7 
AH,  yap.  (kcal/mol) 7.65 8.91 9.80 - -  11.6 12.0 12.7 13.5 14.6 
AS ,  vap.  (e.u) 23.6 24.6 24.9 - -  26.2 25.8 26.1 26.9 28.0 
~ P - - N  (cm - 1  ) 1297 1419 1439 1408 1400 1386 1375 1363 1357 
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Vibrational Raman spectra of (NPF2)3, both as such and as a function 
of applied pressure, were measured and used to confirm mode assign- 
ments (33). UV-absorption spectral studies carried out on trimeric and 
tetrameric fluorophosphazenes show absorption maxima at 149.4 and 
147.5 m~, respectively. No bands attributable to pz-d~-electron de- 
localization were found, indicating that the rings are not aromatic 
(34, 35). This evidence helps to reject the model of a highly de- 
localized z-electron system and supports the localized three-center 
z-electron model proposed by Dewar. The ionization potentials of the 
phosphonitrilic fluorides ( N P F 2 ) n  (n  = 3-8) have been measured by pho- 
toelectron spectroscopy. The six-membered heterocycle has a first ion- 
ization potential larger than that of the eight-membered ring. The first 
ionization potentials alternate as the size of the ring increases beyond 
eight atoms (36, 37). Ionization energies for a few alkenyl and alkynyl 
fluorophosphazenes have also been determined recently (38). 

Details of NMR spectra of substituted fluorophosphazenes have been 
well documented (39). The i9F NMR spectra of N3P3F6 and N4P4F8 
clearly indicate a doublet of multiplets with a ijp_F coupling constant 
in the range of 868-901 Hz. The 3ip NMR spectra also show a triplet 
of multiplets with similar P - F  coupling constants. In Table II are the 
fluorine NMR spectral data for the perfluorinated cyclophosphazenes 
with ring size varying from six to eighteen atoms. All of the PF2 groups 
are equivalent and the chemical shifts decrease with increasing ring 
size, while the iJp-  F coupling constants follow a reverse order. 

In contrast, the phosphorus chemical shifts of (NPF2)n (n = 3-6) are 
13.9, -17.7, -21.9, and -22.2 ppm, respectively, indicating a signifi- 
cant change from trimeric to the higher analogs. Mass spectral frag- 
mentation patterns of the cyclic phosphonitrilic fluorides have also 
been investigated systematically by Paddock and Brion (41). The larger 
fluorinated rings tend to break down, possibly through transannular in- 
teraction, into cyclic fragments, when these are otherwise known to be 
stable. 

TABLE II 

$(F) AND i jp__F OF PERFLUORINATED CYCLIC PHOSPHAZENES (NPF2)n a 

n 3 4 5 6 7 8 9 

8(F) -71 .90  -71 .85 -69 .05  -68 .60  -68 .00  -68 .00  -67 .95 
1Jp--F (Hz) 868 836 874 885 901 903 901 

aReference (40). 



340 ELIAS AND SHREEVE 

IV. Structures of Perfluorinated Cyclic Phosphazenes 

Structures of cyclic fluorophosphazenes, especially those of the 
smaller rings, received increased attention largely because these data  
were utilized to support theoretical studies in which participation of 
phosphorus d orbitals and contraction of d orbitals for effective over- 
lap for ~ bonding were discussed (42-45). The gas-phase structure of 
N3P~F6, reported in 1971, supported a planar ring (46). Although single- 
crystal X-ray studies were carried out as early as 1960, the refinement 
was grossly inaccurate, with R values of ~32 % (47). Quite recently, the 
structure was redetermined at 20°C with better reliability, reconfirming 
the planar structure (Fig.l) (48). In contrast, the structure of N4P4Fs 
was found to be more complex. The crystal structure, first determined in 
1961, suggested a planar  eight-membered ring (49). However, infrared 
and Raman spectral calculations indicated a nonplanar structure with 
a symmetry  of C2h or lower (3, 50). It is also of interest  tha t  many theo- 
retical studies have made use of the planar  description of the structure 
of N4P4Fs (43-45, 51). Recently, however, the structure was redeter- 
mined and analyzed in detail using high- and low-temperature X-ray 
diffraction, gas electron diffraction, neutron diffraction, and differential 
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FIG. 1. Crystal structure of N3P3F6. Reproduced with permission from Ref. (48). Copy- 
right 2000, American Chemical Society. 
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scanning calorimetric techniques (52). All of these studies support a 
nonplanar structure at low temperatures (Fig. 2) with a phase transi- 
tion above -74  ° C. The high-temperature phase has a quasiplanar eight- 
membered P - N  skeleton. The puckering of the ring resembles that of 
the saddle (K form) of N4PaCI8 (3). The unit cell of the low-temperature 
phase is derived from that of the high-temperature phase by doubling 
the c axis and removing one-half of the symmetry elements. The low- 
temperature structure determination of NsP5F10 shows two different 
puckered ring orientations, one of which is shown in Fig. 3 (53). The 
P--N bond distances of N3P3F6 are in the range 1.564-1.576 A, while 
those for NaP4F8 (LT) and N5PsFlo (LT) are in the range 1.538-1.548 A 
and 1.530-1.561 A, respectively. 

V. Reactions of Cyclic Trimeric Fluorophosphazenes 

A. WITH MONOFUNCTIONAL REAGENTS 

Reactions of a variety of monofunctional nucleophiles have been 
carried out with trimeric perfluorinated phosphazenes. The majority 
of these reactions are with organometallic reagents. The popularity 
of these reagents probably stems from the fact that in fluorinated 
phosphazenes, unlike chlorinated phosphazenes, the lower basicity of 
the ring nitrogen atoms aids in a clean reaction with organometallic 
reagents. Reactions of chlorinated phosphazenes with organolithium 
and Grignard reagents have, in many cases, resulted in a complex 
mixture of products, which has been ascribed to the higher basic- 
ity of the ring nitrogen atoms (9). Interesting reactivity differences 
were also observed in the reactions of amines with chloro- and fluoro- 
phosphazenes. 

The aminolysis of fluorophosphazenes has been less intensively stud- 
ied than that of chlorophosphazenes and bromophosphazenes. Reac- 
tions of N3P3F6 with amines are slow to proceed to higher degrees of 
substitution (54). Kinetic studies indicate that the first F substitution 
for N3P3F6 by Me2NH is approximately 20 times slower than the first 
C1 substitution in N3P3C16 (55). On comparing the activation param- 
eters of N3P3C16 with those of NsP3F6 in their reaction with dimethy- 
lamine, it is observed that the enthalpy of activation is much higher 
for the perfluorinated compound (56). The reduced P - N  bond distances 
of the perfluorinated trimer have also been suspected as the cause of 
the reduction in the acceptor ability of the phosphorus atom in this 
compound. 
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Desilylation, destannylation, and delithiation of trimethylsilyl, 
trimethylstannyl, and lithiated primary and secondary amines have 
been reported with N3P3F6, the result being only partial substitution 
(54, 57, 58). Similar results were observed in the reactions of silylated 
phosphinimines with N3P3F6 (59-61). In contrast to the reaction of 
dimethylamine with N3P3F6, which yields only a nongeminal disubsti- 
tuted product, reaction of lithium dimethylamide with N3P3F6 results 
in the formation of a mixture of tri- and tetrasubstituted products (54). 
Allcock and Evans have tried to explain this observation based on 
the relative reactivities of [NP(F)NRR')]3,4 and [NP(C1)NRR')]3,4 (R = H 
or Me) and on the relative nucleophilicities of the reagents employed. 
Electrons supplied by one amino residue attached to a phosphorus 
atom can deactivate the second P - F  bond at that site. The com- 
bined influences of the low nucleophilicity of the free amine and the 
poor leaving ability of the fluoride ion would make this effect more 
pronounced. The higher reactivity of sodium alkoxides and arylox- 
ides as well as lithium dimethylamide has been attributed to their 
higher nucleophilicities. The nongeminal substitution observed with 
amines has been utilized to generate partially chlorinated and bromi- 
hated fluorophosphazenes, as the amino group can be cleaved with HC1 
or HBr (57, 62). 

At the disubstitution stage of N3P3F6, the geminal pathway is the 
one that is usually taken by organometallic reagents. The mode of sub- 
stitution is also governed not only by the nature of the group already 
present on the fluorophosphazene ring but also by the steric bulkiness 
of the incoming group. As the steric demands of the substituent or the 
incoming group increase, formation of nongeminal species is found to 
be favored. Within the nongeminal species, steric considerations favor 
the trans isomer. Evidence for this type of reaction behavior is observed 
from the regio- and stereospecific formation of tert-butyl fluorophos- 
phazenes (63) and the nongeminal preference in the reactions of aryl- 
lithium reagents (64-67). An interesting variation is observed in the re- 
actions ofphenyl magnesium bromide and phenyllithium reagents. The 
former gives geminal products while the latter gives nongeminal prod- 
ucts. This is attributed to the fact that under the reaction conditions, the 
Grignard reagent is monomeric (68) while the phenyllithium reagent is 
dimeric and more sterically demanding (69), leading to a nongeminal 
substitution. The substituent control is demonstrated by the fact that 
a common reagent, LiC(OEt)=CH2, follows different pathways in reac- 
tions with N3P3F5NMe2 and N3P3F5Ph (70) (Scheme 1). While geminal 
substitution is preferred in the phenyl compound, nongeminal substi- 
tution is the preferred pathway for N3P3F5NMe2. 
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SCHEME 1 

In contrast to N3P3C16, N3P3F6 does not undergo Friedel-Crafts re- 
actions. However, partially substituted derivatives of N3P3F6 can be 
made to undergo arylation at the P(R)F site by Friedel-Crafts reac- 
tion. The reactions of the aryl derivatives N3P3FsC6H4-p-X [X = H (71), 
NMe2 (67), C1, F, OMe, Me (72)] and 2,4-N3P3F4(C6H4-p-X)2 [X-- H(71), 
NMe2 (67)] have been studied in detail. Nonarylated monosubstituted 
fluorophosphazenes also undergo phenylation exclusively at the P(R)F 
positions (73). 

Reactions of saturated aliphatic monolithiated reagents c-C6HllLi 
(74), MeLi (75), n-BuLl, t-BuLi (63), and Me3SiCH2Li (76) with N3P3F6 
have been reported. With MeLi and n-BuLi, low yields of the di- 
substituted geminal derivatives are obtained. However, with t-BuLi, 
good yields of the trans-N3P3F6_n (t'C4Hg)n (n ~-2, 3) are obtained (63). 
The reaction of Me3SiCH2Li proceeds with complete substitution 
and replacement of all P - F  bonds (76). On treatment of (NPR2)3 
(R -- CH2SiMe3) with Bu4N+F -, followed by addition of a proton source, 
formation of(NPMe2)3 in 60% yield is observed (76). The hexakistrifluo- 
romethyl derivative, [(CF3)2PN]3, was prepared in good yield by the re- 
action of CF3SiMe3 with N3P3F6 in the presence of CsF as catalyst (48). 

A variety of atkynyl derivatives, including trimethylsilyl acetylene 
and terminal acetylene derivatives, have also been prepared by delithi- 
ation reactions with N3P3F6 (77, 79). The terminal silyl group of the 
trimethylsilyl acetylene derivatives has been substituted by H using 
KF and EtOH. The alkynyl groups of some of these substituted phos- 
phazenes have been found to react with Co2(CO)s, forming Co2(CO)6 
complexes (77). 
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Reactions of N3P3F6 with a variety of lithium enolates have 
been studied in detail. With the lithium enolate of acetaldehyde, 
LiOCH--CH2, the reaction was slow to go beyond the trisubstitution 
stage, and the F atom in N3P3F(OCH--CH2)5 was not replaced, even 
under forcing conditions (80). A modified procedure with improved 
yields of N3P3Fs(OCH--CH2) was reported recently (81). In contrast, 
the reaction of N3P3F6 with CF3CH2OSiMe 3 in the presence of CsF 
leads to the complete substitution of all the P - F  bonds (82). Fluo- 
rophosphazenes with alkenyl groups directly bound to the ring, as well 
as with an aryl spacer group, were prepared by Allen and co-workers 
(64, 70, 83, 84). Polymerization of the monosubstituted fluorophos- 
phazene N3P3F5(C(Me)=CH2) with styrene yielded a copolymer 
with phosphazene as a pendant group; this copolymer exhibited 
fire-retardant properties (84). Reactions of the methoxide ion with 
N3P3FD(N--PPh3 ) indicate that the fluorine atom on the phosphinimino- 
substituted phosphorus is the most difficult one to replace (85). 

Whereas chlorophosphazenes are found to undergo ring degradation 
and ring opening under a variety of conditions, very few reactions 
have been reported in which N3P3F6 behaves similiarly. The trimer 
ring opens with polymerization to yield the perfluorophosphazene at 
350°C (86, 87). Dimethylsulfoxide (DMSO) has also been reported to 
degrade both chloro- and fluorophosphazenes, leading to partially or 
fully hydroxylated phosphazenes or phosphazanes. DMSO is converted 
to XCH2SMe (X---C1 or F) (88), Strong nucleophiles, such as diethyl- 
amine, have also been reported to cleave the phosphazene ring skele- 
ton (62). Mews and co-workers have reported a fluoride ion-induced 
ring opening of N3P3F6 (89, 90). Reaction of TASF with N3P3F6 yields 
(TAS+)2 (P3N3F5NPF2NPF2NPF5) 2-, a fluorocyclophosphazene with a 
phosphazane dianion side chain (Fig. 4). Reaction of monolithiated fer- 
rocene with N3P~F6 results in the formation of a ferrocene-substituted 
fluorophosphazene (Fig. 5) (91). On thermal ring-opening polymeriza- 
tion, this was found to yield a polyfluorophosphazene with pendant 
ferrocenyl moieties (92). 

B. WITH DIFUNCTIONAL REAGENTS 

One of the interesting properties of cyclophosphazenes is the pos- 
sibility of obtaining an array of structural isomers at the multisub- 
stitution stage in the reactions with monofunctional reagents. The 
products possible with a difunctional reagent are also unique for 
these heterocycles, involving, in principle, five different types of pro- 
ducts: spiro (A), ansa (B), dangling (C), bridging (D), and polymeric (E) 
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(Scheme 2). However, the actual possibility is controlled by a vari- 
ety of factors, such as chain length, the nature of the reacting group, 
and the mode of activation of the reacting group. Reactions of di- 
functional reagents with chlorophosphazenes have been well docu- 
mented (93). 

The first reactions ofdifunctional reagents with N3P3F6 were reported 
by Chivers and Hedgeland (94). In their study, equimolar reactions 
of N, N'dimethylethyienediamine and 1,2,2,3-tetramethyl-l,3-diaza-2- 
silacyclopropane yielded monospirocyclic compounds, which were char- 
acterized by spectral and analytical methods. This study clearly in- 
dicated the difference between di- and monofunctional amines, where 
nongeminal substituted products were the favored products. Similar 
reactions carried out by Kumara Swamy and Krishnamurthy with 1,2- 
diaminoethane and 1,3-diaminopropane also afforded monospirocyclic 
products in 10-20% yields (95). Reactions of disilylated ethylenedi- 
amine were used in the preparation of mono-, di-, and trispirocyclic 
derivatives o f  N3P3F6.  Energetic nitramine-containing compounds were 
synthesized from these by nitration of the reactive N - H  groups using 
NO2BF4 (96, 97) 

Allcock and co-workers have carried out extensive reactions using 
dilithiated metallocenes, including ferrocene, ruthenocene, and diben- 
zylchromium (98-100). Reactions of these compounds with N3P3F6 were 
found to result in the exclusive formation of ansa-substituted fluo- 
rophosphazenes. The crystal structures of these ansa compounds in- 
dicate that the phosphazene ring is distorted, and the nitrogen atom 
flanked by the bridging phosphorus sites was seen to be displaced 
0.56-0.66/~ from the plane defined by the five remaining ring atoms. 
On heating, some of these ansa derivatives undergo strain-induced 
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ring-opening polymerization, leading to ferrocene-substituted poly- 
phosphazenes (92) (Scheme 3). The interesting feature of these re- 
actions is the fact that  a halogen atom is not required on the het- 
erocycle for ring-opening polymerization to occur. In a few cases, on 
heating, instead of polymerization, the molecule was found to undergo 
ring expansion that  led to twelve-membered heterocycles while retain- 
ing the vicinal binding of the ferrocene. A unique example of a three- 
membered spirocyclic compound having P - F e  bonds was prepared by 
first making a geminally disubsti tuted derivative with NaFe(CO)2Cp 
which, on photolysis, was decarbonylated to yield the spirocycle. This 
was characterized structurally. The same approach with similar ruthe- 
nium reagents resulted in products having R u - P  and Fe -Ru  bonds 
(101-103). 

Desilylation reactions of silylated diols, thioalcohols, and dithiols 
with N3P3F6, in the presence of a catalyst such as CsF, were first re- 
ported by Shreeve et al. (82, 104). These reactions, which proceed with 
the liberation of Me3SiF, illustrate a good method for making bridged 
derivatives of N3P3F6. In addition, these reactions yield spirocyclic 
derivatives and, in some cases, dangling products as well. Aromatic 
disiloxanes are very facile reagents for the formation of spirocylic prod- 
ucts with N3P3F6. Mono and dispiro derivatives are readily obtained 
with disilylated 1,2-catechol and related disiloxanes (Fig. 6). The inter- 
esting transformation of a bridged fluorophosphazene to a spirocyclic 
derivative has also been observed to occur in THF at elevated temper- 
atures in the presence of CsF as catalyst (82). 

Herberhold et al. reported interest ing differences in the reactions of 
1,1'-ferrocenediol, dithiol, and diselenol with N3P3F~ (105). While the 
diol in the presence of Et3N gave ansa-substi tuted products, dithiol and 
diselenol only resulted in spirocyclic compounds. The same results were 
observed with trimeric chlorophosphazenes. In 2000, the first examples 
of exo and endo isomers of ansa-substi tuted fluorophosphazenes were 
reported by Elias and co-workers (106). A reaction of the dilithiated diol 
RCH2P(S)(CH2OLi)2 (R -- Fc, Ph) with N3P3F~ resulted in the formation 
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FIG. 6. Molecular structures ofmonospiro N3PaF4 (1,2-C6H402) (a) and dispiro N3P3F2 
(1,2-C6H402)2 (b). Reproduced with permission from Ref. (104). Copyright 1996, American 
Chemical Society. 

of two structural isomers, endo-RCH2P(S)(CH20)2[P(F)N]2(F2PN) and 
exo-RCH2P(S)(CH20)2[P(F)N]2(F2PN) (R=Fc, Ph) (Fig. 7). More in- 
teresting was the fact that, on stirring with catalytic amounts of 
CsF in THF, these ansa compounds transformed to spirocylic isomers 
(Scheme 4). This transformation was followed by time-dependent sip 
NMR spectroscopy. 
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FIG. 7. Crystal structures of endo-FcCH2P(S)(CH20)2[P(F)N]2(F2PN) (a) and exo 
FcCH2P(S)(CH20)2[P(F)N]2(F2PN) (b). Reproduced with permission from Ref. (106). 
Copyright 2000, American Chemical Society. 
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VI. Reactions of Cyclic Tetrameric and Higher Fluorophosphazenes 

Compared to trimeric fluorophosphazenes, very few detailed studies 
have explored the reaction chemistry of tetrameric and higher fluo- 
rophosphazenes. Among these, unique reactions that specifically gave 
stable phosphazenate anions were reported by Mews et al., who de- 
scribed N4P4Fs and N6P6F12 with TASF (107). These were characterized 
structurally (Fig. 8). This observation was in contrast to similar reac- 
tions with NsPsF6 which result in the cleavage of the N3P3 ring to give a 
six-membered heterocycle with a phosphazane dianion side chain, thus 
supporting the greater flexibility of the larger ring systems. 

Reactions of monolithiated 1-methylpyrrole (108) and ferrocene as 
well as MeLi (75, 108) were carried out with N4P4Fs. The reaction of 
MeLi was studied in detail and found to result in methyl, dimethyl, 
trimethyl, and tetramethyl as well as octamethyl derivatives. The 
tetramethyl derivative exhibited an interesting orientation pattern, 
viz., geminal substitution followed by a reaction at an antipodal site. 
Methylation of (NPF2)3 with methyllithium cannot be carried beyond 
gem-N3P3F4Me2 because skeletal cleavage and elimination of alkyl 
halide interfere. However, the reaction of (NPF2)4 with methyllithium 
produced (NPMe2)4 in 70% yield. Reactions of methylamine, dimethyl- 
amine, and n-butylamine with N4P4Fs proceeded with replacement of 
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FIG. 8. Crystal structure of N4P4F 9 (a) and N6P6F13 (b) anions (cations omitted). 

Reproduced with permission from Ref. (107). Copyright 1995, VCH Verlag GmbH. 
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one fluorine atom per phosphorus under conditions that  lead to total 
replacement of chlorine atoms in N4P4C18 (54). Mass and NMR spec- 
tral identification of the products indicated formation of nongeminally 
tri- and te t rasubst i tu ted  products. In contrast, reactions of sodium tri- 
fluoroethoxide and sodium phenoxide with N4PaFs resulted in the re- 
placement of all the fluorine atoms. The rationale for the different be- 
havior of amines is discussed in Section V. 

Reactions of dilithioferrocene and dilithioruthenocene with NtP4Fs 
were found to yield a mixture of 1,3- and 1,5-ansa-substituted deriva- 
tives. Separation of the ferrocenyl derivatives was achieved by liquid 
chromatography, but  only the 1,5-isomer was obtained in the pure form 
from the ruthenocene reaction (98, 99). The 1,5-transannular substi- 
tuted compound ofruthenocene, when further reacted with I mol of 1,1'- 
dilithiated ruthenocene yielded a bis- l ,5-diansa-substi tuted compound. 

Chivers and Hedgeland prepared the first spirocyclic amino deriva- 
tive of N4P4Fs by the reaction of N, N~-dimethylethylenediamine (94). 
Examples of monospirocyclic derivatives of diols were first reported 
from the reaction of (CF2)n(CF2CH2OSiMe3)2 (n = 0, 1) with N4P4Fs 
in the presence of CsF as catalyst (110). The crystal s tructure of the 
compound [(CF2CH20)2PN](F2PN)3 (Fig. 9) shows tha t  the PtN4 ring 
is nonplanar with a geometry similar to that  of the parent  fluorophos- 
phazene. A bridged derivative was also formed in this reaction. Quite 

~ F(9) 

~P~ ~ N(1) 

N(31 ~ .... ' (~ 

F(6) 
Fro. 9. Crystal structure ofspiro-[(CF~.CH~O)2PN][(F~PN)3. 
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FIG. 10. Crystal structure of 1,3-ansa-[CH2(CH20)2[P(F)N]2[(F2PN)2. 

interestingly, a reaction of dilithiated propanediol gave the 1,3-ansa- 
substituted derivative CH2(CH20)2[P(F)N]2(F2PN)2 as the major prod- 
uct, along with the monospirocyclic compound as the minor product. The 
overall geometry of the phosphazene ring of the 1,3-ansa-substituted 
compound was similar to that of the ring structure of monospirocyclic 
tetrameric fluorophosphazene (Fig. 10). The P - N - P  angle between the 
two phosphorus centers forming the ansa bridge was smaller than the 
rest of the P - N - P  angles of the ring framework. In spite of the flexi- 
bility associated with the eight-membered ring, on treating with CsF 
in THF at room temperature, the 1,3-ansa-substituted compound was 
found to transform to the spirocyclic compound (Scheme 5), thus pro- 
viding further evidence for the higher thermodynamic stability of the 
spirocyclic phosphazenes relative to the ansa derivatives. In contrast, 
the dilithiated 1,3-propanedithiol was found to yield only the spirocyclic 
compound as the product. 

F,, xN--Px F,, /N--P,\ 
/ P  " N / '  CsF / P  ' " N O ~  

F [ I ~ 0 "  J" F I I /  \ 
N , p f  THF, 22 °C N 

"P--N / "F ;P - -N ' /P \  ) 
F / \F  F ~ O ~  

SCHEME5 
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Although perfiuorinated cyclic phosphazenes have been detected 
chromatographically to (NPF2)40, reactions have been performed on 
rings only up to (NPF2)12. Fluorophosphazenes, (NPF2)6 to (NPF2)12, 
were reacted with methylmagnesium bromide to yield the permethyl- 
ated products (NPMe2)9_~2, which were also structural ly characterized 
(111, 112). 

VII. Conclusions 

In spite of the ease of preparation, separation, and purification of 
cyclic perfluorinated phosphazenes, very little has been done to explore 
their  reaction chemistry, especially tha t  of the larger ring compounds. 
The perfluorinated heterocycles are more stable and less reactive than 
the corresponding chloro and bromo compounds. With the availability 
of high-field and high-resolution NMR, 19F NMR spectral studies on 
these heterocycles have become more comprehensible and useful in un- 
derstanding the reactions of the cyclic fluorophosphazenes compared to 
the chloro and bromo compounds. The preparation of bridged and ansa 
compounds with fluorinated phosphazenes is more straightforward, 
and the product yields are high. Also, reactions with organometallic 
reagents are less complex and better understood. Reactions of amines, 
although not fully explored, provide interesting differences compared 
to the chloro analogs. The relatively higher stability of spiro relative to 
ansa and bridged cyclophosphazenes has been determined experimen- 
tally by studies of the corresponding interconversions of the fluorinated 
phosphazenes. 
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tridecanuclear cages, 71-72 
undecanuclear paramagnetic cage, 

70-71 
Columnar phases, discotic mesogen 

phases, 174 
Contrast reagents, for MRI, 321-322 
Coordination mode, squarate ion, 252-259 
Copper cages 

dodecanuclear cages, 92-95 
heptanuclear cages, 87-88 
hexanuclear cages, 80-87 

homometallic cages, 90-91 
nonanuclear cages, 92 
octanuclear cages, 88-92 
tetradecanuclear cages, 95-96 

Copper carboxylates, for hexanuclear 
copper cages, 80-81 

Copper(I)-3,5-dimethy|pyrazole, in 
octanuclear copper cagPs, 90 

Copper(II) pivalate, hexanuclear copper 
cages, 81 

Copper triangles, 82 
Coupling constants, tetraplatinum 

clusters, 230-231 
Crystallization, solvent choice, in 

serendipitous assembly, 8 
Cubanes, as cages family, 98-101 
Cubic cages, squarates, 267-268 
Cubic phases, liquid crystals, 177-178 
Cyanide bridges, in single-molecule 

magnets, 5 
4-Cyanobenzoic acid, stilbazole 

complexes, 201 
Cyanobiphenyl, with alkoxystilbazoles, 

152 
4-Cyanophenol, with alkoxystilbazoles, 

196 
4-Cyanostilbazoles, hydrogen-bonded 

complexes, 200-201 
Cyclic phosphazenes, perfluorinated, 

336-337 
Cyclic tetrameric fluorophosphazenes, 

351-355 
Cyclic trimeric fluorophosphazenes 

with difunctional reagents, 345-350 
with monofunctional reagents, 341-345 

Cyclohexasiloxanolate ligands, in 
hexanuclear manganese cages, 29 

Cyclopentadienyl-ring substituents, in 
half-sandwich complexes, 139-140 

D 

Dansylamide, fluorescence, 315 
Decanuclear cobalt cages, 68-70 
Decanuclear iron cages, 55-56 
Decanuclear manganese cages 

with 2,2~-biphenoxide as ligand, 39-40 
with decametallate core, 39 
first synthesis, 38-39 
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Mnll ,  41-42 
from tetranuclear cages, 41 

Decanuclear nickel cages, 76-77 
Decanuclear vanadium cages, 13-14 
Decyloxystilbazole, with 

2,4-dinitrophenol, 199-200 
Delithiation, with fluorophosphazenes, 

343-344 
Density functional calculations, transition 

metal-noble gas complexes, 142-143 
Desilylation, with fluorophosphazenes, 

343, 348 
Destannylation, with fluorophosphazenes, 

343 
3,4-Dialkoxystilbazoles 

Pd complexes, 192-193 
silver dodecylsulfate, 191-192 

1,3-Diamino-2-hydroxypropane, for 
hexanuclear copper cages, 86 

1,5-Diamino-3-hydroxypropane, for 
hexanuclear copper cages, 85-86 

Dibenzoyl methane derivatives, in 
hexanuclear manganese cages, 29 

6-(Diethylamino)-hydroxo-4-sulfanyl- 
1,3,5-triazine, hexanuclear cobalt 
cages, 63 

Differential scanning calorimetry, liquid 
crystals, 181 

2,6-Diformyl-4-methylphenol, for 
hexanuclear copper cages, 85 

Difunctional reagents, with cyclic trimeric 
fluorophosphazenes, 345-350 

Dihydridobis(3,5- 
dimethylpyrazolyl)borate 
Rh(CO)2, 129 

fi-Diketonates, 82 
Dilithiated metallocenes, with 

fluorophosphazenes, 347-348 
Dilithioferrocene, 353 
Dilithioruthenocene, 353 
N , N ' - D i m e t h y l e t h y l e n e d i a m i n e ,  

353-354 
Dimine ligands, hexanuclear copper 

cages, 83-84 
2,4-Dinitrophenol, with alkoxystilbazoles, 

199-200 
Dioxocyclam, pendant-arm macrocycles, 

312 
Dioxopentamine, Ni(II) complex, 

monooxygenase activity, 313 

Diphenylaminosquarate, luminescence 
studies, 285 

Di-2-pyridyl ketone, for heptanuclear 
copper cages, 87-88 

Discotic mesogens, phases, 172-175 
dS-metal center, matrix-isolation 

spectroscopy, 122-123 
DNA, nucleobase recognition reagents, 

308-312 
Dodecanuclear copper cages, 87-88, 

92-95 
Dodecanuclear iron cages, mixed-valenet 

cage, 58-59 
Dodecanuclear manganese cages 

as SMMs, 2-3 
synthesis, 42- 44 

Dodecanuclear nickel cages, 76-77 
Dodecanuclear vanadium cages, 14-15 
Dodecylsulfate salts, 

monoalkoxystilbazoles, 186-187, 190 
DOS, see Dodecylsulfate salts 
DSC, see Differential scanning 

calorimetry 

E 

EFFF, see Energy-factored force field 
EHMO calculations, see Extended Hiickel 

molecular orbital calculations 
Electrochemistry 

monosubstituted squarate ligands, 
284-285 

squaric acid, 271 
Electron paramagnetic resonance, 

KrMn(CO)5 and [KrFe(CO)5] +, 123 
Electron transfer, in squaric acid 

compounds, 262-267 
Enantiotropic, liquid crystals, 179 
Energy barrier, single-molecule 

magnets, 3 
Energy-factored force field, metal carbonyl 

analyses, 117-118 
1,2-Epoxyalkane, in metallosurfactant 

preparation, 325 
Europium(III) complexes 

pH sensors, 318 
synthetic ribonucleases, 303-308 

Europium(III) phenylsquarate, 285 
Europium(III) squarate, 270-271 
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Extended Hiickel molecular orbital 
calculations 

tetranuclear platinum(II) cluster 
complexes, 219-221 

trinuclear platinum(II) cluster 
complexes, 241-243 

F 

Ferrocene, with N4P4F8, 351-353 
1,1/-Ferrocenediol, with 

fluorophosphazenes, 348-349 
1,11-Ferrocenediselenol, with 

fluorophosphazenes, 348-349 
1,11-Ferrocenedithiol, with 

fluorophosphazenes, 348-349 
Films, s e e  Langmuir-Blodgett films 
Fluorescence, dansylamide, 315 
Fluoride salts, chlorophosphazene 

fluorination, 337 
Fluorination, chlorophosphazenes, 

336-337 
Fluorophores, pendant, complexes, 

314-316 
Fluorophosphazenes 

cyclic tetrameric fluorophosphazenes, 
351-355 

cyclic trimeric fluorophosphazenes 
with difunctional reagents, 345-350 
with monofunctional reagents, 

341-345 
Fourier-transform microwave 

spectroscopy, supersonic jets, 134 

G 

Gadalinium(III) complexes, in magnetic 
resonance imaging, 321 

Gas-phase studies, transition metal-noble 
gas complexes, 130-134 

Gold complexes 
Au-Xe, 113-114, 145-146 
cation, theoretical studies, 145 
stilbazole complexes, 183-185 

Group 7, half-sandwich complexes, 
139-140 

Group 8, mesomorphic complexes, 
182-183 

Group 10, mesomorphic stilbazole 
complexes 

monoalkoxystilbazoles, 185-190 
poly(alkoxy)stilbazole complexes, 

191-194 
structures, 183-185 

Group 1t, me~cmtorphic stilbazole 
complexes 

monoalkoxystilbazoles, 185-190 
poly( alkoxy)stilbazole complexes, 

191-194 
structures, 183-185 

t t  

Half-sandwich complexes, group VII, 
139-140 

Heptadecanuclear iron cages 
cocrystallization with nonadecanuclear 

cage, 60-61 
from [Fe2OC16] 2- and Na(chp), 60 
mixed-valenet cage, 59 

Heptanuclear chromium cages, 25 
Heptanuclear cobalt cages, 64-65 
Heptanuclear copper cages, 87-88 
Heptanuclear iron cages, 52 
Heptanuclear manganese cages 

first synthesis, 30-31 
metallocrowns, 32-33 
mixed-valent cage, 33 
Mn(II) cage, 31 
with twisted trigonal prism, 33-34 

Heptanuclear nickel cages, 74 
Heptanuclear vanadium cages; 11-12 
N-Heterocycles, in hexanuclear iron 

cages, 49-50 
Heterometallic alkoxides, 36-37 
Hexacatenar mesogens, 177 
Hexadecanuclear manganese cages, 46 
Hexadecanuclear vanadium cages, 15 
Hexadentate ligands, tetraplatinum 

clusters, 216 
Hexanuclear cobalt cages, 62-64 
Hexanuclear copper cages 

from dimeric copper carboxylates, 80-81 
with dimine ligands, 83-84 
from phenoxyacetate, 80 
related metal cages, 82-83 
various preparations, 84-87 
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Hexanuclear iron cages 
with bis(pyridine) ligand, 51 
carboxylate-bridged triangles, 48- 49 
with N-(2-hydroxypropyl)iminodiacetic 

acid, 51-52 
with polydentate ligands, 49-50 
synthesis, 51 
with tricthanotamine ligands, 51 

I-Iexanuclear manganese cages 
with carbamate ligands, 26-29 
with cyclohexasfloxanolate ligands, 29 
with dibenzoyl methane derivatives, 29 
first cage, 25-26 
high-spin cage, 26 
with pentadentate Schiff-base 

ligand, 29 
Hexanuclear nickel cages, 72-74 
Hexanuclear vanadium cages, 10-11 
Higher fluorophosphazene reactions, 

351-355 
High-nuclearity iron cages, 50-51 
High-resolution infrared spectroscopy, 

Cr(CO)5, 120 
Homometallic copper cages, 90-91 
Host-guest interaction, pendant-arm 

macrocycles, 309 
HPNP, s e e  4-Nitrophenylphosphate ester 
Hydration, acetonitrile, 234-236 
Hydridotris(3,5- 

dimethylpyrazolyl)borate Rh(CO)2, 
TRIR spectroscopy, 129 

Hydrogen bonding 
monosubstituted squaric acid, 

285-287 
squaric acid complexes, 285-287 
stilbazole mesogens, 194-201 

Hydrolytic enzyme models 
for alkaline phosphatases, 294-299 
for class II aldolases, 299-301 

2-Hydroxy- 1,3- 
propanediylbis(acetylacetoneimine), 
91-92 

N-(2-Hydroxypropyl)iminodiacetic acid, 
51-52 

I 

2-(4-Imidazolyl)-ethylimino- 
6-methylpyridine, 84-85 

Infinite periodic minimal surface model, 
178 

Infrared spectroscopy 
Cr(CO)5, 120 
perfluoro cyclic phosphazenes, 338 
squarate complexes, 270 
time-resolved, s e e  Time-resolved 

infrared spectroscop) 
In phase, single-molecule magnets, 3 
Interconnecting rod model, 178 
Iron cages 

decanuclear cage, 55-56 
dodecanuclear cage, 58-59 
heptadecanuclear cage, 59-61 
heptanuclear cage, 52 
hexanuclear cages, 48-52 
high-nuclearity cage, 50-51 
nonadecanuclear cages, 60-61 
nonanuclear cage, 55 
octadecanuclear wheel, 61-62 
octahedral cages, 50 
octanuclear cages, 52-55 
undecanuclear cage, 57-58 

Iron complexes, photolysis, 117-118 
Isomerization, tetraplatinum clusters, 

231-233 

K 

Krypton 
associated chemistry, 116 
bonding to M(CO)5, 130-131 
liquefied solution, 125-126 
M(CO)5 interactions, 142 

L 

Langmuir-Blodgett films 
basic concepts, 165-166 
metal stilbazole complexes, 167-169 

Lanthanide complexes 
bicarbonate concentration, 319 
with pendant antennae, 316-321 
squarate complexes, 268-269 
synthetic ribonucleases, 301-303 

L-B films, s e e  Langmnir-Blodgett films 
Ligand substitution, triplatinum 

clusters, 238 
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Linking groups, squarate ion as, 269 
Liquefied noble gas studies, transition 

metal-noble gas complexes, 123-130 
Liquid crystals 

alkoxystilbazole complexes 
early studies, 181 
mesomorphic complexes, 182-183 
mesomorphic stilbazole complexes 

monoatkoxystilbazoles, 185-190 
poly(alkoxy)stilbazole complexes, 

191-194 
structures, 183-185 

basic concepts, 169-170 
calamitic mesogen phases, 170-172 
cubic phase, 177-178 
discotic mesogen phases, 172-175 
mesophases, 178-181 
metals into, 181 
polycatenar mesogens, 175-177 
thermotropic, hydrogen bonding, 195 

Lithiated amines, with 
fluorophosphazenes, 343 

Lithium enolates, with 
fluorophosphazenes, 345 

Lone pairs 
squarate substituents with, 275-280 
squarate substituents without, 280 

Low-temperature matrix isolation 
spectroscopy, Ar compounds, 115 

Luminescence 
diphenylaminosquarate, 285 
europium(III) phenylsquarate, 285 
europium(III) squarate, 270-271 

Luminescent sensors 
lanthanide complexes with pendant 

antennae, 316-321 
pendant fluorophore complexes, 

314-316 

M 

Macrocycles, pendant-arm, 
s e e  Pendant-arm macrocycles 

Magnetic properties 
chromium, 17-25 
iron cages, 53 
single-molecule 

polynuclear cages, 4-5 
properties, 2-4 

vanadium, 9-17 
Magnetic protein, decanuclear manganese 

cages, 41 
Magnetic resonance imaging, contrast 

reagents, 321-322 
Magnetochemistry, squaric acid 

compounds, 262-267 
Manganese cages 

decanuclear cages, 38-42 
dodecanuclear Mn(II) cage, 42-44 
heptanuclear Mn cages, 30-33 
hexadecanuclear cages, 46 
hexanuclear Mn cages, 25-30 
nonanuclear cage, 37-38 
octadecanuclear cage, 46-47 
octanuclear manganese cages, 34-37 
picolinate-bridged cages, 34-35 
tetranuclear cage, 37 
tridecanuclear cage, 45-46 

Mass spectrometry, transition 
metal-noble gas interactions, 133 

Matrix-isolation studies, transition 
metal-noble gas complexes, 117-123 

Melting point, liquid crystals, 179 
o-Mercaptophenolate ligands, 

heptanuclear cobalt cages, 65 
Mesogens 

calamitic mesogens, 170-172 
discotic mesogens, 172-175 
hexacatenar mesogens, 177 
metallomesogens, 181 
polycatenar mesogens, 175-177 
tetracatenar mesogens, 175-177 
thermotropic mesogens, 177 

Mesomorphic complexes, group 8 metals, 
182-183 

Mesomorphic stilbazole complexes 
monoalkoxystilbazoles, 185-190 
poly(alkoxy)stilbazole complexes, 

191-194 
structures, 183-185 

Mesophases 
calamitic mesogens, 171-172 
discotic mesogen phases, 172-173 
liquid crystals 

characterization, 180-181 
transitions, 178-180 

Metal cages 
cubanes, 98-101 
trigonal prisms, 101 
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wheels and metallocrowns, 96-98 
Metal carbonyls, EFFF studies, 117-118 
Metal complexes 

cyanobiphenyls, alkoxystilbazoles, 152 
liquid-crystalline, alkoxystilbazoles, 181 
stilbazoles, 154-158, 163 

Metallocenes, dilithiated, with 
fluorophosphazenes, 347-348 

Metallocrowns 
as cage family, 96-98 
hexanuclear cobalt cages, 62-64 
hexanuclear copper cages, 87 
hexanuclear iron cages, 51 
synthesis, 32-33 

Metallocyanates, single-molecule 
magnets, 5 

Metallomesogens, 181 
Metallosurfactants, pendant-arm 

macrocycles, 324-325 
Metals 

into liquid crystals, 181 
3d 

chromium, 17-25 
iron, 47-62 
overview, 8-9 
vanadium, 9-17 

Metal stilbazole complexes, 
Langmuir-Blodgett films, 167-169 

Metal wheels, as cage family, 96-98 
N-Methyldiethanolamine, in hexanuclear 

iron cages, 51 
Methyl lithium, with N4P4Fs, 351-353 
1-Methylpyrrole, with N4P4Fs, 

351-353 
Methylsquarate complexes, 280 
Models 

hydrolytic enzyme, 294-301 
liquid crystal cubic phase, 178 
RNA substrate, 302-303 

Molecular receptors, pendant-arm 
macrocycles, 326-330 

Molybdenum compounds 
a b  in i t io  calculations, 143 
bonding to Xe, 130-131 
noble gas interaction, 142 
TRIR spectroscopy, 135-136 

Monoalkoxystilbazoles complexes, 
185-190 

Monodentate ligands, Pt4 clusters, 
210-213 

Monooxygenase, activity of 
dioxopentamine Ni(II) complex, 313 

Monosubstituted squarate complexes 
derivatives, 271-273,285-287 
ligands 

complexing properties, 273-274 
electrochemical studies, 284-285 
substituent effects, 280-282 
substltuents with lone pairs, 275-280 
substituents without lone pairs, 280 
interactions, 282-284 

Monotropic, liquid crystals, 179 
MRI, see Magnetic resonance imaging 

N 

Nematic phase 
calamitic mesogens, 171-172 
discotic mesogen, 172-173 

Nickel cages 
decanuclear cages, 76-77 
dodecanuclear cages, 76-77 
heptanuclear cages, 74 
hexanuclear cages, 72-74 
largest cages, 78-80 
nonanuclear cages, 75-76 
octanuclear cage, 75 
undecanuclear cages, 76-77 

Nickel complexes, dioxopentamine, 
monooxygenase activity, 313 

4-Nitrobenzoic acid, stilbazole complexes, 
201 

3-Nitrophenol, with 4-octyloxystilbazole, 
198-199 

4-Nitrophenol, with alkoxystilbazoles, 
196-197 

4-Nitrophenylphosphate ester, pr0pylene 
glycol, as RNA substrate model, 
302-303 

4-Nitrostilbazoles, hydrogen-bonded 
complexes, 200-201 

NLO, see Nonlinear optics 
Noble gases 

liquefied, 123-130 
properties, 114 
-transition metal complexes, 

see Transition metal-noble gas 
complexes 

Nonadecanuclear iron cages, 60-61 
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Nonanuclear cobalt cages, 67-68 
Nonannclear copper cages, 92 
Nonanuclear iron cages, 55 
Nonanuclear manganese cages, 37-38 
Nonanuclear nickel cages, 75-76 
Nonanuclear vanadium cages, 13, 16-17 
Nocilincar optics 

basic concepts, 159-160 
stilbazole derivatives, 161-165 

N3P3F6 
with dffunctional reagents, 345-350 
with monofunctional reagents, 341-345 

N4P4Fs 
reactions, 351-353 
spirocyclic amino derivative, 353-354 

Nuclear magnetic resonance 
fluorophosphazenes, 339 
Pta clusters, 244-245 
symmetric tetraplatinum clusters, 

223-224 
tetraplatinum clusters, 221-223 
unsymmetric tetraplatinum clusters, 

224-231 
Nucleobase recognition reagents, 308-312 

O 

synthesis, 52-53 
tripodal iron ligands, 53-54 

Octanuclear manganese cages 
and heterometallic alkoxides, 36-37 
homovalent cage, 35-36 
picolln~t~-bridged cage, 34-35 
with polydentate li~'ands, 36 
syntha~is, 34 

Octanuclear nickel cages, 75 
Octanuclear vanadium cages, 12 
4-Octyloxystilbazole, with 3-nitrophenol, 

198-199 
Octylsulfate, monoalkoxystilbazoles, 188 
Oligomerization, chromium cages, 24 
Organometallic reagents, with cyclic 

trimeric fluorophosphazenes, 
341-342 

OS, s e e  Octylsulfate 
Out of phase, single-molecule magnets, 3 
Oxime ligands, hexanuclear copper cages, 

81-82 
Oxo-centered manganese triangles, in 

serendipitous assembly, 7 
6,6 t-Oxybis[1,4-bis(2 t- 

pyridylamino)phthalazine], 91 
Oxygenase promoters, pendant-arm 

macrocycles, 312-313 

Octadecanuclear iron wheel, 61-62 
Octadecanuclear manganese cages, 46-47 
Octadecanuclear vanadium cages, 16 
Octahedral iron cages, 50 
Octanuclear chromium wheel, 18-21 
Octanuclear cobalt cages, 65-67 
Octanuclear copper cages 

with azathioprine, 92 
from copper(I)-3,5-dimethylpyrazole, 90 
homometallic cages, 90-91 
from 2-hydroxy-l,3- 

propanediylbis(acetylacetoneimine), 
91-92 

from 6,61-oxybis[1,4-bis(2 '- 
pyridylamino)phthalazine], 91 

pyridonate ligands, 90 
from uridine, 90 
various preparations, 88-90 

Octanuclear iron cages 
formation FeC13 and Na(O2CR), 54-55 
with iron-oxo core, 54 

P 

Palladium complexes 
monoalkoxystilbazoles, 185 
stilbazoles, 157-158, 183-185 
3,4,5-trialkoxystilbazoles, 192-194 

Palmitoyl chloride, in surfactant 
preparation, 325 

Pauli repuslion, transition metal-noble 
gas complexes, 144 

Pendant antennae, lanthanide complexes, 
316-321 

Pendant-arm macrocycles 
carrier reagents for MRI, 321-322 
hydrolytic enzyme models 

for alkaline phosphatase, 294-299 
for class II aldolases, 299-301 

lanthanide complexes, with pendant 
antennae, 316-321 

luminescent sensors, pendant 
fluorophores, 314-316 
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molecular receptors, 326-330 
nucleobase recognition reagents, 

308-312 
oxygenase promoters, 312-313 
second-generation, 293-294 
surfactants, 324-326 
synthetic ribonuc]eases, 30]-308 
turnor-directed radioisotope carriers, 

322-324 
Pendant fluorophores, complexes, 314-316 
Pentadentate Schiff-base ligand, in 

hexanuclear manganese cages, 29 
Perfluorinated cyclic phosphazenes 

physical and spectral properties, 
338-339 

structures and synthesis, 336-337, 
340-341 

Phenylarsonate ligands, in dodecanuclear 
vanadium cages, 14 

Phenylsquarate complexes 
heavier transition metals, 284 
synthesis, 280 

Phosphazenes 
chlorophosphazenes, 336-337 
cyclic phosphazenes, 336-337 
cyclic tetrameric fluorophosphazenes, 

351-355 
cyclic trimeric fluorophosphazenes, 

341-350 
fluorophosphazenes, 341-355 
perfluorinated cyclic phosphazenes, 

336-341 
Photolysis 

(E2-(C2Fs)2PCH2CH2P(C2F5)2) 
Cr(CO)4, 122 

Fe(CO)5, 117-118 
pH sensors 

Eu(III) complexes, 318 
pendant fluorophores, 314-316 

Picolinate-bridged manganese cages, 
34-35 

4-Picoline, in stilbazole synthesis, 152 
rr interactions 

monosubstituted squarate complexes, 
282-284 

squarate complexes, 282-284 
Platinum complexes 

EHMO study, 241-243 
monoalkoxystilbazoles, 185 
Pt4(CH3COO)8, 207-208 

Pt3 clusters, s e e  Triplatinum clusters 
Pt4 clusters, s e e  Tetraplatinum clusters 
195pt NMR, 225-230 
stilbazoles, 157, 183-185 
3,4,5-trialkoxystilbazoles, 192-194 

Poly( alkoxy)stilbazoles complexes, 
191-194 

Polycatenar mesogens, stilbazoles, 
175-177 

Polydentate ligands 
in hexanuclear iron cages, 49-50 
in octanuclear manganese cages, 36 

Polynuclear cages, synthetic 
strategies, 4-5 

Polyoxovanadate cages, in polynuclear 
vanadium chemistry, 9 

Pyridine ring rotation, Pt4 clusters, 
233-234 

Pyridonate ligands 
as bridging ligands, 6-7 
in octanuclear copper cages, 90 

I¢ 

Radon, associated chemistry, 117 
Rhodium-xenon, liquefied noble gas 

studies, 129 
Ribonucleases, synthetic, 301-308 
RNA 

nucleobase recognition reagents, 
308-312 

substrate model, 302-303 

S 

Secondary amines, for chromium~cages, 
24-25 

Sensors 
luminescent sensors, 314-321" 
pH sensors, 314-316, 318 
temperature, 316 

Serendipitous assembly, as synthetic 
approach, 6-8 

a complexes, matrix-isolation studies, 
121 

Silver dodecylsulfate salts 
3,4-dialkoxystilbazole complexes, 

191-192 
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Silver dodecylsulfate salts (cont . )  

poly( alkoxy)stilbazole complexes, 
191-192 

Silver(I) stilbazole complexes 
monoalkoxystilbazoles, 185-190 
structure, 183-185 

Silylated diols~ with flu~)rophosphazenes~ 
348 

Silylated dithiols, with 
fluorophosphazenes, 348 

Silylated thiols, with fluorophosphazenes, 
348 

Single-molecule magnets 
dodecanuclear manganese cages, 44 
iron cages, 53 
polynuclear cages, 4-5 
properties, 2-4 

Smectic phase, calamitic mesogens, 
171-172 

SMM, see Single-molecule magnets 
Solution, trinuclear platinum(II) cluster 

complexes species, 243 
Spectroscopy 

for Ar compounds, 115 
Cr(CO)5, 120 
KrMn(CO)5 and [KrFe(CO)5] +, 123 
perfluoro cyclic phosphazenes, 338-339 
squarate complexes, 270 
squarate ion, 252 
supersonic jets, 134 
time-resolved infrared, 

see Time-resolved infrared 
spectroscopy 

Squarates 
coordination modes, 252-259 
cubic structures, 267-268 
heavier transition metals, 268-269 
lanthanides, 268-269 
as linking group, 269 
monosubstituted, see Monosubstituted 

squarate complexes 
with z interactions, 282-284 
spectroscopy, 252, 270 
various compounds, 259-262 

Squaric acids 
electrochemistry, 271 
electron-transfer phenomena, 262-267 
hydrogen bonding complexes, 285-287 
magnetochemistry, 262-267 
salts, 259 

Stilbazoles 
hydrogen-bonded compounds, 194-201 
Langmuir-Blodgett films 

basic concepts, 165-166 
metal complexes, 167-169 

liquid crystals 
basic ¢oncept~, 169-!70 
calamitic mesogen phases, I70-172 
cubic phase, 177-178 
discotic mesogen phases, 172-175 
mesophases, 178-181 
metals into, 181 
polycatenar mesogens, 175-177 

metal complexes, 154-158 
nonlinear optics 

basic concepts, 159-160 
properties, 161-165 

synthesis and characterization, 
152-154 

Supercritical-fluid studies, transition 
metal-noble gas complexes, 134-141 

Supersonic jets, Fourier-transform 
microwave spectroscopy, 134 

Surface curvature, tetracatenar 
mesogens, 176 

Surfactants, pendant-arm macrocycles, 
324-326 

Symmetric tetraplatinum clusters, 195pt 
NMR, 223-224 

Synthetic ribonucleases, 301-308 

T 

Temperature sensors, pendant 
ttuorophores, 316 

Terminal acetylene derivatives, with 
fluorophosphazenes, 344 

Tetracatenar mesogens, stilbazoles, 
175-177 

Tetradecanuclear copper cages, 95-96 
Tetradentate ligands, Pt4 clusters, 216 
1,1,6,6-Tetrakis(imidazol-2-yl)- 

2,5-diazahexane, 85 
N , N , N ' , N ' - T e t r a m e t h y l e t h a n e -  

1,2-diamine, 83-84 
Tetranuclear manganese cages, 37 
Tetranuclear vanadium cages, 9 
Tetraplatinum clusters 

in acetonitrile hydration, 234-236 
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bidentate ligands, 214-216 
core rotation, 231-233 
EHMO study, 219-221 
with hexadentate ligands, 216 
1H NMR, 221-223 
with monodentate ligands, 210-213 
19~Pt NMR, 221 223 
pyridine ring rotation, 233 -234 
regioselective ligand exchange reaction, 

207-208 
structures, 208-210 
symmetric clusters, 223-224 
with tetradentate ligands, 216 
unsymmetric clusters, 224-231 
X-ray structures, 216-219 

Thermotropic liquid crystals, hydrogen 
bonding, 195 

Thermotropic mesogens, cubic phase, 177 
Thymine, nucleobase recognition 

reagents, 309-310 
Time-resolved infrared spectroscopy 

Bp*Rh(CO)2, 129 
CpMn(CO) and CpMn(CO)2, 133 
in liquefied noble gas studies, 127-128 
Tp*Rh(CO)2, 129 
W(CO)sXe, 131 

Tp*Rh(CO)2, see  Hydridotris(3,5- 
dimethylpyrazolyl)borate 
Rh(CO)2 

Transesterification, 
4-nitrophenylphosphate ester 
of propylene glycol, 302-303 

Transition metal-noble gas complexes 
Ar-Be compounds, 115 
BDEs, 141-146 
bonding, 146-147 
first stable complex, 113-114 
gas-phase studies, 130-134 
Kr compounds, 116 
liquefied noble gas studies, 123-130 
matrix-isolation studies, 117-123 
Rn compounds, 117 
supercritical-fluid studies, 134-141 
Xe compounds, 116-117 

Transition metals 
phenylsquarate complexes, 284 
squarate complexes, 268-269 

3,4,5-Trialkoxystilbazoles 
Pt and Pd complexes, 192-194 
silver complexes, 192 

Triangular cluster complexes, 238-240 
1,4,7-Triazacyclononane, 325 
Tridecanuclear cobalt cages, 71-72 
Tridecanuclear manganese cages, 45-46 
Triethanolamine, in hexanuclear iron 

cages, 51 
Trigona] prisms, as cage family, 101 
Trimethylsilyl acetylene derivatives, with 

fluorophosphazenes, 344 
Trimethylsilyl amines, with 

fluorophosphazenes, 343 
Trimethylstannyl amines, with 

fluorophosphazenes, 343 
Trinuclear platinum(II) cluster complexes 

cluster core transformation, 240-241 
EHMO study, 241-243 
in-plane substitution reactivity, 

243-244 
Pt3 clusters, 195pt NMR, 244-245 
species in solution, 243 
synthesis, 236-238 
triangular cluster complexes, 

structures, 238-240 
Triplatinum clusters,195pt NMR, 244-245 
TRIR spectroscopy, see Time-resolved 

infrared spectroscopy 
Tumor-directed radioisotope carriers, 

pendant-arm macrocycles, 322-324 
Tungsten compounds 

a b  in i t io  calculations, 143 
bonding to Xe and Kr, 130-131 
TRIR spectroscopy, 131, 135-136 
W-Xe, BDE, 132-133 

U 

Ultraviolet photochemistry, HMn(CO)5 
and CHaMn(CO)5, 122 

Ultraviolet-visible spectroscopy, squarate 
complexes, 270 

Undecanuclear iron cages, 57-58 
Undecanuclear nickel cages, 76-77 
Undecanuclear paramagnetic cobalt 

cages, 70-71 
Unsymmetric tetraplatinum clusters, 

224-231 
Uracil, nucleobase recognition reagents, 

309-310 
Uridine, in octanuclear copper cages, 90 
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V X 

Vanadium cages 
alkoxide cages, 16 
decanuclear cage, 13-14 
dodecanuclear cages, 14-15 
heptanuclear cages, 11-12 
hexadecanuclear cages, 15 
hexanuctear cages, 10-11 
nonanuclear cages, 13, 16-17 
octadecanuclear cages, 16 
octanuclear cage, 12 
polyoxovanadate cages, 9 
tetranuclear cage, 9 

Vibrational Raman spectroscopy, 
perfluoro cyclic phosphazenes, 339 

Xenon compounds 
associated chemistry, 116-117 
liquefied solution, 125-126 
M(CO)5 interactions, 130-131, 142 
Xe-Au bond, BDE, 113-114 
Xe-Rh, liquefied noble gas studies, 129 
Xe-W, BDE, 132-133 

X-ray studies 
hydrolytic enzyme models, 298 
liquid crystals, 181 
Pt4 clusters, 216-219 
stilbazole ligands, 154 

Z 

W 

Wheels, as cage family, 96-98  

Zinc complexes 
apocarbonic anhydrase, 315 
synthetic ribonucleases, 309-310 
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