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Two aspects of the chemistry of polynuclear comples are discussed. The first part concerns the apghtion
of electrospray mass spectrometry to such complexedhe concept of pseudoisotopic molecules is inttaced
as two chemical entities which have similar chemit¢dehaviour but which differ in mass and may thus ke
distinguished in the mass spectrum. It is shown ko mixtures of pseudoisotopes readily allow the
identification of the nuclearity of complexes. Stdies of the exchange of pseudoisotopes show surpres
variations in labilty. In favorable cases the evoltion of the mass spectrum yields information on the
mechanism of the assembly. In the second part wasduss a strategy for the synthesis of large molden
cages, based on the fullerene topology, but usingardinative bonding to assemble the structure.

Coordination chemistry / Supramolecular chemistry /Molecular cages / Electrospray mass spectrometry /
Polynuclear complexes

Introduction interactions leading to unusual magnetic propexies
remarkable redox chemistry. The aspect that | wash
discuss here is the use of metal ions to assemble

It is over a hundred years since Alfred Wernet finst ligands into complex molecular structure@],

forward his theory of coordination complexes. For frequently regarded as a branch of supramolecular

most of the time that has elapsed since, the aitent  chemistry[3,4]. Consider the formation of a simple
of coordination chemists has focussed on mononuclea octahedral complex with three bidentate ligands
complexes, but in the past twenty years, polynuclea (Fig. 1, left): we would normally say that the ligands
complexes have increasingly dominated this fiéld complex the metal, but we could just as well sat th

Many reasons explain this: polynuclear complexes the metal is locking the ligands into a particular

may show a number of properties impossible for conformation and is organising them in a three-

simple mononuclear species, such as metal-metal dimensional space.

Fig. 1 Left: schematic view of three bidentate ligandsnptexing one metal ion; middle: extending the
bidentate ligand gives a ligand capable of formarginuclear, triple helical complex; right: the exmental
crystal structure of [G§4)s]** (seeFig. 8 for structural formula).
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This organisation is more obvious if we now take a
slightly more elaborate ligand, with two well-
separated binding sites for a metal ion. Now the
ligand can bind two metals, but is organised into a
triple helical structure where the three ligandsstw
round the axis formed by the metal-metal ved¢&r
This is shown schematically in the centré=af. 1 and

the X-ray crystal structure of an actual complex
[Co,Lg]*" is shown on the right.

In this simple example two cobalt(ll) ions have
been used to assemble three ligands to give a,large
symmetric structure. This type of reaction hasnbee
exploited to produce many elaborate structures in
recent yearsFig. 2 shows some examples taken from
the work of prominent workers in this field: the
double helices of Lehf6], a box generated by Stang
[7], a tetrahedron from Raymond8] and an
octahedron from the Fujita groufd]. These
structures are not the fruit of serendipity: they
combine careful design of the ligand with thoughtfu
exploitation of the coordination properties of thetal
to form elaborate structures in high yield. Muchtod
activity in this field has been structural, warehton
the one hand by the aesthetically pleasing strastur
and on the other by X-ray crystallography as the
ultimate method of characterisation. In this

Fig. 2 Some typical polynuclear structures: a) {Cii
tetrahedron8]; d) [PdL,] octahedron9].

manuscript | wish to concentrate on three other
aspects: the use of mass spectrometry to chaseteri
these complexes, its extension to study the kisetfc
self-assembled systems, and finally a preliminary
report on a synthetic approach to large spherical
capsules. The systems which | will discuss in
connection with characterisation and kinetics & t
triple helices ofFig.1, the cubane complexes of
transition metals, and the polyoxometallates wité t
Keggin structure shown iRig. 3.

Characterising polynuclear complexes: the PIMMS
method

The synthesis of polynuclear complexes with
molecular weights of several thousand Daltons has
presented a challenge for the characterisatiorhef t
complexes. The arrival of electrospray mass
spectrometry (ES-MS) as a generally available
technique some 10-15 years ago was a great help to
coordination chemists since it meant direct stuély o
charged complexes in solution at experimentally
useful concentrations of 0to 10° M became
possible. Although the interpretation of the speds

not always as straightforward as one would like,
particularly regarding the correlation of intensitiand
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Fig. 3 a) a typical cubane complex with a,Og core; b) the Keggin structure [EMD.".

concentrations, it has become an indispensable tool
[11-13]. One problem that appears frequently
however is the distinction between species with
different values oh in complexes of type [M.4"], :
complexes with different values of will all give
peaks at the sanma/zvalue. Isotopic splittings may
help to distinguish the value of but the distribution

of isotopes in nature is not always favourable.m&o
elements have only one isotope, others such as
molybdenum and tungsten have so many that the
peaks become very complicated for high nuclearity.
the total chargen’z is high the splitting of peaks
becomes smaller and one may have difficulty
resolving the different isotopic peaks. When i@irp
formation is observed this can allow identificatioh

the charge, and consequently of the value @& but

this is not always the case. If one were to imagin
ideal world, one would like a choice of isotopes,
preferably showing a large mass difference. THhesru

of nuclear physics preclude this, but we can do
something quite similar. Consider the two ligadds
and? in Fig. 4:

N

©:N/ OH /
1

/ HO N

Fig. 4 Structural formulae of ligandsand?2.
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They are clearly identical as far as their coortiama
properties are concerned, differing only in the
presence of two methyl groups remote from the
coordination centre. Their coordination properties
would be expected to be identical, the only diffeee
being their molecular weight, 28 units greater 2or
than for 1. We will call these two ligands
pseudoisotopicmolecules defined astwo species
which, within a given chemical system, are
chemically identical, but have different masses
The limitation as to one system is important: for
example, we might expect the two ligands to show
identical complexion behaviour in solution, their
crystal packing is likely to be different. Bothand?2
can form polynuclear complexes such as the cubane
[Cos(1-H)* where one alcohol function is
deprotonated to bridge metal ions, as showfridn 5.

Fig. 5 a) The CgO, core of a cubane showing
the binding of ligandl; b) modelled structure
for a possible [Cg1-H),] complex.
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Table 1 Mass spectra predicted for [{Lg-nH]*" where L is an equimolar mixture bfand2.

Species Predicted peaks Intensity
[Co.L, - 2HF 352.5, 366.5, 380.5 1:2:1
[Co,L, - 3H] 703.5, 731.5, 759.5 1:2:1
[Coul, - 6H]2+ 703.5,717.5, 731.5, 745.5, 759.5 1.4:6:4:1

However they could equally form dimers
[Coy(1-H),]*, and both species will show peaksrit
703 in the mass spectrum. If we repeat the expetim
using ligand2 the two major peaks at/z 556.3 and
703.5 shift to 598.7 and 759.5, or 42 and 56 mass
units respectively. Since the mass difference betw

1 and 2 is 28, the first peak must correspond to
[Cosls - 6H]** while the second could be either
[Coul, - H" or [Co,L, - 3H]". A clearer experiment

is to form the complex from an equimolar mixturelof
and 2. The dinuclear complex will give a triplet
signal due to the three species
[Cox(1)r(2)2-n - 3H]" (n = 0 — 2) while the tetranuclear
will give a quintuplet due to [G¢1)n(2)4.n - 6H** (n =

0 — 4). The multiplicity of the signal thus indies
the number of ligands present in the ion while the
separation of the peaks is equal to the mass diféer
between the pseudoisotopic molecules divided by the
charge. Tablel gives the spectra predicted for the
different speciesFig.6 shows the spectrum for an
equal mixture ofl and2. The peak centred atz =
731 is a quintuplet, clearly establishing the pnese
of a tetraligand species, and the peak separafidd o
indicates a +2 species. The triplet centredvat366
must contain two ligands and is thus identified as
[C02L2 - 2H]2+.
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Fig. 6 ES-MS spectrum of an mixture of 2
equivalents of cobalt(ll), one equivalent bf
one equivalent o2, and two equivalents of
base.

It is often stated, quite correctly, that the irgities
of peaks in the mass spectrum may not correlate
directly with the concentrations present in solatio
This is generally true, but we have found that when
comparing pseudoisotopic peaks the intensities do
indeed display the expected ratio. This is perhragis
surprising since we are comparing ions which arg ve
similar, having the same charge and differing anly

substituents on the periphery of the molecule.
Moreover the method is self-verifying: If and 2 do
indeed have different properties, then we will no
longer see a statistical distribution of peaks.Fin 6

the quintuplet peak is quite symmetric, which igyon
possible if1 and 2 are truly pseudoisotopic. The
observant reader may note that the intensity
distribution is not the 1:4:6:4:1 that one woulgest
from the binomial distribution. Peaks 1, 3, 5 are
rather too intense. This may be explained if thesi
[COx(1)n(D2n - BH] and [CA(1)n(2)sn - 6H]" are
both present, since the dinuclear complex would
contribute to these peaks. Only the tetranuclear
species will contribute to peaks 2 and 4. The
formation of the dinuclear species as a decompusiti
product was confirmed by measuring the spectrum
again at a higher collision energy, where morehef t
dinuclear species is formed and consequently pgaks
3 and 5 increase still more in intensit¥4]. The
definition given above is not limited to organic
substitutions.  Different lanthanide ions have been
used as mass spectrometric markeéfs, and we give
here a second example from heteropolymetallate
chemistry. The heteropolymetallates with the Kegg
structure EMy;049™ have been known for over 150
years forM = W or Mo with a wide variety of
heteroelementg. Students are taught that 4d and 5d
elements have very similar chemistry, and indeed at
the beginning of the series their separation is not
trivial. So MoQ? and WQ? might be expected to
behave as pseudoisotopic ions, and indeed Howarth
and co-workers showed some years ago that tungstate
and molybdate mix in heteropolymetallaté6].
Fig. 7 shows the ES-MS spectrum of a solution of
[PW12040]3' where one sixth of the tungstate was
replaced by molybdate. As can be seen the single
peak observed for pure [PMD.]> becomes a
multiplet, with separations of 30 mass units, dmiedt

of the mass difference between tungsten and
molybdenum, as expected for a 3- anion. The
intensities are in agreement with a calculationedas
on the binomial distribution. The use of
pseudoisotopic molecules is not unprecedented, and
several examples using derivatised organic molscule
are known in the literaturg17-20], although we
believe that we are the first to formalise the apph.

We refer to it as Pseudolsotopic Molecule Mass
Spectrometry, more easily remembered as PIMMS.
The advantages of using PIMMS are easy attribution
of peaks and identification of the nuclearity oésjes.
Pseudoisotopes are often more readily obtained (by
simple synthetic modification) than true isotopasg

4 Chem. Met. Alloy& (2009)



A.F. Williams, Large coordination complexes: syrdiisecharacterisation and properties

Fig. 7 ESMS spectrum of [PWO,* containing 16.6% molybdate, showing the statistilistribution of

molybdate ions.

show much greater mass differences. The mixture of

magnitude slowef22]. This remarkable difference

pseudoisotopes can be varied as the chemist pleasescould be explained by a series of experiments using

Finally, any deviation from pseudoisotopic behaviou
may be detected by the non-statistical distributién
the peak intensities.

Investigating kinetics with PIMMS

Studying isotope exchange has been a major soéirce o

information on reaction mechanisms. It is equally
possible to use pseudoisotopes to investigate
mechanisms.  In this section we will illustratésth

with some examples from our own work on
polynuclear coordination compounds. It is usually
stated that self-assembly reactions are rapidysidle
and proceed to the thermodynamically most
favourable structure. This is sometimes interplete
implying that all reactions of such species aradap
but the data available for these systems are lihaited
tend to contradict it.  Our first observation, man
years ago, concerned the racemisation of the ¢tipalt
triple helicate [Ce45]*" shown inFig. 1 and8.

Fig. 8 Structural formulae of ligands—5.

Although the cobalt(ll) ion is generally considerasl
labile, with exchange taking place on the stopped f
timescale as evidenced by the rapid exchange of
diastereomers of [C8)]?* [21], the triple helicate
[Cox(4)s)** showed racemisation six orders of

ligand 4 and its pseudoisotopic molecule [21].
Mixture of solutions of [Cg(4)s]*" and [Ca(5)3]*" in
acetonitrile gave very clean ES-MS spectra and
showed slow scrambling of the ligandsand5 when
followed by mass spectrometrigading after several
hours to the expected statistical mixtures of
compounds. On mixing [G(5)s]*" with free ligand

4, the peak in the mass spectrum due to,(&)¢**
disappeared over a period of 100 minutes, whil&kpea
due to complexes containing ligandl appeared.
Surprisingly, the peak due to [€d)s]*" grew much
faster than the others, suggesting, rather paradlbxi
that the exchange of all three ligands was fastan t
the exchange of only one or two. The paradox could
be resolved by the mechanism shownFig. 9, in
which the complex slowly dissociates a metal ion to
give Col; and Co. This involves breaking six metal-
ligand bonds, and will consequently be slow. The
second metal holds the three strands of the ligand
close to the first, and the stepwise dissociatibthe
chelating units is harder. In the second step fribe
Co produced by the dissociation will be complexed
rapidly by free ligand4. The two mononuclear
complexes thus produced can both capture a metal io
to give either [Cg(5)3]*" or [Cox(4)s)**. In the first
case the net reaction is nil, but in the seconral fuly
substituted product [GE4)s]** is formed. It is only
after the reaction has proceeded for some timetligat
amount of5 liberated will be sufficient to allow
formation of mixed ligand species.

The inertness of the triple helicates may be
reasonably attributed to the obligation to brealesal
bonds before an exchange can take place. A similar
effect is seen with the cubanes formed by ligahds
and 2 (Fig.5). When solutions of the cubanes
[Co4(1-H)4]** and [Ca(2-H),*" are mixed only slight
(< 10%) exchange is observed after several days, an
astonishing result for the formally labile cobdjt{bn.

If the cubane [Mg(1-H)J?" is reacted with free
cobalt(ll) which forms a more stable cubane, only

Chem. Met. Alloy& (2009) 5
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slow 4
00253 — 0053 + Co=—= 0053 + C043 35 + 00243
fast
Fig. 9 Mechanism for ligand exchange in a triple helicate
partial substitution is observed after three hoars] In this case the way in which the spectrum changes
this shows formation of [G@l-H),*" rather than extremely informative about the mechanism. The

mixed metal species, excluding a stepwise exchange initially formed species are those in which onlyear

of metals and implying that the mechanism involves two metal ions are changed; species in which thage

complete decomposition and recomposifibs]. been statistical mixing of the metals are obseoms
A final example concerns the polymetallates at the end of the reaction. This argues in fawafua

[EM1O4™, M = Mo,W, E = P, As, Si. Our initial stepwise exchange of metals as showhign11:

belief was that these species, involving a metal(VI

ion which will have considerable covalent chargcter

would show rather slow kinetics. On mixing

[PMo0:,040* and [PW-04¢)* in acid solution we were

surprised to see rapid exchange after only 5 sescond

with complete exchange within one hobid. 10).

Fig. 11 Mechanism for metal exchange in
[PM12O40]3_-

If we assume a purely statistical model, the pratbpb
of a given complex MgW,,, losing a molybdenum is
p/12, and of losing a tungsten (pP12. Since there
is an equimolar amount of tungsten and molybdenum
in the solution, there is an equal probability bét
resulting complex capturing a molybdenum or a
tungsten. It is a trivial matter to simulate the
development of the mass spectrum using this model,
and one obtains a pattern very similar to that seen
Fig. 10  Such a mechanism is chemically very
reasonable since the lacunary specigd;[Psq” is
known to be formed at slightly higher pH, and iagh
quite accessible. A rapid exchange is therefore no
quite so surprising. The related arsenometallise a
shows rapid exchange, but no exchange at all is see
for the silicotungstate [SiWO.]* under these
conditions[23]. This may be related to the stronger
interaction between the silicate ion and the metall
cage as evidenced by the silicate-tungsten borgtHen
and the quadrupole coupling at the tungsten nucleus
[24].

The three examples given here show that
substitution in these polynuclear systems can show
remarkable kinetic range. This fact does not seem

Fig. 10 Changes in intensities of the peaks in be generally appreciated, but offers potentiallg th
the ES-MS spectrum due to [HPM,5,04* possibility of inorganic synthesis under kinetic
on mixing [PMq2040]3' and [PW2040]3' in control, hitherto the reserve of organic chemistry.
acid solution. Mass spectrometry coupled with pseudoisotopic

6 Chem. Met. Alloy& (2009)
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exchange offers a simple and effective means of
studying these reactions.

A synthetic approach to self-assembled spheres

The final subject | wish to discuss is a synthetic
problem. Can we use the assembly of polynuclear
complexes from suitably chosen metals and ligaads t
create new and previously inaccessible structures?
The example | would like to discuss is the asserobly
spherical units, or molecular capsules. This sffest
only an aesthetic challenge, as shown by the
popularity of the spherical molecule g{Cas an
illustration for chemistry books, but also potehtia
applications as ‘molecular flasks’ for encapsuigtin
other molecules or creating a constrained volurme fo
chemical reaction§25,26] We may also regard the
synthesis of closed spherical molecules as a clamic
approach to the question of how nature can generate
quite precisely closed volumes inside the cell.
Buckminsterfullerene, &, is a highly symmetric
molecule. Formally it is self-assembled from 66 sp
hybridised carbon atoms, but this is clearly not a
feasible route for a high yield synthesis, sincé sp
carbon atoms more usually assemble to produce
planar, extended sheets of graphite. So why is
spherical Gy formed? The secret is in the inclusion
of pentagons in the structure. It is well knowmatth
pentagonal tiles cannot be used to cover a planar
surface. If we try to link pentagons by their iegs,
as shown irFFig. 12, then it is not possible, in a planar
structure, for all bonds to have the same lendfthve
force the bonds shown as dashed lines to have the
same length as those shown as solid lines, then the
structure will naturally curve to a hemisphericairf.
The curvature is thus induced by the geometry.

Fig. 12 Linking pentagons: if the dashed bonds
are shrunk to the same length as the other
bonds, the structure must curve into a bowl
shape.

Following this reasoning, we thought that if we kao
ligand with five binding sites in a pentagonal
arrangement, and attempted to link them by metal
ions, a fullerene like structure should result. r @nst
choice of ligand was the pentacyanocyclopentadienyl

anion, 6, which was reported some years ago by
Webster{27] (Fig. 13.

The cyanide functions are good donors for ions
such as copper(l) and silver(l) which can showdme
coordination. Thus copper or silver ions couldlin
anionso6 to give a fullerene-like structure. A computer
model of the structure is shownhig. 14

Fig. 13  Structural formula  of  the
pentacyanocyclopentadienide anién,

Fig. 14 Computer Model of [Cy(6)1]™"
looking down a g axis (top) and perpendicular
to this axis (bottom).

Chem. Met. Alloy& (2009) 7
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The model does not require any severe distortion
of angles or bond lengths.
good system to begin with, but no reaction was
observed with copper(l), and with silver(l) a dark
brown precipitate of composition Ag{(CN)s] was
obtained. The structure of this precipitate cobéd
solved by X-ray powder methods, and showed a
polymeric structure in which only three of the cigin
functions coordinate the silveFiy. 19 [28].

Fig. 15The polymeric structure of Ag).

After this disappointing start we decided to repla
the cyanide functions by 4-pyridyl units to give
(Fig. 16). Although we succeeded in the synthesis of
7H, it was extremely sensitive to oxidation, and we
therefore sought to stabilise it by complexationaof
metal to the cyclopentadienide fragment. This doul
be achieved by starting from a phosphinoferrocene
compound8 using a palladium catalysed pyridylation
according to the method of Hartwig9] followed by
oxidation of the phosphine (to avoid competing
complexation reactions) to give the ligaBdwhose
crystal structure is shown ig. 17.

Fig. 16 Structural formulae of substituted

ferrocenesy —9.

This therefore seemed a

Fig. 17 Crystal structure of ligan@.

Ligand 9 reacts with copper(l) as shown by the
shift of the pyridyl signals in thtH NMR spectrum.
An end point is observed at 2.5 equivalents of meta
per ligand which is the ratio to be expected iffaie
pyridyl sites are occupied by bridging metal ions.
The NMR spectrum remains highly symmetrical. A
computer model of the proposed structure
[Cus(9)1**" suggests a sphere of approximate
diameter 30 A, and in accord with this the diffusio
coefficient of the complex as measured by NMR is
three times smaller than that of the free ligand.
Application of the Stokes-Einstein equation gives a
hydrodynamic radius of 16 A, in good agreement with
the model structure. Preliminary light scattering
results also agree with this radii®]. We therefore
consider that it is reasonable to believe that a
symmetrical cage [Gi(9):2)*°" analogous to the cage
[Cuso(6)12)*®" of Fig. 14 is formed. Silver(l) shows
very similar behaviour.

Two features seem worthy of emphasis in this
work: firstly, we will need to develop new analgic
techniques to fully characterise species with mabac
weights greater than 10’000 Dalton, and secondiy th
the construction of this large spheroidal cageaisehl
on a purely geometric principle, in which coordioat
chemistry returns to ideas already establishedhby t
ancient Greeks.
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