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Dipartimento di Chimica, Università di Perugia, Via Elce di Sotto 8, 06123 Perugia, Italy

Received 12 October 2007; accepted 16 December 2007
Available online 23 December 2007

Dedicated to Professor Giuseppe Cardaci whom we are fortunate to have as our ethical and scientific reference point.

Contents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2224
2. Aggregation of ion pairs to ion quadruples and beyond . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2225

2.1. Aggregation of arene Ru(II) ion pairs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2226
2.2. Aggregation of zirconocene ion pairs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2227

3. “Switching off” the dipole–dipole interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2230
4. Aggregation driven by extended �–� stacking interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2231
5. Aggregation driven by hydrogen bonding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2231

5.1. Aggregation of cationic arene Ru(II) complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2231
5.1.1. Arene Ru(II) complexes with the dpk ligand . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2232
5.1.2. Arene diamine Ru(II) complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2232

5.2. Aggregation of neutral complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2233
6. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2236

Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2236
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2236

Abstract

This review summarizes the results recently obtained by our research group investigating the non-covalent aggregation of coordination compounds
in solution through NMR spectroscopy. First, systems that can undergo only weak non-covalent interactions, such as dispersive and dipole–dipole
ones, are considered; successively, coordination compounds that are capable to establish more energetic non-covalent interactions, such as hydrogen
bonding and/or extended �–� stacking interactions, are taken into account. The parallelism between the energy of non-covalent interactions and
the level of aggregation is highlighted. The results concerning the latter are mainly obtained through diffusion NMR experiments. In some cases,
information about the structure of non-covalent aggregation in solution, obtained through intermolecular NOE studies, is discussed and contrasted
with that observed in the solid state (by means of X-ray single crystal investigations, mainly carried out by our group) and/or derived from theoretical

calculations.
© 2007 Elsevier B.V. All rights reserved.
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. Introduction
The intermolecular (or supramolecular) structure of coor-
ination compounds in solution has been the main object of
ur studies for the past decade. Its elucidation necessitates
he knowledge of two fundamental pieces of information:
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1) the relative orientation of the moieties constituting the
upramolecule and (2) the average size of the latter. This
nformation can be obtained by means of NMR spectroscopy.
ntermolecular nuclear Overhauser effect (NOE) NMR experi-
ents [1], based on the detection of dipolar (through the space)

oupling between nuclei, are ideal for obtaining information
bout the relative orientation of the moiety (1). Diffusion NMR
xperiments [2] allow the molecular size of the adducts (2) to
e estimated. In fact, the average hydrodynamic radius (rH) and
olume (VH) of the supramolecule can be evaluated from the
ranslational self-diffusion coefficient (Dt) measured, taking
dvantage of the Stokes–Einstein equation. The latter passage
s not devoid of snares but it can be covered if the proper
recautions are taken into account [3].

Our attention was first focused on structurally characteriz-
ng transition-metal ion pairs in solution, by means of interionic
OE NMR studies, in an attempt to determine the counterion
osition with respect to the cation [4]. Our interest has been
timulated by the critical role played by ion pairing in several
eactions [5], which in some cases are of industrial importance.
t was soon demonstrated that interionic NOE NMR techniques
ere a very powerful tool which not only gives a qualitatively

eliable picture of the relative anion–cation orientation but also
llows interionic distances to be quantitatively determined [6,7].
ater, we [8] and others [9] realized that diffusion NMR experi-
ents (mainly PGSE, i.e. pulsed field gradient spin–echo) were

nother equally powerful tool for detecting ion pairing. Although
hey do not afford any structural information about the ion pairs,
hey clearly indicate the conditions (solvent, concentration, tem-
erature, etc.) under which ion pairs form. While exploring the
ffect of changing the solvent and salt concentration, it became
lear, always through PGSE NMR studies, that transition-metal
on pairs could aggregate forming ion quadruples and even
igher aggregates in solvent with low relative permittivity (εr),
t relatively high concentration [10,8,11]. Since the considered
ransition-metal ion pairs did not possess moieties suitable for
ndergoing hydrogen bonding (HB) or �–� stacking interac-
ions, the aggregation of ion pairs to ion quadrupoles had to be
ue to the interactions between the permanent dipole moments
f two ion pairs. Successive studies were conducted to evaluate
he effect of �–� stacking on the aggregation and of introducing
roper moieties in the periphery of the coordination compounds
hat would allow the establishment of other non-covalent inter-

olecular interactions, particularly HB [12,13]. PGSE NMR
tudies showed that extensive aggregation occurred in solution
14] for both transition-metal ion pairs and neutral complexes
eading, in some cases, to aggregates of nanometric dimensions
ontaining up to hundreds of elemental building blocks [15]. The
evel of aggregation was conveniently evaluated by defining the
ggregation number, N, as the observed hydrodynamic volume,
H, over that of the elemental building block (V 0

H). The latter
oincides with the van der Waals volume (VvdW) only for spher-
cal compact molecules without inlets otherwise it is higher than

vdW and usually smaller than the volume derived from X-ray
ingle crystal studies [3]. V 0

H can be evaluated by performing
GSE experiments as a function of the sample concentration
y extrapolating the value at infinite dilution, provided that the
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nteraction energy of the elemental units of the supramolecule
s not too high [3].

In this paper we review the results of our investigations of the
upramolecular structure of coordination compounds in solu-
ion using NMR techniques. The focus is limited to systems
nvolving aggregates higher than ion pairs and neutral non-
ovalent dimers. Transition-metal ion pairs are only considered
s the starting points for the aggregative processes since several
eviews have recently been published dealing with the appli-
ation of NOE [6,16,17] and diffusion experiments [16–18] to
haracterize them. A comparison between the supramolecular
tructure in solution and that in the solid state is also reported.
n some cases, such a comparison is mediated by the results
f theoretical calculations that are valuable for highlighting the
greement or the possible differences between them.

Substantially, the subjects are presented following the
hronological development of our research. First, the self-
ggregation of transition-metal ion pairs that cannot establish
ntermolecular HB or significant �–� stacking interactions is
escribed. The effect of turning off the dipolar interactions is
hen faced. In such a case, where only weak dispersive forces
re active, it is shown that molecular systems must be large in
rder for the self-aggregation to occur. Second, coordination
ompounds with an extended �-electronic conjugation, which
ometimes show nanometric aggregates, are considered. Lastly
e consider cationic and neutral coordination compounds that
ave the possibility of undergoing HB and, consequently, exhibit
marked tendency to self-aggregate.

As mentioned above, information on the average hydrody-
amic size of the aggregates is obtained through PGSE NMR
xperiments. Knowing the hydrodynamic size of the consti-
utive units [19] allows the thermodynamic parameters of the
ggregative processes to be determined [3]. In order to furnish a
uantitative picture the equilibrium constant and variation of the
ree energy are given, for most of the examples herein illustrated.
ince the forces responsible for the aggregation have been delib-
rately turned on and off, the quantification can also be useful
or evaluating their single contributions.

. Aggregation of ion pairs to ion quadruples and
eyond

It is well known that ion pairs, under certain conditions,
ay undergo self-aggregation forming ion quadruples or higher

ggregates through dipole–dipole interactions [20]. Factors that
avor aggregation are a large dipole moment of ion pairs, sol-
ents with low relative permittivity and high salt concentrations
n solution [21]. Although these conditions were originally dis-
overed for organic ion pairs, they also apply to transition-metal
on pairs. Two other factors must however be taken into account:
i) in cations of coordination complexes, [MLn]Z+, the charge
ay be highly delocalized onto the ligands (L) since the cova-

ent nature of the M L bonds involves d-orbitals and (ii) in some

ases the cation–anion interaction may have a weak coordina-
ive character. These factors tend to reduce the dipole moment
f the ion pairs and, consequently, decrease their tendency to
elf-aggregate.
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Scheme 1.

In the following, some recent examples of self-aggregation
n some ruthenium and zirconium transition-metal salts are pre-
ented. While other types of weak forces may play some minor
oles, self-association of the resulting ion pairs is mainly driven
y dipole–dipole and dipole–multipole interactions.

.1. Aggregation of arene Ru(II) ion pairs

Recent PGSE NMR measurements showed that aggregates
arger than ion pairs are formed by half-sandwich ruthenium-
iimine salts (Scheme 1) in solvent with a relative permittivity
ower than that of chloroform (ε20 ◦C

r = 4.81) [11,22].
This is illustrated in Fig. 1, where cationic aggregation num-

ers (N+) [23] are reported as a function of the concentration
C) for complexes 1RuBPh4 in methylene chloride (�) and
hloroform (�) and for 1RuPF6 in benzene ( ). As expected,
n increase in the salt concentration favors both ion pairing
1RuBPh4 in methylene chloride, Fig. 1) and ion quadrupoling
1RuPF6 in benzene, Fig. 1).

Although the low solubility of some salts prevented a com-
lete study, some interesting trends were observed regarding

heir tendency to form ion quadruples as a function of the size
f the ions. Considering the same cation, larger counterions favor
he formation of ion quadruples. This is evident when different
alts at similar concentrations are compared: at 5 mM in benzene,

ig. 1. Cationic aggregation numbers (N+) as a function of salt concentra-
ion (C). 1RuBPh4 (methylene chloride-d2, �), 1RuBPh4 (chloroform-d, �),
RuPF6 (benzene-d6, ).

s
l
i
8

F

Fig. 2. Schematic representation of the charge distribution in 2Ru+.

+ = N− = 1.2 for 1RuPF6 and N+ = N− = 2.1 for 1RuBARF
BARF = B(3,5–(CF3)2C6H3)4) while, at 32 mM in chloroform,
+ = 1.5 and N− = 1.3 for 2RuBF4, N+ = 1.6 and N− = 1.5 for
RuCF3SO3 and N+ = N− = 1.9 for 2RuBPh4 [23]. It also seems
hat larger cations favor ion-quadrupoling: for example, 2RuBF4
N+ = N− = 1.9) shows a slightly larger aggregation than 1RuPF6
N+ = 1.7, N− = 1.5), in benzene at ca. 36 mM. A rationale for
he observed trends can be drawn by taking into account that
he dipole moment of the ion pair increases on passing from
mall to large counterions. As stated above, when organometal-
ic cations are considered, the charge distribution may be highly
nsymmetrical. The latter was estimated for the cation 2Ru+ by
eans of natural population analysis (NPA) calculations (Fig. 2)

24].
Small counterions, like BF4

− and PF6
−, can dock closely

ith the cation from the side of the N,N ligand, just above the
ridging diimine carbon atoms (Fig. 3, orientation A). From this
ocation the anions can interact with the partial positive charge
resent on both the diimine ligand and the cymene moiety. Such
preferential position was observed experimentally both in solu-

ion by 19F,1H-HOESY NMR spectroscopy as well as in the solid

tate by X-ray investigations. Our n-layered integrated molecu-
ar orbital and molecular mechanics (ONIOM) [25] calculations
ndicated that the energy of the cation–anion orientation A is
.8 kcal mol−1 less than that of orientation B, where the anion is

ig. 3. Schematic representation of the two cation–anion orientations in 2RuX.
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otally shifted to the side of the cymene moiety. The calculated
ipole moment for the most stable ion pair is 15D [22].

In sharp contrast, for large counterions like BPh4
− and

ARF−, that cannot approach closely the cation, the two orien-
ations have similar energies, with a �E of about 1.7 kcal mol−1,
s estimated from ONIOM calculations. In addition, since the
nion is much more distant from the cation, the dipole moments
or both orientations are much higher (30D). The 15D dif-
erence between the dipole moment values of the ion pairs
ith small and large counterions could explain their different

ggregation tendencies. In agreement, for complexes bearing
F4

− or PF6
−, the equilibrium constant for ion quadruples for-

ation (KIQ) is 40–100 M−1 (−�G0
IQ = 2.0–2.8 kcal mol−1)

n chloroform, while it increases to 200–700 M−1 (−�G0
IQ =

.1–3.8 kcal mol−1) when BPh4
− salts are considered, in the

ame solvent [3]. DFT calculations, carried out for a sim-
lified ion pair similar to 1RuBF4 having benzene instead
f cymene (3RuBF4), indicate that the formation of an ion
uadruple from two ion pairs is an exothermic process with a
E ≈ 6–12 kcal mol−1 in gas phase and 2.4–4.8 kcal mol−1 in

ichloromethane.
The structure of ion quadruples was investigated by an

ntegrated approach based on NOE NMR spectroscopy, X-ray
iffraction studies and theoretical calculations and it was found
hat the structure is strictly related to the nature of the anion.
he conditions required to have a substantial amount of ion
uadruples in solution can be determined from PGSE data, while
he interionic structure of the aggregates can be investigated by
H-NOESY and 19F,1H-HOESY spectroscopy. As mentioned
efore, 19F,1H-HOESY experiments indicate that the anion is
ocated above the diimine carbons (orientation A in Fig. 3)
hen ion pairs with small counterions are present in solution

2RuBF4, CD2Cl2, 34.1 mM). Some changes can be observed
n the relative interionic NOE intensities in the 19F,1H-HOESY
pectra recorded under conditions where ion quadruples are
he predominant species (2RuBF4, C6D6, 34.1 mM) (Fig. 4);
he changes are consistent with an average shift of the counte-
ion toward the cymene moiety. The interionic structure of ion
airs with larger counterions shows less selectivity in the NOE
ontacts (2RuBPh4, CD2Cl2, 43 mM). Again there is a good
greement with the results derived from calculations that pre-
icted similar stabilities in the A and B orientations (Fig. 3) for
RuBPh4.

No changes in the relative NOE intensities were observed
hen ion quadruples were mainly present in solution for ion
airs with large counterions. Given that an alternation in the
ations and anions is also found in the solid-state structures
f 1RuBPh4 and 2RuBPh4 [22], a head-to-tail arrangement
f the type [Ru+X−Ru+X−] is more probable in the large
nion-bearing ion quadruples. In contrast, both head-to-head
X−Ru+Ru+X−] and tail-to-tail [Ru+X−X−Ru+] ion quadru-
les, differing with respect to both disposition and orientation of

he ionic moieties, are found in the solid state for salts containing
mall fluorinated anions (Fig. 5). DFT calculations, carried out
or 3RuBF4 in the gas phase, indicate that the [Ru+X−X−Ru+]
rrangement is favored (Fig. 5, left). Nevertheless, inclusion

l
c
i
m

Fig. 4. 19F,1H-HOESY spectrum for 2RuBF4 (C6D6, 296 K, 34.1 mM).

f the solvent (CH2Cl2) as a continuum, reduces the energy
ifference between the structurally different quadruples to the
oint that the actual geometry may critically depend on the steric
equirements of both cation and anion.

.2. Aggregation of zirconocene ion pairs

Metallocenes have a relevant position in the field of homo-
eneous olefin polymerization catalysis [26]. It is now widely
ccepted that ion pairs of general structure [CpR

2MR]+X− are
he catalytically active species. Considering that olefin polymer-
zation reactions are usually conducted in solvents with a very
ow relative permittivity, like benzene (ε20◦C

r = 2.28), toluene
ε23◦C

r = 2.38) or isoparaffins (εr < 2.00), the earlier assumed
echanism in which the ion pair dissociates in solution to gen-

rate the highly active 14-electron cation [CpR
2MR]+ seems

nlikely. On the contrary, association of ion pairs to ion quadru-
les or higher aggregates may occur. PGSE NMR experimental
vidence for ion pair aggregation in zirconocene complexes was
rst reported by Brintzinger and co-workers [10]. A few years
ater, we carried out an extensive PGSE investigation [27] in
ollaboration with Marks and co-workers, in which we stud-
ed a number of zirconocene ion pairs in benzene, varying the

etallocene skeleton, nature and size of the anion and salt con-
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Fig. 5. Ion quadruples observed in the solid state of 3RuPF6.
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entration. Both inner sphere (ISIP) [5] and outer sphere (OSIP)
5] contact ion pairs were studied (Scheme 2).

The trends of the aggregation number as a function of salt
oncentration, for ion pairs shown in Scheme 2, are illus-
rated in Fig. 6 [28]. There is no evidence of aggregation in
ny of the ISIPs up to a concentration of ca 10 mM, irrespec-
ive on the size of the ions. This can be reasonably attributed
o the fact that the dipole moment of the ISIPs is small
ince, by definition, the anion occupies one of the coordina-
ion sites and, consequently, it closely approaches the cation.
s far as the anion orientation is concerned, it is known

hat the methyl group bonded to the boron atom in MeBN−
MeBN− = MeB(C6F5)3

−) and the fluorine atom bonded to the
luminium atom in FPBA− (FPBA− = FAl[2(C6F5)(C6F4)3]−)

re directed toward the otherwise free coordination site of the
orresponding zirconocenium cations [29]. The results of 1H-
OESY and 19F,1H-HOESY NMR investigations showed that

his anion orientation is maintained in solution for both ion pair

Fig. 6. Aggregation number (N) as a function of concentration (C) for
zirconocene ISIPs (�) and OSIPs ( ) shown in Scheme 2 and [Cp2Zr(�-
Me)2AlMe2]+MeMAO− (�) in benzene-d6.
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(up to 10 mM) and the solvent polarity (toluene/1,2-F2C6H4,
90/10 in volume) results in an aggregation number of 2.2
[38]. In comparison with the trends reported in Fig. 6, the
increased relative permittivity of the medium diminishes the
G. Bellachioma et al. / Coordination

ZrMeBN and 4ZrFPBA [27]. Recent calculations, carried out
n systems containing the MeB(C6F5)3

− anion, showed that the
ation–anion interaction in these ion pairs is primarily electro-
tatic in nature [30], but some residual directional coordinative
nteraction cannot be excluded.

In sharp contrast, the hydrodynamic volume of outer-sphere
on pairs 5ZrMeBN, 5ZrBT (BT− = B(C6F5)4

−), 6ZrMeBN
nd 7ZrBT increases markedly with increasing concentration.
lthough the highest N value of each OSIP is different and
epends on the solubility, the N versus C trends are similar. In
ddition, the slope of N versus concentration is rather steep for all
he ion pairs and does not reach a plateau at values around 2. This
uggests that aggregation may proceed beyond ion quadrupol-
ng. Fitting the experimental data with the equation derived from
he equal constant model (EK) [31] gives a rough KIQ esti-

ate of ca. 1000 M−1, which corresponds to a �G0 of about
4.0 kcal mol−1. In OSIPs, the anion is located in the second

oordination sphere and, consequently, an increase in the ion
air dipole moment is expected. In agreement, both experimental
27] and theoretical [32] data indicate a drastic interionic struc-
ural rearrangement on passing from 2ZrMeBN to 5ZrMeBN.
s stated above, in 2ZrMeBN the methyl group bonded to boron

teadily points toward the free coordination site at the zirconium
enter, resulting in a Zr–B distance around 4.2 Å and a Zr–Me–B
ngle around 175◦; in 5ZrMeBN the average Zr–B distance is
a. 7.2 Å, and, more importantly, the B Me bond points away
rom the metal (Zr–Me–B angle ≈ 0◦). As a consequence, the
hree C6F5 groups of the MeBN− anion face the metallocene,
esulting in a cation–anion orientation that is very similar to that
f 5ZrBT which contains the C6F5-tetra-substituted anion. This
xplains why they have a similar tendency to self-aggregate.

A few other studies concerning self-aggregation of met-
llocenium ion pairs have been reported in the literature.
abushkin and Brintzinger used PGSE NMR methods to esti-
ate the dimensions of the MeMAO− anion by measuring the

iffusion coefficient of the ion pair [Cp2Zr(�-Me)2AlMe2]+

eMAO− (8ZrMeMAO), which is formed upon the activa-
ion of Cp2ZrMe2 with MAO [33]. The effect of the total
oncentration was investigated, but the results in terms of
on pair self-aggregation are strongly puzzled by the use of
ifferent Zr/Al ratios and the intrinsic nonuniformity of the
eMAO anion. Some data can be extracted at a constant
l/Zr ratio (Al/Zr = 60) [34] and compared with the results pre-

ented above. For 8ZrMeMAO, aggregation numbers N = 1.6
1.88 mM), 1.3 (0.92 mM) and 1.1 (0.36 mM) are obtained,
hich give KIQ = 615 M−1 and �G0 = −3.8 kcal mol−1. In spite
f the marked increase of the anion size on passing from perflu-
roarylborate anions to MeMAO−, it appears that the tendency
f 8ZrMeMAO to self-aggregate is similar to that of other
SIPs. A possible explanation can be found by considering

he anion charge distribution and anion–cation orientations in
ZrMeMAO. In the cage structure of MeMAO−, the negative
harge may remain substantially localized, and it may reside on
he peripheral –O–AlMe3 moiety which is formed after methyl

bstraction by an –O–AlMe2. [35] Then, it is reasonable that
he MeMAO− anion orients the –O–AlMe3 moiety toward zir-
onium in the 8ZrMeMAO ion pair (Fig. 7). Consequently, the
ig. 7. Schematic representation of the possible preferred anion–cation orien-
ations in the ion pair 8ZrMeMAO.

ipole moment and the self-aggregation tendency of the ion pair
ill be quite similar to that of other zirconocene OSIPs.
In collaboration with Bochmann and co-workers, we more

ecently reported some PGSE studies on strictly related ansa-
etallocene ion pairs bearing the bulky −CH2SiMe3 alkyl group

Scheme 3) [36,37].
When the cation is paired with the sticky MeBN− anion,

he bulky alkyl ligand points away from the metal and the cor-
esponding ISIPs, 9ZrMeBN and 10ZrMeBN, are obtained.
n agreement with previous findings, these ion pairs show a
egligible tendency to self-aggregate. Outer-sphere ion pairs
1ZrBT and 12ZrBT are obtained when the least coordinat-
ng BT− anion is used. In these species, the agostic �-CH3
nteraction with one methyl of the SiMe3 group stabilizes
he unsaturated metal center and prevents the anion coordi-
ation. In toluene, complex 11ZrBT exhibits N = 1.4 [38] at
.6 mM (saturated solution), in good agreement with other
etallocenium OSIPs (Fig. 6). Increasing the concentration
Scheme 3.
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4
[44], shows that the highest generations self-aggregate to
form dimeric megamers. Aggregation numbers of DAB-
organo-rhodium dendrimers in CD2Cl2 as a function of the
230 G. Bellachioma et al. / Coordination

elf-aggregation tendency of 11ZrBT. Consistently, the aggre-
ation number of both 11ZrBT and 12ZrBT is further reduced
o 1.8–1.9 at 7 mM when the measurements are performed in
oluene/1,2-F2C6H4 (80/20 in volume). Interestingly, the addi-
ion of an excess of [CPh3]+[B(C6F5)]4

− to solutions of both
1ZrBT and 12ZrBT leads to the formation of mixed ion aggre-
ates of the type [{Cp2

RZrR+}n–{CPh3
+}m{B(C6F5)4

−}(n+m)]
37]. In fact, at constant metallocene concentration (7 mM),
he VH

+ of both 11ZrBT and 12ZrBT increases on increas-
ng the concentration of [CPh3]+[B(C6F5)]4

−, passing from
700–1800 to 2100–2200 Å3 after adding a fourfold excess of
ritylborate.

It has been proposed that the formation of ion quadruples
nd/or higher aggregates may explain the increment of the site
pimerization rate observed when the metallocenium concentra-
ion is increased [39,36] as well as the substantial enhancement
f the catalytic activity when an excess of ionic activators is used
40,37]. Moreover, it has been suggested that the ion quadruple,
nd not the ion pair, may be the real active catalyst [41]. Taking
n average KIQ = 1000 M−1 (see above), the concentration of
on quadruples is 103 to 104 times lower than that of the single
on pair under typical catalytic conditions (catalyst concentra-
ion = 10−6 to 10−7 M); in other words, ion quadruples would be
elevant in catalysis only if they have a reactivity that is markedly
igher than that of the ion pairs.

Another subtle aspect related to the aggregation of
rganometallic ion pairs needs to be outlined. As stated above,
he counterion plays a critical role in several processes catalyzed
y transition-metal salts [5], also finely tuning the Lewis acid-
ty of the metal center and, consequently, its ability to bind a
ubstrate. Therefore, several efforts have been made in “anion
ngineering” [29,42] to reduce anion–cation interactions. A
educed anion nucleophilicity is usually achieved by delocal-
zing the negative charge over as large a volume as possible. It
hould be considered that this can lead to a higher charge sepa-
ation in ion pairs with a consequent increased molecular dipole
oment and greater tendency to self-aggregation [22].

. “Switching off” the dipole–dipole interaction

An aggregation tendency similar to that of arene Ru(II) and
irconocene ion pairs was previously observed for the octahedral
omplex trans-[Ru(COMe){(pz2)CH2}(CO)(PMe3)2]BPh4
pz = pyrazol-1-yl-ring) in CDCl3 [8]. Also in this case, the
ssociation of two ion pairs to form ion quadruples is reasonably
riven by the dipole–dipole interaction since no functionality
uitable to HB or substantial �–� stacking appears to be
resent in the cationic moiety. Consistently, the isosteric
nd isoelectronic neutral analog of the cationic fragment,
rans-[Ru(COMe){(pz2)BH2}(CO)(PMe3)2], does not show
ny tendency to aggregate even at relatively high concentration
alues [8,12]. This means that when the dipole–dipole inter-
ction is also “switched off” the remaining dispersive forces

re not strong enough to cause self-aggregation. If this is true
or small molecules, it does not seem to be for large molecular
ystems that are capable of establishing a network of weak
ispersive forces that act cooperatively.

F
1
(
g

cheme 4. Schematic representation of DAB-dendr-[NH(O)COCH2

H2OC(O)C5H4Rh(NBD)]n (n = 4, 1RhDAB4; 8, 2RhDAB8).

In fact, a systematic PGSE NMR study [43], con-
ucted in collaboration with Busetto and co-workers on
oth the poly(propylenimine) dendrimers (DAB-dendr-(NH2)n,
= 4, DAB4; 8, DAB8; 16, DAB16; 32, DAB32; 64,
AB64; DAB = diaminobutane) and their organometallic deriva-

ives DAB-dendr-[NH(O)COCH2CH2OC(O)C5H4Rh(NBD)]n

n = 4, 1RhDAB4; 8, 2RhDAB8; 16, 3RhDAB16; 32,
RhDAB32; 64, 5RhDAB64; Scheme 4; NBD = norbornadiene)
ig. 8. Aggregation number (N) as a function of the concentration (C) in CD2Cl2.
RhDAB4 ( ), 2RhDAB8 (�), 3RhDAB16 (�), 4RhDAB32 (�), 5RhDAB64

�). On the right an expansion relative to the N dependence on C for the highest
enerations is reported.
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oncentration are shown in Fig. 8. The dimensions of the first
hree generations are independent of the concentration with

oscillating between 1.0 and 1.1. In contrast, the N value
ncreases with the concentration for the two highest generations
nd approaches 1.5 already at 3 mM.

The aggregation process appears to be an intrinsic feature
f the dendrimeric skeleton, with the organometallic frag-
ent playing a minor role. In fact, N is ca. 1 for DAB4,
AB8 and DAB16 up to 15 mM, while it increases to 1.5 and
.7 for DAB32 and DAB64 in the same concentration range
43]. In addition, the organometallic mononuclear precursor
OCH2CH2OC(O)C5H4Rh(NBD) (6Rh) does not show any

endency to aggregate up to 100 mM in CD2Cl2. The dimeriza-
ion equilibrium constant (KD) in CD2Cl2 can be estimated using
he monomer/dimer model [3]. The KD values for 4RhDAB32
nd 5RhDAB64 are 500 M−1 (�G0 = −3.7 kcal mol−1) and
00 M−1 (�G0 = −3.7 kcal mol−1), respectively.

. Aggregation driven by extended �–� stacking
nteraction

The attractive interaction derived from the �–� stacking of
romatic moieties [45] plays a relevant role in supramolecular
46–48] and biomolecular [49,50] sciences. Focusing on coor-
ination complexes, luminescent polypyridyl metal complexes
re one of the most important classes of compounds whose
tructure and behavior are strongly affected by �–� stacking
nteraction. These complexes have attracted considerable atten-
ion due to their photophysical and redox properties [51,52], as
ell as their capability to interact with DNA [53]. Their self-

ggregation has been extensively investigated by optical and
MR spectroscopies. For instance, Kol and co-workers studied

he stereospecific dimerization of some [Ru(N,N)2(eil)][PF6]2
omplexes (eil = eilatin) in acetonitrile, and found that the
quilibrium constant for the dimerization ranged from 10 to
000 M−1 depending on the extension of the aromaticity [54].

The self-aggregation tendency is much more pronounced
n passing from octahedral to square planar complexes. This
s probably because the latter can undergo metal-metal inter-
ctions [55] and a better �–� stacking of the polypyridyl
igands due to a reduced steric hindrance in the apical posi-
ions. This, on the one hand, leads to a much higher KD as found
y Romeo and co-workers investigating [Pt(terpy)(CH3)]+Cl−
1PtCl, terpy = 2,2′:6′,2′′-terpyridine) in aqueous solution
KD = 26,000 M−1 at 298 K, �G0 ≈ −6 kcal mol−1) [56]. On
he other hand, it can lead to the formation of more extended
ggregates [57,58].

We have verified this by investigating the self-aggregation
endency of the dinuclear palladium complex [(Phen)2Pd2(�-
)(�-CO)]+BARF− (1PdBARF, Scheme 5) in nitrobenzene by
eans of PGSE NMR diffusion experiments and UV–vis spec-

roscopy [14]. 1PdBARF has a remarkable tendency to form
ggregates in solution. PGSE measurements indicated that the

ydrodynamic volume of the cation increases ca. fourfold on
arying the concentration from 0.43 to 55 mM, while that of the
nion remained rather constant, i.e. the cationic units of 1Pd+

ere involved mainly in the aggregation process.

n
t
e
o

Scheme 5.

Both techniques used indicate that two different aggregation
rocesses are active that have completely different energies. The
ost energetic pathway was responsible for the formation of the

imeric species that was always detectable even at the lowest
oncentrations. Elaborating the diffusion data according to the
odified isodesmic model of indefinite association, in which KD

iffers from the association constant (K) of higher aggregation
31], leads to KD = 180,000 M−1 and K = 15,000 M−1.

. Aggregation driven by hydrogen bonding

HB is probably the most important non-covalent weak inter-
ction [59]. A simple definition of the hydrogen bond that
ncludes classical and non-classical views is “an X H· · ·A inter-
ction is called a hydrogen bond, if (i) it constitutes a local
ond, and (ii) X-H acts as proton donor to A.” [59]. While the
trength of the interaction is variable and depends on the molec-
lar system and the environment, it usually ranges between a
ew and 40 kcal mol−1 [60]. An important feature of HB is the
o-called �-bond cooperativity that drives the clustering of polar
roups [60]. It stems from the fact that when an Xδ−-Hδ+ group
orms a hydrogen bond Xδ− Hδ+· · ·Aδ−, it becomes more polar.
onsequently, in a chain with two hydrogen bonds, such as

H· · ·X H· · ·A, both become stronger.
HB strongly contributes to determine the structure [61] and

eactivity of coordination compounds. It has been used to
evelop molecular receptors for anion [62], cation [63] and
on pairs [64], and improve the performances of organometallic
65] and bio-organometallic [66] catalysts. It is reasonable that
oordination compounds, capable of establishing intermolecular
B, self-aggregate in solution. In the following sections, recent

xamples of hydrogen bond-driven self-aggregation of ionic and
eutral ruthenium compounds are presented.

.1. Aggregation of cationic arene Ru(II) complexes

As described in Section 2, dipole–dipole interactions are
ainly responsible for the self-aggregation of transition-metal

on pairs into ion quadruples, or larger aggregates, in solvents
ith low relative permittivity. In solvents with moderate to high

elative permittivity, free ions and ion pairs are the predomi-

ant species unless the cation and anion have suitable moieties
o undergo intermolecular interactions. In order to explore the
ffect of intermolecular HBs on the self-aggregation tendency
f ionic species we designed and synthesized two classes of
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Scheme 6.

uthenium(II) arene salts with HB donor and HB acceptor func-
ionalities in the first (Cl, O, NH2) and second (OH) coordination
phere of the metal.

.1.1. Arene Ru(II) complexes with the dpk ligand
The interionic structure of complexes [Ru(arene)(�3-dpk-

R]X (dpk = 2,2′-dipyridylketone, 4RuBF4, 5RuPF6 and
RuPF6, Scheme 6) was investigated through an integrated
pproach based on X-ray, PGSE NMR diffusion and NOE NMR
tudies [67].

PGSE and NOE NMR results indicated that the aggrega-
ion tendency of 4-6RuX complexes strongly depends on the
ature of the OR-tail. The highest aggregation tendency is found
or complex 4RuBF4 that shows aggregation numbers con-
istent with the main presence of ion triples Ru2X+ (N+ = 1.9
nd N− = 1.1) in CD2Cl2, even at low concentration (0.5 mM).
he aggregation level of 4RuBF4 increases as the concentra-

ion increases; in the saturated solution (1.7 mM) the formation
f ion quadruples becomes significant (N+ = 2.2 and N− = 1.7).
-ray investigations of 4RuBF4 indicated that a [1 × 1] net-
ork of HBs is present that involves the OH moieties of the two

ationic fragments belonging to the two independent ion pairs
f the asymmetric unit (Fig. 9A). Moreover, their pyridyl rings
ndergo a �–� stacking interaction. It is reasonable to believe
hat the dication observed in the solid state is the central moi-
ty of the Ru2X+ ion triples that was evidenced by PGSE NMR
xperiments. NOE NMR spectroscopy supports the formation
f this rare example of Ru2X+ ion triples driven by intercationic
Bs. Specifically, the intensities of the interionic contacts follow

he rather peculiar order H8 ≈ H10 > H9 ≈ H11 in the 19F,1H-
OESY NMR spectrum indicating that the counterion is located

lose to the two pyridyl rings involved in the intercationic �–�
tacking interaction (Fig. 9B).

5RuPF6 has about the same tendency to aggregate as 6RuPF6
n CD2Cl2 but much less than 4RuBF4 and analogous to that of
RuX and 2RuX (X = BF4 or PF6). This means that ion pair-

ng is the main aggregative process in methylene chloride [22].

hile it is reasonable that 5RuPF6, not having the possibility
or HB, aggregates less than 4RuBF4, it could appear surpris-
ng that 6RuPF6 behaves similarly. A rationale can be found in

i
w
t
n

ig. 9. (A) Intermolecular HBs and �–� stacking interaction observed in the
olid state for 4RuBF4. (B) Section of the 19F,1H-HOESY spectrum showing
he relevant interionic contacts observed in CD2Cl2 for 4RuBF4.

he solid-state structure of 6RuBPh4. As shown in Fig. 10A, the
H moiety of the OCH2CH2OH tail is involved in an intraca-

ionic HB with the oxygen atom coordinated to ruthenium. If
his intramolecular HB pattern is retained in solution, the OH
ragment cannot establish intermolecular interactions. In agree-
ent with the main presence of ion pairs, the anion interacts

nly with H8 and H9 protons of the pyridyl rings (Fig. 10B)
68,69].

.1.2. Arene diamine Ru(II) complexes
Recently, the effect of HBs involving the NH moiety on the

elf-aggregation of some half-sandwich diamino ruthenium(II)

on pairs (Scheme 7) was investigated [13]. Sadler and co-
orkers proposed that NH· · ·X HBs play a crucial role in

he anticancer activity of similar half-sandwich diamino ruthe-
ium(II) salts [70,71].
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Fig. 10. (A) Intramolecular HB observed in the solid state for 6RuBPh4. (B)
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ection of the 19F,1H-HOESY spectrum showing the relevant interionic contacts
bserved in CD2Cl2 for 6RuPF6.

Complexes 7RuPF6 and 8RuPF6 exhibit a remarkable ten-
ency to self-aggregate, in a variety of solvents, that is not limited
o ion pairing [13]. Complex 7RuPF6, that contains two NH2
unctionalities, shows a marked tendency to form ion quadru-
les even in CD2Cl2 (N+ = N− = 1.5 at 4 mM). The substitution
f the NH2 moieties with the NMe2 ones lowers the N+ to 1.1 and
− to 1.0, indicating that, at a similar concentration, 8RuPF6

s prevalently present as ion pairs. Taking into account the ion

air/ion quadruple equilibrium, the best fits of the experimental
ata [3] afford KIQ = 50 M−1 (−�G0

IQ = 2.2 kcal mol−1) and

50 M−1 (−�G0
IQ = 3.9 kcal mol−1) for 8RuPF6 and 7RuPF6,

Scheme 7.

s
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ig. 11. A sketch of the X-ray structure of 7RuPF6. The NH, Ru–Cl and P–F
unctional groups involved in HBs are drawn in bold.

espectively. This indicates that the self-aggregation is preva-
ently driven by HB in 7RuPF6.

In agreement, a [1 × 1] network of intercationic hydrogen
onds between Ru–Cl and the N–H groups is found in the
olid-state structure of 7RuPF6 (Fig. 11), suggesting a pre-
erred head-to-head [X−Ru+Ru+X−] arrangement of the ion
uadruple. Moreover, the two N–H moieties pointing toward
he cymene are committed in HBs with the PF6

− anion. Cor-
espondingly, the 19F,1H-HOESY NMR investigations indicate
hat the counterion is specifically located in close proximity to
hese NH2 hydrogen atoms, giving support to the idea that the
X−Ru+Ru+X−] structural motif is maintained in solution.

Weaker and less specific cation–anion interactions are
bserved for 8RuPF6 in CD2Cl2, indicating that 8RuPF6 forms
ess intimate ion pairs than 7RuPF6, mainly because it is impos-
ible to establish anion–cation HBs. These observations further
upport a self-aggregation process driven by H-bonding in
RuPF6. In fact, considering the single ion pair, a larger dipole
oment and a greater tendency to aggregate would have been

redicted for 8RuPF6 if the aggregation process were preva-
ently governed by dipole–dipole interactions.

.2. Aggregation of neutral complexes

Emerging evidence suggests that H-bonding may play a
ignificant role in the activation process of organic substrates
n the second coordination sphere of a transition-metal com-
lex [72]. For example, it has been proposed that the Noyori
73] catalysts for the transfer hydrogenation of ketones exert
heir action through a bifunctional mechanism involving a

Hδ+· · ·δ−O = Cδ+· · ·δ−H M (Y = NR or O, M = transition-
etal) interaction, without the direct coordination of the ketone

o the metal center. On the other hand, such catalysts possess

ll the prerequisites needed to undergo self-aggregation to form
imers and larger aggregates, because they are highly polarized
nd have both acceptor and donor functionalities that are suitable
or establishing hydrogen bonds.
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For these reasons, we recently investigated the effect of HBs
n the self-aggregation properties of some catalytically rele-
ant ruthenium(II) complexes, bearing amino-amidate [12] or
mino-acidate [15,12] ligands (Scheme 8). PGSE NMR results
ndicate that Noyori’s catalyst 9Ru, has a marked tendency to
elf-aggregate in many solvents. In fact, in chloroform its VH
alue passes from 1073 Å3 (C = 2 mM) to 2890 Å3 (C = 12 mM),
hile in 2-propanol, that is the solvent used in catalysis, it goes

rom 826 Å3 (0.05 mM) to 1651 Å3 (42 mM). This outlines the
reat stability of dimers and the marked tendency to form larger
ggregates as trimers and beyond. Applying the EK model to the
xperimental data (Fig. 12) [31,15], the equilibrium constant of
he self-aggregation in 2-propanol results equal to 46 M−1, cor-
esponding to a �G0 = −2.2 kcal mol−1. In this case, extensive
OE studies in solution did not provide any insights concerning

he geometry of the aggregates.

Strong NH· · ·OSO (2.16 Å) and CH(Cym)· · ·OSO (2.62 and

.81 Å) hydrogen bonds are present between two ruthenium
nits in the solid-state structure of 9Ru (Fig. 13) [74].
tarting from the X-ray crystal structure of 9Ru, ONIOM

ig. 12. Dependence of N(N − 1) on the concentration for 9Ru in 2-propanol-

8. The straight line fit has the following equation: N(N − 1) = 46.1C + 0.09,
2 = 0.988.

w
o
2
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B3PW91:UFF) calculations were carried out on both the
onomeric and dimeric structures of the complex. Given the

xcellent agreement between the calculated and experimental
eometries, the ONIOM geometries were used in single-point
alculations at the B3PW91 level to evaluate the respective
onomer and dimer energies. The dimerization is exothermic

y 13.4 kcal mol−1 in the gas phase. Inclusion of the solvent as
continuum (CPCM/B3PW91) reduces the relative stability of

he dimer to 2.6, 1.7 and 1.3 kcal mol−1 in dichloromethane,
ethanol and acetone, respectively. Considering the dimeric

tructure shown in Fig. 13, other HBs may be established through
he free SO2 moiety or through the chlorine atoms, affording
igher aggregates in solution. In agreement, infinite chains that
re held together by NH· · ·OSO and CH(Cym)· · ·OSO HBs are
resent in the solid state. To better explore the relationship
etween the ligand structure and HB-driven self-aggregation,
e recently extended our PGSE investigations to complexes
f the type [RuCl(AA)(Arene)] (AA = �-amino-acidate, 10Ru-

0Ru, Scheme 8) [13]. The great variety of natural and artificial
minoacids allowed the electronic and steric properties of the lig-
nds to be easily and finely tuned. The arene and amino-acidate

ig. 13. Solid-state structure of 9Ru [75] Short distances corresponding to HBs
re highlighted and expressed in Å. Most hydrogen atoms have been omitted for
larity.
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Fig. 14. Dependence of the aggregation number (N) on the concentration of
complex 11Ru [filled symbols: (SRu, SC)-11Ru, empty ones: (RRu, SC)-11Ru]
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Fig. 15. A section of 1H-PGSE NMR spectra recorded in CDCl3 showing the
dependence of the resonance intensities (methyl protons of cymene for (SRu, SN,
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n chloroform-d (�,�) and dichloromethane-d2 (�, ). Using a suitable model,
he N values have been corrected to take into account the interstitial empty
olume [15].

igands were varied in order to selectively turn on and off the
ntermolecular interactions supposed to be responsible for the
elf-aggregation, in an attempt to identify and quantify them.
xtensive investigations were carried out on complex 11Ru that
howed the highest tendency to self-aggregate, comparable only
o that of 10Ru that, however, is not very soluble in most of
he organic solvents. To obtain an accurate V 0

H value, complex
4Ru was synthesized. Due to the absence of N–H HB donors
nd positively polarized aromatic C–Hs and to the presence of
ix methyl groups in the arene that hinder the �–� stacking
nteractions, complex 14Ru should not self-aggregate. In fact,
t low concentration, the VH of 14Ru was equal to the van der
aals volume in both chloroform and methylene chloride, so,

n this case, V 0
H was set equal to VvdW for all other complexes.

0Ru and 11Ru, having all “sources” of aggregation on, showed
n extraordinary tendency to self-aggregate. In CDCl3, at the
ighest investigated concentration (125 mM), 11Ru showed an
verage aggregate with rH = 2.08 nm and N = 133 (Fig. 14), while
t the lowest concentration (0.2 mM) it was mainly present as
imers and trimers (rH = 0.54 nm, N = 2.7). As the polarity of
he solvent increased smaller, but still remarkable, aggregates
ere observed. In fact, the level of aggregation decreased by

bout a third on passing from chloroform to methylene chloride
Fig. 14) and by a tenth from chloroform to acetone, while the
rotic 2-propanol further reduced N. The HB between the aminic
rotons and the chlorine or the carboxylate moieties is the most
mportant interaction, in fact the highest levels of aggregation
re shown for complexes 10Ru, 11Ru, 15Ru, 16Ru and 17Ru,
hat have the NH2 moiety.

Nevertheless, the steric requirements of both the ligand and
he arene play an important role in modulating the level of self-
ggregation. The value of N decreases as the steric hindrance
f the ligand increases in the series 10Ru, 11Ru, 16Ru, 18Ru

nd 19Ru. A similar decrease in the N value is observed as the
indrance of the arene increases (15Ru, 16Ru, 17Ru).

Only one aminic proton is present in 20Ru, but its orienta-
ion is decisive in determining N: in this case, the two epimers

C
o

e

C)-20Ru (�) and (RRu, SN, SC)-20Ru) (�) on the strength of the pulsed field
radient (G) and the relative plot of ln(I/I0) versus G2 (on the top).

SRu, SN, SC)-20Ru and (RRu, SN, SC)-20Ru show very differ-
nt behaviors. This is illustrated in Fig. 15 where the intensity of
ne 1H resonance relative to (SRu, SN, SC)-20Ru shows a much
ore marked decrease, as the pulsed field gradient increases,

han the analogous resonance relative to (RRu, SN, SC)-20Ru.
n CDCl3, the former had a maximum N value equal to 10.6
178 mM), while for the latter N = 29.0 (71 mM). In the (SRu,
N, SC) isomer the aminic proton is probably engaged in an
ntramolecular HB with the chlorine atom and is not completely
vailable to undergo intermolecular interactions. A diastereoiso-
eric intermolecular recognition process appears to be present

n solution.
A limited tendency to self-aggregate is also observed for both

2Ru and 13Ru bearing the NMe2 group; in the absence of
he NH2 HB donor, association can be driven by the aromatic

H· · ·Cl electrostatic interaction described by Brunner [75],

r by �–� stacking between two arene moieties.

All the interactions responsible for the aggregation can be
asily identified in the solid state: for example, in the crystal
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Fig. 16. A sketch of the X-ray structure of RuCl(Mes)(S-Ala), published by
Carter et al. Atoms involved in non-covalent interactions are draw in bold [76].

Table 1
Equilibrium constants (K) and free energies of the aggregation process (�G0)
for some compounds in different solvents

Compound Solvent K (M−1) −�G0 (kcal mol−1)

11Ru CDCl3 170,000 7.1
11Ru CD2Cl2 14,500 5.6
11Ru Acetone-d6 780 3.9
11Ru 2-Propanol-d8 170 3.0
13Ru CDCl3 25 1.9
16Ru CDCl3 15,600 5.7
18Ru CD2Cl2 450 3.6
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M.G. Basallote, M. Besora, C.E. Castillo, M.J. Fernandez-Trujillo, A. Lle-
SRu, SN, SC)-20Ru CDCl3 320 3.4
RRu, SN, SC)-20Ru CDCl3 7,600 5.2

acking of RuCl(S-Ala)(Mes) [76] each molecule is surrounded
y four other molecules and undergoes HBs (NH· · ·Cl and
H· · ·O), CH-X interactions (CH· · ·Cl and CH· · ·O) and �–�

tacking (Fig. 16).
An estimation of the association equilibrium constants (K)

nd �G0 was obtained for some complexes through the EK
odel (Table 1).
The difference in �G0 for 11Ru and 13Ru (|�(�G0)|) is

qual to 5.3 kcal mol−1 and is consistent with the energy of
wo “classical” HBs in chloroform. �G0 for the aggregation of
SRu, SN, SC)-20Ru and (RRu, SN, SC)-20Ru diastereoisomers
−3.4 and −5.2 kcal mol−1, respectively) are rather different
nd reflect their markedly different tendency to self-aggregate. If
hese values are compared with �G0 for the aggregation of 11Ru
7.1 kcal mol−1), it can be seen that the substitution of the pro-
on pointing toward cymene leads to |�(�G0)| = 3.7 kcal mol−1,
hile the substitution of the proton pointing toward the chlo-
ine gives |�(�G0)| = 1.9 kcal mol−1. The |�(�G0)| between
1Ru and 16Ru (1.4 kcal mol−1) accounts for the destructive
ontribution of steric hindrance.
istry Reviews 252 (2008) 2224–2238

. Conclusions

Herein we have shown that all types of non-covalent
nteractions, under “certain” circumstances, may cause the self-
ggregation of coordination compounds in solution. Even when
oordination compounds cannot establish HB and �–� stack-
ng interactions and do not have any intrinsic permanent dipole
oment associated with the ion pair, they can self-aggregate

rovided that a network of dispersive forces can act coopera-
ively. This usually occurs for large molecules. The “switching
n” of the permanent dipolar moment, as in transition-metal
omplex ion pairs, furnishes an additional force that makes it
he formation of quadrupoles and higher aggregates possible in
olvent with low relative permittivity. If the proper functional-
ties for HB and �–� stacking are introduced, self-aggregation

ay occur in solvents with higher relative permittivity and nano-
etric aggregates can form.
The results discussed here mainly come from the applica-

ion of PGSE NMR spectroscopy that demonstrated to be a
ery powerful tool. It not only allows the average hydrodynamic
imension to be determined, but the thermodynamic parameters
f the self-aggregation processes can also be derived, once the
ydrodynamic dimension of the single aggregating unit has been
orrectly evaluated [3].
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