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Abstract

Metal-mediated self-assembly is emerging as a very important strategy for the synthesis of supramolecular species. Still, a major challenge in
coordination supramolecular chemistry continues to be the characterization of the self-assembled complexes and the investigation of their dynamic
behaviour in solution. In this context, NMR spectroscopy appears as a unique and powerful methodology. This practical-oriented review describes
the rich variety of NMR techniques which are applied to the investigation of different aspects of the structure and behaviour of supramolecular
complexes. “Classic” 1D NMR spectra reflect characteristic chemical shifts due to metal-ligand interactions or encapsulation phenomena, as
well as symmetry and chiral properties of host-guest assemblies. Mainstream 'H, 1*C, '°F and *'P spectra are eventually complemented by
© 2008 Elsevier B.V. All rights reserved.
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the use of NMR-active metal nuclides. Homo- and heteronuclear 2D correlation experiments are ubiquitous in the literature, providing through-bond
and through-space connectivities. Increasingly, diffusion measurements are also gaining popularity in this field, being used to gain information about
molecular size, intermolecular interactions and even association constants of supramolecular complexes. Knowledge about the thermodynamic
properties and the dynamic behaviour of coordination supramolecular assemblies is essential for the development of their practical applications.
The most frequently used NMR methodologies for the calculation of association constants (simple signal integration, NMR titration and diffusion
measurements) and for the investigation of dynamic supramolecular equilibria (lineshape analysis, selective inversion recovery experiments and
2D EXSY spectra) are described, together with the use of variable-temperature investigations for the determination of the thermodynamic and

activation parameters of self-assembly and encapsulation processes.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Supramolecular chemistry has evolved during the last three
decades into an extraordinarily dynamic and truly interdisci-
plinary field of research, fuelling major developments at the
interfaces of chemistry with areas such as biology, physics,
materials science and engineering [1-3]. Applications include
molecular recognition, ion-exchange, selective binding and
encapsulation, development of receptors and sensors, catalysis,
drug delivery strategies, biomimetics and nanoscale electronic
and mechanical devices [4,5]. The term supramolecular, coined
by Lehn [1], refers to ordered molecular aggregates held
together by noncovalent intermolecular forces, such as hydro-
gen bonds, m—m-stacking interactions, electrostatic and van der
Waals forces, hydrophobic effects or even metal-ligand bonds.
Such a broad definition has made supramolecular chemistry an
extremely wide and diverse domain [6].

Supramolecular species are usually generated by sponta-
neous self-assembly of predesigned building blocks, equipped
with complementary recognition sites [7,8]. When compared
with “traditional” covalent synthesis, self-assembly reveals
itself as a highly convergent synthetic protocol, fast, facile
and self-corrected by thermodynamically controlled equilibria
[3,9-11], features which have long been exploited by Nature
[8,12]. Complex, large and ordered discrete structures can be
predictably obtained from relatively simple synthons, usually
organic hydrogen-bond donors and acceptors [13] or metal and
ligand components [9,10,14—-19]. In particular, metal-directed
self-assembling is emerging as one of the most widely used
strategies for the synthesis of supramolecular species [20], due
to the combination of defined, directed interactions and high
binding constants [10,16,19]. The variety of oxidation states,
coordination numbers, geometries and stabilities of transition
metal complexes allows a precise control over the structure and
dynamics of the resulting assemblies [10,15]. Moreover, metal-
losupramolecular structures may find novel applications owing
to their electronic, redox or magnetic properties [17,18,21] as
well as by the reactivity of the metal centres, most notably as
catalysts [22,23]. Indeed, the development of fully functional
metallosupramolecular devices is one of the present major chal-
lenges in chemistry [10,18,24].

A particularly active field within coordination supramolec-
ular chemistry is the design of 3D nanocages [9,10,16,25] to
be used as containers for a variety of guests. High selectivity
in guest encapsulation, reversible guest uptake and release, sta-

bilization of reactive species [26,27] and effective control of
host—guest dynamics [9,10,16,28] are commonly found features,
pointing to potential applications of these coordination cages as
molecular receptors, memory storage devices, drug releasers or
reaction vessels for cavity-directed stoichiometric [29-32] and
catalytic [23,32-35] reactions.

In spite of all this progress, a major challenge in supramolec-
ular chemistry continues to be the characterization of the
self-assembled complexes [10,36]. Slight modifications in the
nature of metal and ligands, a change of solvent, or the presence
of an appropriate guest may have great impact on the character-
istics of the resulting assemblies [37—40]. Single-crystal X-ray
diffraction analysis provides the most reliable structural infor-
mation in the solid-state but, unfortunately, suitable crystals
of supramolecular assemblies are often not available. More-
over, packing-forces may result in solid-state structures different
from those existing in solution, where, additionally, equilib-
ria between different stoichiometries may occur [41]. Analysis
of the inclusion geometry of the guest is also important, as
molecules in a specific environment may show unique properties
and reactivity [42]. Another relevant field in many applications
is the investigation of the kinetic and thermodynamic properties
of the assembly and encapsulation processes [28,43].

In this context, NMR spectroscopy appears as a unique and
powerful methodology for the investigation of supramolecular
systems. With the help of practical examples taken from the
recent literature we will try to show in this review the rich vari-
ety of NMR techniques which are applied to the investigation of
different aspects of the structure and behaviour of supramolec-
ular complexes. We start with the “classic” 1D spectra and the
information they provide about complexation-induced chemical
shifts, the symmetry of the complexes and eventual diastere-
omeric excesses resulting from enantioselective recognition. We
also mention the use of NMR-active metal nuclides as a use-
ful complement to mainstream Iy, 13C, 19F and 3'P spectra.
We describe many examples of the application of 2D NMR
techniques to detect homo- (COSY, TOCSY) and heteronuclear
(HMQC, HMBC) through-bond correlations. These methods are
very efficient for establishing connectivities and consequently
they are an invaluable tool for structural assignment. Other 2D
experiments are designed to detect homo- (NOESY, ROESY)
and heteronuclear (HOESY) through-space interactions based
on the nuclear Overhauser effect. NOE interactions can be intra-
and intermolecular and, thus, they provide information about the
spatial structure of the molecules and their relative positions, an
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Fig. 1. Up: Structure of the self-assembled [PdgL4]'2* cages la—c. Down: 'H
NMR (500 MHz) of (a) diphenylethanedione in CDCl3 and (b) the inclusion
complex within host 1a, in D,O. The shift to lower frequency of the 'H reso-
nances of the guest can be clearly observed. Pya and Py[3 represent the pyridine
o and 3 protons of 1a. Reproduced with permission from Ref. [30]. Copyright
Wiley-VCH Verlag GmbH & Co. KGaA.

especially interesting aspect in the case of host—guest assemblies
orionic species. A separate section is dedicated to diffusion mea-
surements based on the pulsed-field gradient spin-echo (PGSE)
methodology. This technique is becoming increasingly popular
due to its potential for the investigation of aggregation, encapsu-
lation and other intermolecular and interionic interactions which
lie at the heart of supramolecular chemistry. Finally, we describe
the most frequently used NMR methodologies for the calcula-
tion of association constants (simple signal integration, NMR
titration and diffusion measurements) and for the investigation
of the dynamic supramolecular equilibria (lineshape analysis,
selective inversion recovery experiments and 2D EXSY spectra).
We also show examples of variable-temperature investigations
allowing the determination of the thermodynamic and activation
parameters of self-assembly and encapsulation processes.

2. Structural characterization
2.1. 1D NMR spectroscopy

Changes in the 1D NMR spectra of the molecules involved in
a self-assembly process are usually the first information source
about the resulting structure. For inclusion phenomena, chemi-
cal shift changes or the appearance of separate NMR peaks are
indicative of the formation of a host—guest complex. Thus, the
resonances of an included guest are usually shifted to lower fre-
quencies with respect to the free molecule, due to the anisotropic
effect of the aromatic walls of the host [44]. Reports of such
low-frequency 'H shifts of guest molecules are ubiquitous in the
literature. A very recent example has been provided by Fujita and
co-workers [30], for the encapsulation of diphenylethanedione
within the [PdgL4]'?* cage 1a (Fig. 1). The guest 'H resonances
are shifted by 2.1-3.5 ppm to lower frequency with respect to the

124+
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2 [NBu,< 4(BF,) < 2)**

Fig. 2. Structure of the self-assembled [PdjsLe 4 cage 2 and schematic rep-
resentation of the onion-like triple-layered structure of the inclusion complex
[NBuy C 4(BF;) C 21*'*. Structure reprinted with permission from Ref. [45].
Copyright (2003) American Chemical Society.

free ligand. In this host—guest complex, the photocleavage of the
a-diketone is suppressed, and kinetically unfavoured cyclization
products may be obtained [30]. The same research group [45] has
reported the formation of an unusual cation—cation host—guest
assembly between the [Pdi2Lg]*** cage 2 and a NBuy* guest
(Fig. 2). The single-crystal X-ray analysis shows a layer of four
BF4™ anions located between the cationic host and guest, form-
ing a triple-layered onion-like structure, with other four BF4~
anions placed outside the host. This observation is in agreement
with the 1°F NMR solution spectrum, which shows two BF4~
resonancesina 1:1 ratio (§=—152.5 and —150.1 ppm), assigned
to the internal and external anions, respectively. Dalcanale and
co-workers [46] have also used '°F NMR to detect the inclu-
sion of one of the eight triflate anions inside the tetranuclear
Pd"! assembly 3 (Scheme 1). Two 19F resonances in a 1:7 ratio
(6§=—81.5 and —78.2 ppm) were observed. In another interest-
ing application, Raymond and co-workers [47] have reported
the encapsulation of alkali ion—crown ether complexes into the

T CF5SOy

3 (R=C44Hz3, M =Pd, L, = dppp)

Scheme 1. The tetranuclear Pd"" cage 3, with an encapsulated triflate anion.
Reprinted with permission from Ref. [46]. Copyright (2005) American Chemical
Society.
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Fig. 3. Up: Schematic drawing of the tetrahedral [GasLe] 12= host 4 (the rods
represent the ligands and the spheres the metal ions). Center: Schematic drawing
of the encapsulation within 4 of a crown ether and an alkali metal cation (M =Li*,
Na* or K*). Down: Schematic representation of the “Li NMR spectrum (D,0) of
Lij; [Li* C [12]crown-4) C 4]. The filled circle represents fully solvated Li* ions
located outside the cluster and the filled square represent Li* ions complexed to
the crown ether and encapsulated inside the cluster.

[GasLg]'2~ assembly 4 (a “host within a host”). As shown
in Fig. 3, the complexation of a Li* ion by the encapsulated
[12]crown-4 ether results in the appearance of a new ’Li reso-
nance at lower frequency than the solvated Li* ions.

When suitable 'H of 9F resonances are not available, 13C-
enriched guests may be used to facilitate NMR investigations.
Shinkai and co-workers [48] have proven the inclusion of
[60]fullerene into the calixarene-based trinuclear Pd1 capsule Sa
by the observation of a separate resonance for the encapsulated
13C-enriched fullerene (§=141ppm), while the free fullerene
appears at 143 ppm (Fig. 4). The encapsulation of fullerenes in
organorhodium porphyrins has been similarly detected [49,50].

Specific shifts to lower frequency of the NMR resonances of
the guest can be used to analyze the inclusion geometry of the
host—guest complex. Fujita and co-workers have reported sev-
eral applications of this principle. In one example [51], the two
methyl groups of a 4,4'-dimethylbiphenyl guest trapped inside
the hexanuclear dodecapyridine Pd" host 6 (Scheme 2) res-
onate at very different frequencies, ('H) = 1.83 and —0.25 ppm.
Clearly, the strongly shielded methyl group is located closer to
the pyridine rings of the host, and the flipping of the guest along
its long axis is not taking place. In another application [52],
the inclusion of 1- or 2-adamantol inside the [PdgL4]'** cage
1b (drawn in Fig. 1) results in significant low-frequency shifts
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Fig. 4. Up: Encapsulation of [60]fullerene inside the trinuclear Pd!!
homooxacalix[3]arene-based capsule Sa. Down: Partial 13C NMR (150 MHz,
CI,CDCDCl,) spectrum of B3C-enriched [60]fullerene in the presence of 5a.
Reprinted with permission from Ref. [48]. Copyright (1999) American Chemical
Society.

only for the hydrophobic moiety of the guest, suggesting that the
interior of the host is highly hydrophobic, causing the hydroxyl
group of the guest to be pointed outwards. Not only can the
chemical shifts of the guest be informative, specific high- and
low-frequency shifts [53] of the protons of the host may also pro-
vide information about the location of an aromatic guest inside
the cavity [54].

Changes in the 1D NMR spectra of the organic ligands upon
coordination-driven self-assembling are also frequently diag-
nostic of the formation and even the structure of the resulting
metallocage. Thus, the loss of electron-density upon coordina-
tion to a metal usually results in shifts to higher frequency of
the adjacent ligand protons. In the tetranuclear Pd" complex 7
(Scheme 3), closely related to 3, complexation of the pyridyl
groups of the tetrakis (4-pyridylethynyl) cavitand resulted in
shifts to higher frequency of the pyridyl a protons [38]. Curi-
ously, for 7 no encapsulation of TfO™ was observed (there is

12+

12NOy

N’ N TPd

Scheme 2. Hexanuclear dodecapyridine host 6.
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Scheme 3. The tetranuclear Pd" homo-cavitand cage 7. Reprinted with permis-
sion from Ref. [38]. Copyright (2004) American Chemical Society.
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Scheme 4. Schematic drawing of the [Ag3L,1%* trigonal cage 8.

N*‘\ <\N

a single '°F resonance at —80 ppm), as opposed to 3. Similar
shifts to higher frequency have been observed for other pyridyl-
containing cavitands [55]. For the trigonal cage [Ag3L2]3+ 8
(Scheme 4) very different shifts to higher frequency of the lig-
and protons are observed, as a result of the combined effect of
metal coordination and ring currents within the cage [56].

The symmetry of the ~ost may also provide information about
the situation of the guest inside the cavity. A very nice example is
provided by the [PdgL4]'2t nanocage 1c (drawn in Fig. 1) [42].
As shown by the '"H NMR spectrum (Fig. 5a), the empty cage

A. Pastor, E. Martinez-Viviente / Coordination Chemistry Reviews 252 (2008) 2314-2345

has a T symmetry, being all twelve pyridine rings equivalent.
Upon strong 1:2 complexation of 4,4'-dimethoxydibenzoyl (9)
the pyridine protons of the host are split into six pairs (Fig. 5b),
due to desymmetrization of the host into S4 symmetry, result-
ing from the orthogonal twisted disposition of the two guest
molecules. Thus, the host displays the symmetry of the guest.
In another example [57], the T symmetry of the [GagLg]'2~
cluster 4 (drawn in Fig. 3) is reduced to C3 upon encapsulation
of [CpRu{m®-C¢Hs(CH>),S03}] (n=4, 6, 8, 10), an indication
that the alkyl sulfonate arm of the guest protrudes through a
triangular face of the tetrahedron.

The control of the stereochemistry in the synthesis of
supramolecular complexes, as well as the enantioselective
recognition of a chiral guest by a chiral host, have been long-
pursued goals. Stang and Olenyuk were the first to report chiral
self-assembly of a chiral metallamacrocycle [58] and a unique
polyhedra with rare 7 symmetry [59]. Shortly after that, Rebek
and co-workers described organic self-assembled chiral cap-
sules [60,61]. In some cases, diastereomeric excesses (de’s) of
up to 60% were observed upon encapsulation of chiral guests
by a chiral host [60]. These investigations show that transfer
of chirality between guest and capsule is possible, in spite of
the weak intermolecular forces involved in molecular recog-
nition. The de’s are easily determined by integration of the
resolved resonances for the diastereomeric host—guest com-
plexes in the 'H NMR spectra [60]. Reports of chiral molecular
recognition by self-assembled coordination molecular capsules
are less abundant [62]. Some examples have been provided
by the groups of Fujita and Hiraoka [63] and Raymond and
co-workers [31,32,64,65]. The latter has reported several appli-
cations of 'H, I%F and 3!P NMR for the determination of de’s
when the chiral [GaqLg]'?~ capsule 4 binds chiral phosphonium
guests [64], chiral organometallic complexes (Fig. 6) [65], or
even hosts partially diastereoselective C—H activation reactions
[31,32]. Shinkai and co-workers [66] have reported the use of a
chiral-shift reagent (Pirkle’s reagent) for the estimation of a 40%
de upon inclusion of the chiral ammonium guest S-10 inside the
trinuclear Pd"! helical structure 5b (drawn in Fig. 4), existing as
a pair of M and P enantiomers (Fig. 7). Without addition of the
shift reagent, the 'H NMR resonances of the two diastereomeric

N He
(a) l’yH” wa”
bpy =1c
Oﬂ AO Mo
PyH” @
PyHP B

[(9)<1c]
(X=Y = OMe)

Fig. 5. 'H NMR (500 MHz, D,0) observation of the enclathration of two molecules of 4.,4’-dimethoxydibenzoyl (9) inside the [PdgL4]'2+ nanocage 1c¢ (drawn in
Fig. 1). (a) Empty lc, showing a single set of pyridine resonances. (b) [(9), C 1c]. Six PyH® protons are observed at §=9.35-9.8 ppm and six PyHP protons at
§=8.35-9.2 ppm. Spectra reproduced with permission from Ref. [42]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
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Fig. 6. Partial "H NMR spectrum (500 MHz, D,0) of the host-guest complex
[{Cp*(Ru(2—ethylbutadiene)(H2O)} c 41—, reflecting the large diastereomeric
excess (70%, A = major diastereomer, B = minor diastereomer). A model of the
A,A,A,A-(S) diastereomer is shown. Reprinted with permission from Ref. [65].
Copyright (2004) American Chemical Society.

host—guest assemblies [(S-10), C 5b]3* do not resolve, probably
due to the absence of an aromatic ring in the guest [66].

In addition to the most commonly used NMR-active iso-
topes (lH, B, YF and 31P), coordination complexes may
contain a useful NMR probe in the metal itself. Isotopes such
as 'Li (I=3/2, 92.6% abundance), '>Rh (I=1/2, 100%), '’ Ag
(I=1/2,51.8%), 'PAg (I=1/2, 48.2%), 1Pt (1=1/2, 33.8%),
19Hg (1=1/2,16.9%) and >°Pb (I=1/2, 22.6%) are sometimes
an adequate tool for the investigation of metallosupramolecu-
lar assemblies. The chemical shifts of these nuclides expand
over very wide ranges and are usually extremely sensitive to
their immediate environment. Additionally, structural informa-
tion can be read-out from the coupling patterns induced by these
isotopes in the spectra of other, more common, nuclei, such as
'H or 3'P.

We have already mentioned "Li NMR spectroscopy (Fig. 3).
Another nice application of this isotope is the investigation of
a solvent-dependent monomer—dimer equilibrium involving the
lithium-controlled assembly of dinuclear Ti'Y catecholate com-
plexes (Fig. 8) [39]. In d°-DMSO, a solvent with a great tendency
to coordinate the Li* ions, the dimer Li[(p-Li)3{L3Ti}2] (11) is
destabilized and only the resonance of the solvated Li* cations of
the monomer Li>[L3Ti] (12) is observed, at §(’Li) = —0.53 ppm.
In dS—THF, on the contrary, a monomer—dimer equilibrium

H
HOW% -CF3

7
CLOD (S o)
2

(S)-Pirkle’s reagent =410

W

| L | ppm

left-handed
10.0 9.0 m (P)

right-handed

Fig. 7. A section of the 'H NMR spectrum (600 MHz, Cl,CDCDCl,), of [(S-
10), C 5b]%* in the presence of (S)-Pirkle’s reagent. Reprinted with permission
from Ref. [66]. Copyright (2001) American Chemical Society.
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Fig. 8. "Li NMR (194.3 MHz) investigation of the equilibrium involving the
lithium-controlled assembly of dinuclear catecholate complexes. Top: "Li NMR
spectrum of “Lip[L3Ti]” (R=H) in d°-DMSO, showing the resonance of sol-
vated Li* in the monomer 12. Bottom: same spectrum in ¢8-THF, showing an
additional signal for Li* bound in the dimer 11. Reprinted with permission from
Ref. [39]. Copyright (2005) American Chemical Society.

exists, and two "Li resonances are detected at § =0.41 ppm and
8=1.82 ppm, for solvated and complexed Li*, respectively.

195Pt, together with 3lp NMR, has been used to elucidate
the structure of the self-assembled water-soluble triplatinacy-
clophanes 13a—c (Scheme 5) [67]. The '>3Pt{'H} NMR spectra
display a triplet at § &~ —3940 ppm, with ! Jpp & 2450 Hz, which
unequivocally points to a trans-P-Pt—P arrangement in the
macrocycles. On the contrary, the non-water-soluble triplatina-
cyclophanes 14a—c display a cis-P-Pt—P arrangement, showing
a triplet in the ' Pt NMR spectra at 8 &~ —4420 ppm with ' Jpp
in the range 3600-3668 Hz [68]. The molecular rectangle 15
(Scheme 6) [69] has also been characterized by '> Pt NMR. A
single resonance is observed at —4517 ppm, appearing as a dou-
blet of doublets due to the coupling with the two inequivalent
3P nuclei (MJpp =3629 and 1535 Hz).

Lehn and co-workers have extensively used 'Ag NMR
spectroscopy to characterize Ag' grid-type metalloarchitectures
[70-72]. For the [3 x 3] grid 16, self-assembled from nine Ag*

an
13a-c bn
cn

=2
=3 14a-c
=4

Scheme 5. Cage-structured triplatinacyclophanes 13a—c and 14a—c.
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Scheme 6. Molecular rectangle 15.

ions and six tritopic N-donor ligands (Fig. 9) [70], the ' Ag
NMR spectrum shows the expected 4:4:1 resonances (576.1,
507.6 and 406.1 ppm), for the silver ions located at the corners,
the midpoints of the edges and the center of the grid, respectively.
The self-assembly of multinuclear Ag* coordination species
containing chiral bipyridine ligands of the CHIRAGEN family
has also been investigated by '’ Ag NMR [73]. At low tem-
perature and high pressure, an equilibrium between hexa- and
tetranuclear circular helicates was detected. The same research
group [74] has used °’Pb NMR data to characterize the lin-
ear coordination array 17, formed by binding of five Pb>* ions
to an helical polyheterocyclic strand, which undergoes com-
plete uncoiling upon complexation (Scheme 7). The 2°’Pb NMR
spectrum of 17 displays three signals in a 1:2:2 ratio (6=1653,
1143 and 1139 ppm), corresponding to Pb!! nuclei in three dif-
ferent chemical environments. The “uncoiling” of the ligand is
promoted by a change from a transoid,transoid conformation,
leading to helical winding, to an induced cisoid,cisoid conforma-
tion, resulting from tridentate coordination to the Pb!! jon. This
system represents thus a motional dynamic device. A related
application has been recently reported [75].

Hawthorne and co-workers have investigated the host—guest
chemistry of macrocyclic multidentate mercuracarborands
[76-78]. The sequential reaction of [l2]mercuracarborand-
4 (18) (8, = —1212ppm) with "BugNI to generate 18-1-

(5}{9; = —810ppm) and 18-1,2~ (5%19; = —714 ppm) was fol-
lowed by 'Hg NMR spectroscopy (Fig. 10) [77].

10949 NMR

T T T 1
550 500 450 400
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Fig. 9. Left: Self-assembled [3x3] grid complex [AggLg]%* (16) (L = 6,6-bis[2-
(6-methylpyridyl)]-3,3’-bipyridazine). The spheres represent Ag* ions. Right:
Schematic representation of the 109Ag NMR spectrum (CD3NO>) of 16.
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Scheme 7. Up: Structure of the extended rack-type complex 17. Down:
Schematic representation of the ion-triggered molecular dynamic device inter-
converting the helical free ligand and the extended linear multinuclear complex
17. Reproduced from Ref. [74]. Copyright (2002) National Academy of Sci-
ences, USA.

A very recent example of 'H NMR monitoring of a chemi-
cal process has been recently reported by Lehn and co-workers
[40], who followed the interconversion of the tetrameric grid
[Co4L413* (19) into the pincer complex [Co(CH3CN),L]** (20),
over a period of 11 days (Fig. 11). The 'H resonances of these
species are spread over a wide range of ppm (—40 to +70), due to
their paramagnetic nature, but they are sharp and resolved, which
is not often the case in paramagnetic compounds. In another
application involving paramagnetic species, the formation of
the dinuclear Co'! helicate 21 (Scheme 8) was followed by 'H
NMR titration [79]. Upon slow addition of CoCl,, the diamag-
netic peaks of the free ligand were steadily replaced by a single
set of paramagnetically shifted peaks (from —30 to +35 ppm) of
the helicate.

2.2. 2D NMR spectroscopy

The dispersion of the NMR spectrum into a second (and
even a third and a fourth!) dimension has opened new per-
spectives for the use of NMR spectroscopy. Conventional 2D
NMR experiments have become very popular since they effi-
ciently map out interactions within, or sometimes between the
molecules [80]. These interactions can be divided in through-
bond (scalar) couplings, detected mainly by COSY, TOCSY,
HMQC and HMBC experiments, or direct, through-space cou-
plings, detected by NOESY and ROESY experiments. A third
type of interaction, chemical exchange, will be discussed in the
next section. A division between homonuclear and heteronu-
clear techniques can be made as well, depending on whether the
interactions are detected between the same or different type of
nuclides. In the next paragraphs we discuss some representative
applications of the usual 2D NMR techniques to the investigation
of metallosupramolecular assemblies.
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Fig. 10. Up: 'Hg NMR (80.6MHz, d®-acetone) spectra illustrating the
sequential reaction of [12]mercuracarborand-4 (18) with added "BuyNI. Down:
Structure of 18, 18-~ and 18-1,>~. Reprinted with permission from Refs.
[77,78]. Copyright (1994, 1996) American Chemical Society.

2.2.1. COSY and TOCSY

Probably, the most used homonuclear 2D NMR experiment is
the '"H,"H COSY (Correlation Spectroscopy) spectrum, which
was also the first 2D pulse sequence proposed [81]. In all its
different variants (absolute-value or phase-sensitive, with or
without gradients, DQF, COSY-, LR COSY, etc.) [82] this
technique maps nuclei sharing a mutual scalar coupling within a
molecule and thus it is a quick method to establish connectivities.
Although it is most often used in 'H spectroscopy, the method-
ology is equally applicable to any high-abundance nuclide, such
as 3P or 1F.

There are many reports in the literature of the use of COSY
experiments for the assignment of the 'H resonances of metal-
losupramolecular species. For example, this methodology has
been recently applied to characterization of the Ru'/M! het-
erometallomacrocyles 22a—c (Scheme 9), for which the protons
of the bpy and qtpy ligand could thus be distinguished [83].
Cohen and co-workers have used long-range (LR) 'H COSY
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Fig. 11. Scheme and'H NMR spectra (400 MHz, CD3CN, 55°C) of the par-
tial conversion of the grid [CosL4]®* (19, @) into the pincer-like complex
[Co(CH3CN),L]** (20, x). Reproduced from Ref. [40] with permission of The
Royal Society of Chemistry.
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Scheme 8. Formation of the dinuclear Co'' helicate 21.

22a M =[Pd(en)]**; n=8
22b M = [ReCI(CO);]*; n=4
22c M =[Pt(en)]**; n=8

Scheme 9. Ru'/M!! heterometallomacrocyles 22a—c.
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Fig. 12. LR 'H COSY spectrum (500 MHz, d°-DMSO) of the trinuclear double-
stranded helicate [(23),Cuz]>*. Cross-peaks between the methyl protons H1
and the neighboring aromatic protons H3,H4 and even H7,H8 can be identified
(rectangle), as well as between the methylene protons H14,H15 and the aromatic
protons H11,H12,H17,H18 (dotted rectangle). Reprinted with permission from
Ref. [86]. Copyright (1999) American Chemical Society.

experiments [84] for the characterization of trinuclear double-
stranded helicates of general formula [LoM;3]3* M=Cu, Ag),
where L is a phenanthroline-containing ligand [85,86]. Fig. 12
shows the LR 'H COSY spectrum of the helicate [(23),Cu3]*",
for which couplings through up to eight bonds within the ligands
can be clearly detected [86].

Another useful homonuclear 2D experiment is the Total Cor-
relation Spectroscopy (TOCSY) [87], also called HOHAHA
(Homonuclear Hartmann—Hahn). This technique is able to estab-
lish homonuclear correlations between all nuclei that sit within
the same spin system, regardless of whether they are themselves
coupled to one another. Such a feature is particularly advanta-
geous for complex molecules with long sequences of coupled
protons, which often result in ambiguities due to cross-peak
overlap in the COSY spectra. Indeed, 'H TOCSY experiments
are frequently used in conjunction with COSY and graphical
examples can be found in some of the references cited in this
review [57,64,88-90]. In a recent application, Raymond and co-
workers [27] have used a 'H TOCSY experiment to confirm the
encapsulation of [CpRu(cis-1,3,7-octatriene)]* ions inside the
[GayLe]'>~ capsule 4. Two independent cod spin systems could
be distinguished in the spectrum of the inclusion complex due to
the presence of two diastereomeric host—guest complexes. No
such 16e~ Rul' species had been previously isolated, and its
stabilization in this case suggests that the supramolecular host
structure 4 might be functioning as a large and non-coordinating
counter ion [27].

2.2.2. HMQC, HSQC and HMBC

Correlations through the chemical bonds between different
nuclides are established by means of the so-called heteronu-
clear shift correlations. Usually, these experiments are used to
map connectivities between 1Y and 13C, although 14 31p and
IH 15N correlations are also common. Correlations to NMR-
active metallic nuclides, such as '>>Pt or 197 Ag are possible as
well. In their modern versions, all these 'H,X experiments use Iy
detection (inverse techniques), with a considerable gain in sen-
sitivity with respect to the older, heteroatom-detecting versions.
Thus, the chemical shifts of the low-y nuclides are determined
indirectly in the second dimension of the spectra, avoiding
the need for its direct, usually long-time requiring, observa-
tion [82]. The most common heteronuclear shift correlations are
the HMQC [91] (Heteronuclear Multiple-Quantum Correlation)
and HSQC [92] (Heteronuclear Single-Quantum Correlation)
experiments, providing single-bond connectivities [93], and the
HMBC [94] (Heteronuclear Multiple-Bond Correlation) corre-
lation, providing long-range multiple-bond correlations, usually
over 2 or 3 bonds. HMBC spectra are particularly useful, as
they allow the assignment of quaternary carbon atoms through
their correlations with the neighbouring protons. Connectivities
across heteroatom linkages can also be frequently traced, piecing
together otherwise uncorrelated molecular fragments.

The combination of one and long-range 'H,'3C correla-
tions usually allows the complete assignment of the molecular
skeleton in organic molecules. Graphical examples of the
application of these techniques to the characterization of met-
allosupramolecular assemblies can be found in many of the
references cited in this review [27,30,85,86,88,95,96]. On the
contrary, there are not so many applications of 'H,X correla-
tions where X is a metallic nuclide. Some nice examples have
been reported by Lehn and co-workers, who have used 'H,2’Pb
HMOQC experiments to characterize a series of linear coordina-
tion arrays such as 17 (drawn in Scheme 7) and related structures
[74,75). Fig. 13 shows the 'H,2%7Pb HMQC spectrum of the lin-
ear, rack-type complex 24, formed by Pb!! complexation of an
helical molecular strand [75]. Three resonances are indirectly
observed in the 2*’Pb dimension, confirming the presence of
three types of Pb!! ions. The same research group [97] has very
recently used a 'H,'” Ag HMQC experiment to characterize
the double-helical complex 25, formed by Ag! complexation
of an hydrazone-based ligand which retains its helical shape
(Fig. 14). 25 and related complexes form polymeric, wire-like
highly ordered solid-state structures. In another report [72],
a 'H,' Ag¢ HMBC experiment was used to characterize the
[AgeLs]0" aggregate 26 (Scheme 10) closely related to the
[AgoLg]** grid 16 drawn in Fig. 9. These grids form when a
solution of Ag! is added to a solution of the ligand in the adequate
stoichiometry (9:6 for 16 and 6:5 for 26).

2.2.3. NOESY and ROESY

While both the COSY and TOCSY experiments rely on
scalar couplings between nuclei (indirect couplings through the
electrons of the chemical bonds), the NOESY [98] (Nuclear
Overhauser Spectroscopy) experiment relies on direct, through-
space magnetic interactions (dipolar couplings), which give rise
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Fig. 13. 'H,27Pb HMQC spectrum (500 MHz, 1:1 CD3CN/CD3NO,) of the
rack-type complex 24, formed by Pb!' complexation of an helical sequence
of hydrazone—pyrimidine units. Reproduced with permission from Ref. [75].
Copyright Wiley-VCH Verlag GmbH & Co. KGaA.

to the nuclear Overhauser effect (NOE) [99]. The NOE decreases
rapidly with the distance between the nuclei (cd=®), and thus
the 'H NOESY spectrum only relates protons which are spa-
tially close to each other (typically, closer than 5 A), even if
they are not connected by chemical bonds. The NOE is also
closely related to the molecular motion in solution, being posi-
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Fig. 14. 'H,'%7 Ag HMQC spectrum (500 MHz, CD3NO») of the dinuclear heli-
cal complex 25, The coupling of the protons A, B, D and E with the Ag'
ion is detected. The '97 Ag chemical shift is read-out at 438 ppm (reference,
AgNO3). Reproduced with permission from Ref. [97]. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA.

Scheme 10. Self-assembled [2 x 3] grid complex [Ag(,Ls]6+ 26 (L =6,6"-bis[2-
(6-methylpyridyl)]-3,3’-bipyridazine). The spheres represent Ag* ions.

tive for small, rapidly tumbling molecules and negative for large
molecules or at low temperatures. In an intermediate situation
(mid-sized molecules with a mass of ca. 10002000 Da) the
NOE can be very small or even zero [100]. In this situation
the so-called Rotating Frame NOE (ROE) [101] may be used
as an alternative, as this effect never becomes zero [102]. Thus,
2D ROESY experiments [103], although experimentally more
challenging than NOESY, are frequently used in supramolecu-
lar chemistry, where large-sized species are the main object of
investigation. The main feature of NOESY and ROESY exper-
iments is their ability to provide in a single experiment all the
spatial couplings within a molecule, being thus a very valuable
tool for the elucidation of the 3D molecular geometry. In arecent
example [90], a IHNOESY experiment has allowed the elucida-
tion of a B-turn conformation for the peptide 27 when included
inside the hydrophobic cavity of the hexanuclear prism-like por-
phyrin cage 28 (Fig. 15). As shown in the Fig., NOE cross-peaks
were clearly detected between the N-terminal acetyl group a and
the Ala 3 protons g,j of 27, indicating the proximity of the N-
and C-terminals due to the turn conformation [90]. It was con-
cluded that this conformation, very unstable in short peptides,
is stabilized due to an efficient host—guest interaction. The sta-
bilization of the a-helical structure of a more complex peptide
within a dimeric capsule formed by a [PtgL4] 12+ bowl has been
similarly proven [89].

A very interesting phenomenon in supramolecular chemistry
is the self-recognition (or self-sorting), consisting in a prefer-
ential binding of like metal ions by like ligands in mixtures
undergoing dynamic coordination equilibria. This phenomenon
has been observed by Lehn and co-workers in the self-assembly
of double and triple multinuclear helicates from mixtures of
polypyridine ligands [104]. In a particular example [105], the
selective parallel association of the ligand strands in the double
helicate [CuyZn(29),]** (Scheme 11) was confirmed by a 'H
ROESY spectrum. Spatial contacts between the terminal methyl
group of one strand and the methylene group from the same
terminal in the second strand were detected. This parallel orien-
tation is dictated by the preference of Cu! and Zn! cations for
tetrahedral and octahedral geometries, respectively [105].

A "HROESY spectrum has also confirmed the structure of the
[3]catenate 30 (Scheme 12), formed by palladium-directed self-
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Fig. 15. 'H NOESY spectrum (500 MHz, H,O0/D,0=9.1, 27°C) of the
host—guest complex 27 C 28, allowing the elucidation of the 3-turn conforma-
tion for the included peptide. Spectrum reprinted with permission from Ref.
[90]. Copyright (2006) American Chemical Society.
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Scheme 11. Proximity of the protons of the terminal CH3 group of one tritopic
BBT (bipyridine, bipyridine, terpyridine) strand (29) to the methylene protons
of the second strand in the parallel-stranded double helicate [CurZn(29),]**, as
shown by the 'H ROESY experiment.
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Scheme 12. Schematic drawing of the [3]catenate 30, formed by palladium-
directed self-assembly of a ligand based on 4,4’-bipyridinium, together with
donor/acceptor interactions with a dioxoaryl cyclophane.

assembly in conjunction with 7 donor/acceptor interactions. The
location of the hydroquinol units inside the cavity of the metal-
lomacrocycle was confirmed by ROE cross-peaks between the
aromatic protons of the hydroquinol units and both the bipyri-
didium and phenylene protons of the nitrogenated ligand [95].
Fig. 16 shows the "H ROESY spectrum of the molecular rect-
angle 15 [69]. ROEs from the bipyridyl protons to both adjacent
biphenyl and phosphine phenyl protons support the presence of
cis biphenyl and bipyridyl units alternating in the ring.
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Fig. 16. "HROESY spectrum of the molecular rectangle 15. Key through-space
contacts between Hy pyr and Hg pyr, Ho biph» Ho,ph and Hp ph, as well as between
Hg pyr» and Hy, ph are indicated by arrows and annotations in the amplified section
of the drawn structure. Reprinted with permission from Ref. [69]. Copyright
(2004) American Chemical Society.
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Fig. 17. "H ROESY spectrum (300 MHz, d®>-DMSO) of the truncated octahe-
dral nanocage [Pde(31)3]'2*. The observed cross-peaks indicate that the only
species present in solution is the isomer with the ligand 31 in the syn conforma-
tion. While the coupling between H1 and H2 is present regardless of the ligand
conformation, the strong coupling between H2 and H3 is expected only for the
syn conformation. Reprinted with permission from Ref. [106]. Copyright (2006)
American Chemical Society.

Sometimes selective NOE or ROE contacts allow the dis-
tinction between two isomeric structures. An example is shown
in Fig. 17 for the truncated octahedral nanocage [Pdg(31)g]'%*
[106]. This species has been found by X-ray diffraction studies
to exist in the solid-state as a 3:2 mixture of two conformational
isomers, depending on the syn or anti-conformation of the tri-
dentate ligand 31. In solution, on the contrary, the 'H spectrum
reflects the presence of a single isomer. As shown in the figure,
the '"H ROESY spectrum has allowed the assignment of this
isomer as the syn product, on the basis of the stronger coupling
found between H2 and H3 (as expected for the syn conformation)
than between H2 and H6 (as expected for the anti-conformation).

NOE/ROE contacts between an encapsulated guest and the
inner protons of the host are especially useful to confirm
the formation of a host-guest complex, as well as to eluci-
date the orientation of the guest within the cavity. Thus, for
the self-assembled [Ag4L,]** resorcinarene-based capsule 32
(Scheme 13) [107], NOE cross-peaks were found between
the methylene and aromatic protons H., Hy and Hf of the
capsule and the methyl protons of a 4,4'-diacetoxybiphenyl
guest (not drawn), consistent with the situation of the methyl
groups of the guest close to each end of the cavity. In another
example, the enclathration of 1,3,5-triphenyl-2.4,6-triazine 33

32 R=CyHys

Scheme 13. Self-assembled [Ag4L2]4+ resorcinarene-based capsule 32. Repro-
duced from Ref. [107] with permission of The Royal Society of Chemistry.

inside the palladium-clipped aromatic sandwich 34 (Scheme 14)
has been confirmed by the appearance of NOE cross-peaks
between the protons H; of the guest and Hs of the host [88].
Raymond and Tiedemann [57] have investigated inclusion com-
plexes within the [GasLg]'2~ cluster 4 (drawn in Fig. 3). 'H
NOESY spectra were measured for complexes with guests such
as EtyN* [108] and [CpRu(n®-CgHg)]* [109]. In particular, for
the host—guest assembly [{CpRu{m®-CsHs(CH,)sSO3} C 4],
NOEs were found between the phenyl and Cp protons of the
guest and the host naphthalene protons, but not with the host
catechol protons, indicating that the cationic “head” of the guest
is buried deep within the host cavity, near the naphthyl ring walls
[57]. Fujita and co-workers have also reported many applications
of '"H NOESY experiments to the investigation of host—guest
assemblies. Thus, the AND/OR bimolecular recognition of sets
of two different guests by the [PdgL4]'2t cage 1b [110] (drawn
in Fig. 1) was confirmed by the presence of NOE cross-peaks
between the two encapsulated guests. The same group has very
recently reported the hexanuclear Pd!! assembly 35, where a
porphine sandwhich is encapsulated inside an organic-pillared

| o N
N H,
33
Scheme 14. Host—guest complex between the Pd-clipped aromatic sandwich 34
and 1,3,5-triphenyl-2,4,6-triazine 33.



2326 A. Pastor, E. Martinez-Viviente / Coordination Chemistry Reviews 252 (2008) 2314-2345

35

Scheme 15. Host—guest complex 35, between a porphine sandwhich and an
organic-pillared hexanuclear coordination cage.

coordination cage (Scheme 15) [96]. A I'H NOESY study sup-
ported the suggested situation of the guests inside the cage, as
correlation signals were observed between the encapsulated tris-
(4-pyridyltriazine (Hy, and Hj) and the middle portion of the
pillars (Hq and He).

One of the most attractive applications of supramolecular
nanocages is their utilization as “artificial enzymes” able to
control chemical reactions by means of steric confinement and
precisely positioned functional group interactions. In one inter-
esting example Raymond and co-workers [33,34] have used
their [GasLg]'2~ tetrahedral assembly 4 as a supramolecular
catalyst for the aza-cope rearrangement of enammonium sub-
strates. The proposed catalytic cycle is shown in Scheme 16.
After encapsulation of the substrate (step A) a sigmatropic
rearrangement leads to iminium cations (step B), which are
subsequently hydrolyzed to the corresponding v,5-unsaturated
aldehydes (step C). The inclusion of the substrate into the size-
and shape-constrained cage results in a rate acceleration for the
key enammonium—-iminium arrangement step by up to three
orders of magnitude, due to the selective binding of the sub-
strate in the reactive chairlike conformation, bringing the two
bond-forming carbon atoms into contact distances. This preor-
ganization was nicely proven for the substrate 36 (R' =R>=H,
R}=Et) by a 'H NOESY spectrum of the host-guest com-
plex [36 C 4] [34]. While the unbound substrate shows no
NOE:s between the pendant alkyl chains, the encapsulated enam-
monium cation displays strong dipolar couplings between the
protons at the two distal ends of the molecules, as expected for a
tight, chairlike conformation. NOE growth rates [111] were used
to estimate the distances between selected protons in [36 C 4]
[34]. The results, also shown in the scheme, confirm again the
chairlike structure of the encapsulated substrate.

"H NOESY spectroscopy is very useful for the characteriza-
tion of ion pairs in solution, via the interionic NOE contacts
[112,113]. In another chemical application of their polyva-
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Scheme 16. Up: Proposed catalytic cycle for the cationic 3-aza Cope rearrange-
ment catalyzed by the supramolecular tetrahedral structure [Ga4Lg]'>~ 4. Down:
Conformations of the free and encapsulated substrate 36. Dotted square: esti-
mated distances (A) between selected protons in the chairlike conformation of
encapsulated 36, as determined from NOE growth rates.

lent [GaqLg]'?™ assembly 4, Raymond and co-workers [32]
have investigated the C—H activation reactions of aldehydes and
ethers by encapsulated iridium complexes. A novel stepwise
guest dissociation mechanism was found that proceeds via a
strongly bound ion pair intermediate [114]. Thus, for the non-
encapsulated [Cp*(PMeg)Ir(Me)(PTA)]+ complex 37 (Fig. 18),
NOE cross-peaks were found between the broad exterior Cp”
peaks of 37 and the three equivalent catecholate protons of 4 in
the host—guest complex [NEts* C 4], confirming the formation
of the ion pair [NEty" C4]-(37) in D,0O. The Cp* protons of
37 are shifted to 1.2 ppm from 1.87 ppm in the completely free
complex, probably due to m-stacking interactions with the naph-
thalene ligand of 4. NOE cross-peaks were also found between
the encapsulated NEt4* guest and the naphthalene protons of
host 4 [32].

2.2.4. Fluorinated compounds: 'F NOESY and 'H,"°F
HOESY

In spite of the high receptivity of '°F nuclides, the extension
of 2D NMR techniques to fluorinated compounds is complicated
due to the dispersion of typical '°F chemical shifts over 200 ppm,
and the greater variation of the coupling constants [115]. These
features pose technical problems such as the generation of pulses
able to cover the entire chemical shift range, or the creation
of the spin-lock necessary for a TOCSY experiment. Although
through-space dipolar '°F,!1°F couplings are well known, very
few publications (in all fields) describe the use 19F NOESY
experiments [115,116]. One example in supramolecular chem-
istry has been recently provided by Fujita and co-workers
[117]. This research group has recently reported the synthesis
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Fig. 18. Section of the 'H NOESY (500 MHz, D,0) spectrum of exterior 37 in
ion pair with [NEty* C 4] (4= [GasLg]'*™ in Fig. 3). The dashed box highlights
correlations between the encapsulated NEt4* with the three symmetry equivalent
4 host naphthyl protons. The solid box highlights correlations between the broad
exterior Cp” peaks of 37 and the three symmetry equivalent 4 host catecholate
protons. Spectrum reprinted with permission from Ref. [32]. Copyright (2006)
American Chemical Society.

of endofluorous “nanodroplets” 38a-d (Fig. 19) consisting of
self-assembled Pdj;Lo4 nanocages where the bridging ligands
contain perfluoroalkyl chains pointing inwards. The cuboctahe-
dral symmetry of the cages was confirmed by the appearance
of only one set of signals in the 'H and 'F NMR spectra.
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The 1°F resonances for the CgF17 chains were assigned with
the combined help of '°F NOESY and '°F COSY spectra (see
figure). As it is usually the case in linear CF,CF,, four-bond
(*Jrr) couplings are stronger than the vicinal (3Jrr) interactions
[115].

Heteronuclear 'H,'°FNOESY experiments ('H,!°F HOESY,
Heteronuclear Overhauser Effect Spectroscopy) are more com-
mon, especially in the field of transition metal complex ion pairs
[113,118]. The HOESY [119] experiment detects heteronuclear
through-space NOE interactions between non-bonded nuclei.
Detection is carried out on the heteronucleus and thus, although
HOESY spectra have been reported for several 'H,X spin pairs
(X=13¢, 3P, °F, 7Li, 15N) [102], the 'H,'°F HOESY is the
most favoured, due to the high receptivity of '°F. Dalcanale and
co-workers [46] have reported the use of quantitative 'H,!°F
HOESY experiments [120] to investigate the relative position of
cation and anions in the coordination cage 3. Fig. 20 shows how
the encapsulated triflate anion displays NOE cross-peaks only
with the OCH,O protons (being the interaction stronger with
the proton pointing inwards). Not surprisingly, it seems that the
negatively charged sulfonate group of this inner CF3SO3 ™ anion
is pointed towards the positively charged Pd!! atoms, while the
CF;3 group is oriented towards the OCH;O moiety. The external
triflate anions show the strongest contacts with the aryl protons
of the dppp ligands and the methylene OCH, O protons, suggest-
ing that these anions are prevalently located on the “equatorial”
plane containing the four Pd! atoms. Weaker contacts are found
between the external anions and the aliphatic and aromatic pro-
tons of the resorcinarene ligands, suggesting that at least two
of the external triflates are located in the hydrocarbon pock-
ets of these ligands. The same authors [121] have used TH,19F
HOESY experiments to investigate the relative cation—anion
orientation in the self-assembled diplatinum or dipalladium cav-
itand frameworks [39a,b](OTf)g (Scheme 17). Interionic NOE
contacts were selectively found in CDCI3 between the OTf~
anions and only the protons of the tppb ligand and the pyridine
groups (not with the protons of the cavitand cores), suggesting
that the counterions are located close to the positively charged
Pd! centers. The interionic NOE contacts reveal the presence of
strong ion pairs in chloroform, a common observation [122].
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Fig. 19. Left: Self-assembly of endofluorous Pdj»L,4 molecular spheres 38a—d. Right: '°F NOESY and '°F COSY spectra of ligand b (470 MHz, d®-DMSO). From

Ref. [117]. Reprinted with permission from AAAS.
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Fig. 20. I4,19F HOESY spectrum (376.65 MHz, CDCl3) of the coordination
cage 3, showing NOE cross-peaks between the external and encapsulated triflate
anions and selected 'H resonances of the host. Reprinted with permission from
Ref. [46]. Copyright (2005) American Chemical Society.

2.3. Diffusion

We have chosen to dedicate a separate section to diffusion
measurements, as this strategy is becoming increasingly popu-
lar in supramolecular chemistry. The self-diffusion coefficient
(D) of a molecule is a measure of its mobility in solution and
depends on the viscosity of the solvent and, most importantly,
on the “effective” molecular size and shape. Thus, phenomena
such as aggregation, encapsulation and other intermolecular and
interionic interactions will be reflected on the measured D-value
of a molecular species and can thus be investigated. Indeed, dif-
fusion measurements are often used in conjunction with NOE
to investigate intermolecular or interionic interactions, as shown
in some recent reviews [112,118,122,123]. The following para-
graphs aim to provide a short overview of the most common
NMR techniques used for diffusion measurements, as well as

a M=Pd
b M=Pt

Scheme 17. Self-assembled nanoporous structures [39a,b](OTf)s. Reprinted
with permission from Ref. [121]. Copyright (2006) American Chemical Society.

some representative applications to coordination supramolecu-
lar chemistry.

2.3.1. PGSE measurements

The measurement of diffusion coefficients by NMR makes
use of pulsed-field gradient spin-echo (PGSE) experiments
[124]. Since the introduction of the basic PGSE sequence
in 1965 [125], and especially with the generalization of gra-
dient sets as standard equipment during the last decade,
PGSE diffusion measurements have been applied in many
different fields, such as the investigation of small organic,
inorganic and organometallic molecules [112,118,126], den-
drimers [127], polymers [128,129], zeolites [130], colloids and
surfactants [131-133], liquid crystals [134,135], ionic liquids
[136], medicine [137,138], biomolecules [139] and combina-
torial and supramolecular chemistry [140—-142]. Experimental
and methodological aspects are described in many recent pub-
lications [122,123,143,144]. Some advantages of the PGSE
methodology are the fast and non-invasive character of these
measurements, as well as the requirement of only small samples.
Moreover, several components of a mixture can be measured
simultaneously, as long as they afford resolved NMR signals,
making the technique especially valuable for the investiga-
tion of species in equilibrium. Although 'H PGSE diffusion
measurements are the most common, other nuclei such as 2H
[135], He [138], "Li [129,145,146], '°F [118,126,133], 3'P
[132,146-148], 35CI [147,149] or 93Pt [148] can be used as
NMR probes in these experiments.

The size information is obtained from the diffusion coeffi-
cient via the Stokes—FEinstein equation (Eq. (1)) [150], where
kp is the Boltzmann constant, T the absolute temperature, 7 the
viscosity and rg the hydrodynamic radius of the species under
investigation. This ry is the radius of a hypothetical sphere that
diffuses with the same speed as the particle under examina-
tion and, thus, provides the information about the apparent size
of the molecule, including any solvation, ion-pairing or other
aggregation effects which may affect its mobility.

D— kT )

 6mnra

There are many examples in supramolecular chemistry of the
use of PGSE diffusion measurements for the estimation of the
size of supramolecular coordination complexes, including poly-
mers [151] or oligomers [152]. In one of the first applications
reported, Stang and co-workers [153] used PGSE measurements
to assess the size of the nanoscopic metallocyclic dodecahe-
dra 40a,b, containing 60 Pt atoms (Scheme 18). The derived
hydrodynamic diameters (5.2 and 7.5 nm, respectively) were
comparable in size to those of small proteins and in good
agreement with electrospray mass spectrometry (ESI-MS) and
transmission electron microscopy (TEM) data.

A typical PGSE measurement is shown in Fig. 21 for
the dimeric [Ag4L2]4+ capsule 32 [107,154], already men-
tioned in Section 2.2.3. The results from the measurements
on the capsule 32 (circles) and the resorcinarene ligand L
(triangles) are displayed in the figure. The D-values are pro-
portional to the slope of the regression lines [122,143,144].
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a, R=Et, n=1
b, R=Ph, n=2

Scheme 18. Self-assembly of the nanoscopic dodecahedra 40a,b. Reprinted
with permission from Ref. [153]. Copyright (1999) American Chemical Society.

As expected, the value for the capsule (3.66 x 10710 m2 =1y is
lower than for the ligand (4.79 x 10710 m? s~1) and the result-
ing ratio Deapsule/Dligand = 0.76 is in reasonable agreement with
the expected dimer/monomer ratio of ca. 0.72-0.75, based on
theoretical calculations [107,154,155]. In a similar example,
the dimeric structure of the cavitands [39a,b](OTf)g (drawn in
Scheme 17) was also confirmed by 'H PGSE measurements.
The ry determined for [39a](OTf)g in CDCl3 (16.0A) is in
good agreement with the average radius derived from Spar-
tan calculations for a dimeric structure [121,156]. Cohen and
co-workers [85,86] have also used ' H PGSE diffusion measure-
ments to confirm the double-stranded nature of the helicates
[(23),Ag3]** and [(23)2Zn3]%* (see Fig. 12 for the structure of
the ligand 23). While the diffusion coefficients (in CD3CN) of
[(23),Ag3]** and [(23),Zn3]%" were 0.72 x 1075 ecm? s~ ! [86]
and0.81 x 1079 cm?s~! [85], respectively, the value for the free
ligand was much higher (1.13 x 107> cm? s™1).

A very interesting application of diffusion measurements is
the investigation of interionic interactions in solution [126]. One
can measure the diffusion coefficients separately for the cation
and anion of an ionic species and thus determine whether or

0.0

-2.0
In(l11,)

0.0 5.0 10.0
72%2%6%(A-613)/107 s em 2 ———
Fig. 21. Plot of the 'H PGSE diffusion measurements (CDCl3, 297 K) on the
dimeric [Ags Lo+ capsule 32 (circles) and the resorcinarene ligand L (triangles).
Graph reproduced with permission from Ref. [154]. Copyright Wiley-VCH Ver-
lag GmbH & Co. KGaA. Structure reproduced from Ref. [107] with permission
of The Royal Society of Chemistry.
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Fig. 22. Concentration dependence of the diffusion coefficients (in CDCl3) of
the coordination oligomer 41, self-assembled from an octacyano-biscavitand
and [Pd(dppp)(OTH); .

not, and to which extend, they interact. In this way, concentra-
tion and solvent effects, as well as the influence of the interionic
interactions on the reactivity of the molecule can be investi-
gated. For the cage 3 (Scheme 1) [46], it was found that in
CDCl; the seven external anions are strongly associated to the
cationic host—guest assembly. Thus, the '°F resonance of the
external anions afforded a D-value of 2.9 x 10719 m2 g1, very
similar to that of the complex (2.7 x 1019 m2 s—1). On the con-
trary, in the more polar 7:1 mixture of CD3NO,/CDCI3 the
D-value for the external anions was 8.7 x 10~ 1"m?s~!, very
different from the host—guest assembly (2.5 x 10710m? s~ 1),
suggesting weak or no ion-pairing. This is an example of solvent-
dependent interionic interactions. Actually, strong ion-pairing in
CDCl3 is a very common observation, due to the low dielectric
constant of this solvent [122,143]. Another example has been
reported for the cavitand [39a](OTf)g (drawn in Scheme 17)
[121], for which the D-values in CDClj3 are 2.4 x 10710 m2 g1
and 2.5 x 10710 m? s~! for cation and anion, respectively, indi-
cating again strong ion-pairing in this solvent.

While the previous paragraph refers to solvent-dependent D-
values, concentration-dependent D-values are also frequently
found for ionic species. Fig. 22 shows an example for the
oligomeric Pd capsule 41 [157]. The diffusion coefficient in
CDCl3 decreases markedly as the concentration increases from
0.1 to 1.0 mM, indicating a ca. 140-fold increase in the volume
of the species present in solution, due to aggregation processes.
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NMR diffusion measurements are also a powerful tool for
detecting and probing encapsulation [140,142]. Since the encap-
sulated molecules form a kinetic unit with the capsule, host and
guest will display the same D-value, even if they have very differ-
ent sizes. Returning to cage 3, the encapsulation of a triflate anion
was confirmed by '°F and 'H PGSE diffusion measurements
[46]. The encapsulated triflate anion and the cage show exactly
the same D-value, both in CDCl3 (2.7 x 10719m? s~ ') and in a
7:1 CD3NO,/CDCl3 mixture (2.5 x 10~'°m?s~1), confirming
that in both solutions they translate together as a single molecular
entity.

2.3.2. The DOSY technique

PGSE diffusion measurements can also be presented as a
“2D spectrum”, where the chemical shifts are displayed in one
dimension and the diffusion coefficient in the second one. Such
an experiment is called DOSY [158,159] (Diffusion Ordered
Spectroscopy) and has also been referred to as “NMR chro-
matography”, for its ability to “separate” the components of
a complex mixture according to their diffusion coefficients.
Thus, the different molecular species can be identified on
the basis of their molecular sizes. This methodology has also
been widely used in several areas of chemistry [159], such
as polymers [160], resins [161], biochemistry [162], organic
[163] and inorganic/organometallic [164] chemistry, including
supramolecular assemblies [140,165].

In a recent application, Lehn and co-workers [166] have
used '"H DOSY NMR spectroscopy to investigate a series of
double-stranded helicates of increasing length, ranging from
mononuclear to pentanuclear, [Cu}l (42a—e),] (n=1-5), formed
by self-assembly from oligotopic strands 42a—e (Fig. 23). As
shown in the figure, the 2D DOSY spectrum decomposes the 1D
pattern into a vertical stacking of spectra, each level representing
a different species in solution, distinguishable by its diffusion
coefficient. The signals in the spectral region of the methylene
protons are particularly well separated, as shown in the expan-
sion. These results nicely illustrate the ability of the DOSY
analysis to resolve a mixture of metallosupramolecular entities
into its components, acting as a “spectral chromatography”.

The DOSY technique is being increasingly used for the
determination of diffusion coefficients even of single com-
ponents, as an alternative to the “traditional” linear PGSE
plots. Schmittel and co-workers [167] have applied '"H DOSY
experiments to investigate the formation of the bis-porphyrinic
heterometallic rectangles 43a,b by coordinative pyridine-zinc
dimerization of the dinuclear complexes 44a,b (Scheme 19).
A single diffusion coefficient was found for each of these
systems (7.0 x 10719m?s~! for the system 43a/44a and
6.1 x 10719 m?2 s~ ! for 43b/44b, in CD,Cl,). As these observed
D-values are much lower than the diffusion coefficient of a ref-
erence compound, 45 (also drawn in the scheme), the results
suggest that 44a.b exist in solution only as their supramolecular
dimers, 43a.b.

The same authors [168] have also used 'H DOSY spectra
to investigate the formation of the multiporphyrin arrangements
46a—c, formed by orthogonal coordination of the supramolec-
ular porphyrin tweezer 47 with different linear spacers 48a—c

— 42a,n=1
42b,n=2
42¢,n=3
42d,n=4
42e,n=5

[Cu' (42a-e);]

‘ I 41260 ym? 5-1- [Cu'y(42b)]

e 1010 ym? s-1: [Cu'3(42c);]

|
4
a & g s 950 ym? s-1; [Cu's(d2d);]
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Fig. 23. "H DOSY spectrum (500 MHz, CD3CN) of an equimolar mixture of
the helicates [CuL (42a—e),] (n=1-5), formed by self-assembly of oligotopic
strands 42a—e of increasing length. The expansion shows the methylene region
group (8 =3.5—4 ppm). Spectrum reproduced with permission from Ref. [166].
Copyright Wiley-VCH Verlag GmbH & Co. KGaA.

44a (M= Cu*)
44b (M = Ag*)

43a (M=Cu")
43b (M= Ag*)

45 (M =Cu*)

Scheme 19. Up: self-assembly of the bis-porphyrinic supramolecular assem-
blies 43a,b from the dinuclear complexes 44a,b. Down: reference compound 45.
Reproduced from Ref. [167] with permission of The Royal Society of Chemistry.
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Scheme 20. Multiporphyrin arrangements 46a—c self-assembled through
orthogonal coordination of the porphyrin tweezer 47 and the linear spacers
48a-c. The resulting structure is controlled by the length of the linear ligand.
Structure reproduced from Ref. [167] with permission of The Royal Society of
Chemistry.

(Scheme 20). The stoichiometries 47-48a for 46a, (47),-(48b),
for 46b and (47),-(48¢)3 for 46¢ could be established by fitting
the obtained D-values to a calibration curve correlating molecu-
lar weights and experimentally determined diffusion coefficients
of related known compounds. Use was made of the general
assumption that the ratio of the diffusion coefficients for two
different molecular species (D;/Dj) is inversely proportional to
the square or cubic root of the ratio of their molecular weights
(M;/Mj), for rod-like and spherical molecules, respectively (Eq.
(2)) [169].

(@)

Fujita and co-workers have reported many applications of
DOSY spectroscopy in coordination supramolecular chemistry.
Thus, 'H and '°F DOSY measurements have confirmed the esti-
mated diameter of 4.3 nm for the endofluorous “nanodroplets”
38a-d, drawn in Fig. 19 [117]. Very similar nanoparticles with
other internal pendant groups [170], as well as other spheri-
cal coordination networks [171], have also been investigated
using this methodology. Fig. 24 shows a very nice work from the
same research group [172], in which the self-assembly of a Pd!!
“figure-of-eight”-shaped molecule (49) into a dimeric double
loop (49), and a circular tris[2]catenane (49)3 was reported. The
mixture of the three species was nicely “separated” by a DOSY
spectrum, as shown in the figure. Another catenane-related
application illustrated with nice DOSY figures had been pre-
viously reported by the same authors [173]. Still the same group
[174] has very recently prepared the self-assembled saccharide-
coated [Pd;2L24]** molecular spheres 50a—f (Scheme 21). H
DOSY spectroscopy confirmed the selective formation of a sin-
gle species in each case, being the D-values in agreement with
the estimated sizes of 5.2, 6.1 and 7.0 nm for the mono-, di-
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Fig. 24. THDOSY (1.5:1 DZO/dﬁ—DMSO, 500 MHz, 60 °C) spectrum of a mix-
ture of the self-assembled components (49), (49), and (49)3, showing the slices
of the 2D DOSY spectrum at the D-values for (a) (49), (b) dimer (49), and
(c) trimer (49)3; (d) shows the complete '"H NMR spectrum of the mixture.
Reproduced from Ref. [172] with permission of The Royal Society of Chemistry.
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Scheme21. Self-assembly of [PdsLas 24 complexes 50a—f, with 24 saccharide
moieties at the periphery. Reprinted with permission from Ref. [174]. Copyright
(2007) American Chemical Society.
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Fig. 25. 3'P DOSY (CDCl3, 202.4 MHz) spectrum of a 0.2M solution of
[PdCly(dppdd)], containing a mixture of momeric, dimeric and oligomeric
species. Reprinted from Ref. [176] with permission of The Royal Society of
Chemistry.

and trisaccharide-appended spheres, respectively. These spheres
form interesting colloidal aggregates with proteins, which might
lead to biomedical applications [174].

'H DOSY spectra have also been used in the characterization
of other molecules already mentioned in the previous sections
of this review, such as the molecular rectangle 15 (Scheme 6),
for which a comparison with the D-value of the precursor 4,4'-
bis[cis-Pt(dppp)(NO3)]biphenyl complex was used [69]. For the
[3]catenate 30 (Scheme 12) [95], the resonances from the two
organic components of the assembly (the nitrogenated ligand and
the macrocycle) where found to display the same diffusion coef-
ficients in CD3CN, confirming that these components diffuse as
a whole due to their intercatenation. A '"H DOSY experiment
has also been performed on the dimer/monomer mixture of the
TilV catecholate complexes 11 and 12 (drawn in Fig. 8) [39].
In df-acetone diffusion coefficients of D=8.94 x 10719 m? s~!
for the monomer and 7.89 x 10719 m? s~! for the dimer were
obtained. In this case the ratio Dgimer/Dmonomer 1S larger than
expected (0.88) probably due to the effect of acetone solvation
and the different charges of the compounds. Other applications
of the DOSY methodology to confirm the size or investigate
the nature of coordination supramolecular assemblies [175], as
well as to characterize supramolecular coordination polymers
[176,177] have been reported in recent years.

Similarly to the “traditional” PGSE experiments, DOSY mea-
surements can also be performed using nuclides other than
'H. Fig. 25 shows a >'P NMR DOSY spectrum of an equilib-
rium mixture of trans-[PdCl,(dppdd)],, containing momomeric,
dimeric and oligomeric species [176]. The D-value of the
cyclic monomer has been taken as reference for normalization
(DNmonomer = 1). The Dy of the dimer turns out to be slightly
lower (0.78) while the mixture of oligomers affords a much
lower Dy (0.19).

3. Thermodynamic and dynamic properties

The thermodynamic properties and the dynamic behaviour
of supramolecular complexes play an essential role in the devel-
opment of their practical applications. Thus, a fast kinetic is

desirable for an efficient catalytic activity, while a regulated
release of the guest is essential in drug delivery strategies. On
the other hand, a strong and selective binding in host—guest
complexes may be of interest for analytical or environmental
purposes. In this context, NMR spectroscopy has again revealed
itself as a powerful tool to gain insight into these key aspects of
supramolecular chemistry.

3.1. Thermodynamic properties

The calculation of association constants in solution (K,) is of
central significance not only for the description of a supramolec-
ular system but, most importantly, for the development of
relationships between structure and activity which can guide
future developments. Moreover, when the equilibrium constants
over a significant temperature range are known, a van’t Hoff
analysis of K,(7) can lead to the thermodynamic parameters of
the system, which in turn can provide insight into the nature of
the binding interaction. Thus, according to Eq. (3), aplotof In K,
vs. T~! yields the enthalpy (AH) from the slope of the regres-
sion line and the entropy (AS) from the y-intercept. This method
is based on the assumption that both magnitudes are invariant
over the temperature range of the experiments, which is usually
a valid approximation. Significantly, a compensation between
enthalpic and entropic effects has been repeatedly observed for
a great number of systems [178].
—AH AS

RT + R
where K, =equilibrium/association constant, 7'=temperature
(K)and R=8.31JK ! mol~".

The determination of association constants by NMR has
become a common strategy [179,180]. Compared with UV and
fluorescence techniques, the results based on NMR have the
advantage that they are more reliable in the presence of minor
impurities [ 140]. Another great advantage of NMR spectroscopy
is the possibility to evaluate the equilibria on the basis of several
independent signals for the same species [179]. In the follow-
ing sections we will discuss the three most common NMR
techniques used for the calculation of association constants:
complexation-induced shifts (CIS), diffusion measurements and
relaxation.

InK, = 3

3.1.1. Evaluation of association constants by
complexation-induced shifts (CIS)

3.1.1.1. Slow exchange: integration. The formation of
supramolecular complexes usually results in significant
changes in the chemical shifts of the individual components,
as outlined in Section 2.1 of this review. Under slow exchange
conditions, separate NMR resonances will be observed for the
different species involved in the equilibrium (for example, the
free and the encapsulated guest), and thus, a simple signal
integration allows the determination of the molar fractions of
reactants and product and, consequently, the calculation of the
association constant [179]. '"H NMR spectra are commonly
used, no only due to the high sensitivity of this nuclide, but also
because protons are positioned at the periphery of the molecules
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Fig. 26. (a) van’t Hoff plots for the encapsulation of aqueous alkylammonium
cations into the cavity of [GasLg]'?~ (4). @: PyN*, Ml Me,PryN*, A: single
protonated N,N,N',N'-tetramethyl-1,3-propanediamine. Reproduced from Ref.
[181]. (b) van’t Hoff plots for the inclusion of 51 inside Naj>4 in D,O. Reprinted
with permission from Ref. [32]. Copyright (2006) American Chemical Society.

and are therefore more exposed to intermolecular shielding
effects and thus more prone to suffer complexation-induced
shifts [179,180].

Raymond and co-workers [181] have investigated the
principles of recognition between the tetrahedral container
[GasLg]'?~ (4 in Fig. 3) and various alkylammonium cations
in water, as well as the driving force for the encapsulation.
The thermodynamic parameters were determined by follow-
ing the temperature dependence of the association constants
between 295 and 353 K. Fig. 26a shows the van’t Hoff plots
for the exchange of the occluded water by each of the three
guests. All three plots show that the encapsulation of the cationic
guests is an endothermic process, with AH ranging from 9.2
to 19.7kJmol~!. This observation is explained as a conse-
quence of the very large solvation enthalpies of the ions. The
values of AS range from 71.1 to 108.7JK~' mol~!, show-
ing that the spontaneous encapsulation is an entropy-driven
process, due to the release of bound water from the solva-

tion shell of the guest, as well as from the cavity of the
“empty” host into the bulk solvent [181]. A similar result
was obtained for the two diastereomeric inclusion complexes
of 4 with the chiral [Cp* (PMe3)Ir(Me)(cis-butene)]t com-
plex 51 (see Fig. 26b) [32]. The van’t Hoff analysis reveals
that the formation of these complexes is enthalpically dis-
favoured (AHmajor=7.5kJ mol ™! and AHpinor=9.6kJ mol—!;
the two diastereomers are formed in a dr of 70:30), and entropi-
cally favoured (ASmajor = ASminor =62.7J K~ !'mol~! ). We have
already mentioned (see end of Section 2.2.3) that iridium com-
plexes such as 51 are able to selectively activate C—H bonds of
aldehyde and ether substrates.

A van’t Hoff plot has also been obtained for the encapsulation
of a 4,4'-diacetoxybiphenyl guest inside the dimeric [Ag4L,]**
capsule 32 (drawn in Scheme 13) [154]. Well-separated reso-
nances were observed for the bound and free guest, indicating
a sizable kinetic barrier for the exchange process, and allowing
the determination of five values of K, between 268 and 323 K.
A plot of In K, vs. T~ ! afforded values of AH=—23.5kJ mol~!
and AS=17.6JK~! mol~!, indicating that the encapsulation
process is both enthalpically and entropy-driven. The positive
enthalpy is attributed to a variety of favorable noncovalent inter-
actions (van der Waals, electrostatic, etc.) between host and
guest. The positive entropy is explained as due to the desolvation
of the cavity [154]. A compensation between these two magni-
tudes was observed, showing that a stronger attractive interaction
between host and guest results in a more reduced freedom of the
guest movement in the supramolecular complex (an entropic
loss).

Stang and co-workers [182] have described the dynamic
equilibrium between a supramolecular dimeric rhomboid and
a trimeric hexagon, prepared by metal-directed self-assembly.
As expected, the van’t Hoff analysis showed that the dimeric
species is favored by the entropic factor, whereas the trimer is
the enthalpic product.

3.1.1.2. Fast exchange: NMR titration. The previous section
was concerned with slow exchange, resulting in separate res-
onances in the NMR spectra. However, the most common
situation in host—guest assemblies is a fast exchange between
the free and bound components. In this situation, the observed
chemical shifts for host (§ohsg) and guest (Sopsg) are the mole
fraction weighed average of the values in the free (6g and ég)
and bound situation (dygg). Association constants can then be
obtained from a series of NMR spectra measured at different ini-
tial concentrations of host and guest, a method known as NMR
titration. There are two possibilities for data treatment: (a) graph-
ical (or linearization) methods, designed to produce a (non-real)
linear relationship between §yps and K, so that the NMR data
can be treated graphically, and (b) non-linear curve fitting pro-
cedures, based on the calculation of a titration curve (also called
binding isotherm) which is iteratively compared with the experi-
mental data [180]. The graphical methods were developed before
powerful computers became easily available but they are still fre-
quently used due to their simplicity, although sometimes they
may lead to incorrect values [179]. On the contrary, the modern
computerized curve fitting procedures are the most reliable and
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53 X=Y=N;R'=R2=Et

Fig. 27. Up: Structure of the heterodimeric tetralactam macrocycle 53 and
the N,N,N',N -tetraethyltereftalamide guest 52. Down: Minimized structure
(MMFF94 force field) of the inclusion complex 52 C 53, showing the hydro-
gen bonds between host and guest. Reprinted with permission from Ref. [183].
Copyright (2005) American Chemical Society.

accurate and, although they require more effort to establish a
working procedure, it is possible to choose among the prolifera-
tion of programs available to do the job [180]. A clear advantage
of the curve fitting methods is that the experimental conditions
are less constrained and more complex binding models can be
investigated. In general, NMR titration methods are most useful
for equilibrium constants in the range 10-10* M~

In one application of this methodology, the binding of
N.N,N'.N'-tetracthylterephthalamide (52) inside the cavity of
the heterodimeric tetralactam macrocycle 53 was investigated
(Fig. 27) [183]. 53 is quantitatively assembled from a bispyridyl
ligand and a zinc bisporphyrin through two kinetically labile
zinc—pyridine interactions. Upon addition of the guest 52, the
NH resonances of the macrocycle 53 shift to higher frequen-
cies (by 0.16 and 0.44 ppm), due to the formation of up to
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Fig. 28. Up: Structure of the metallocycles 54a—e. Down: (a) Job plot and (b)
NMR titration curves for the inclusion of two molecules of guest 52 inside the
cavities of 54a. Graphs reproduced with permission from Ref. [184]. Copyright
Wiley-VCH Verlag GmbH & Co. KGaA.

four hydrogen bonds with the carbonyl oxygen atoms of the
terephthalamide (Fig. 27b). The titration data obtained for these
resonances were fitted to a 1:1 binding model, affording a value
of K,=160M~1.

A similar investigation has been performed for the encap-
sulation of the same guest 52 inside the metallocycles 54a—e
(Fig. 28), self-assembled from S-shaped bispyridyl ligands and
[Pd(dppp)(OTT)2] [184]. These structures fold to create two sym-
metrical binding cavities possessing hydrogen-bonding sites.
The variation of the chemical shifts of the NH protons of the host
54a upon encapsulation and hydrogen-bonding with the guest
was followed by NMR titration using a non-linear least-squares
fitting. Both the titration curves and the Job plot [179], also
shown in the figure, supported a 1:2 binding mode. The binding
constants were found to be K1 = 1600 M~ ! (for the 1:1 complex)
and K> = 1400 M~ (for the 1:2 complex), values which reflect
a positively cooperative binding of two molecules of the guest
[184].

Reek and co-workers have developed a new class of potential
supramolecular transition metal catalysts formed by the assem-
bly of a tetraanionic calix[4]arene, 55, with a palladium complex
56, containing a tetracationic diphosphine ligand (Scheme 22)
[185]. In this capsule the metal is not involved in the assem-
bly process and is therefore available for catalytic processes. A
'H NMR titration was carried out at 298 K, providing a stability
constant of K55.56 =6 X 1ML As expected, both the titration
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Scheme 22. Structure of the tetraionic calix[4]arene 55 and the palladium com-
plex 56, containing a tetracationic diphosphine ligand. Reproduced from Ref.
[185] with permission of The Royal Society of Chemistry.

curve and the Job plot fitted to a 1:1 binding model [185].

3.1.2. Evaluation of association constants by diffusion
spectroscopy

Diffusion coefficients measured by NMR can also be used to
determine the association constants of supramolecular assem-
blies and host—guest complexes, in a situation of fast exchange
between the free and bound components. Under these condi-
tions the observed diffusion coefficient of a component will be
given (as the chemical shift) by the mole fraction weighted aver-
age of the diffusion coefficients in the free and bound situation
[140,186]. Thus, for the simple case of a 1:1 host—guest complex
(HG) formed between a host (H) and a guest (G) (Eq. (4)), the
observed D-value for the guest will be given by Eq. (5), which
can be rewritten as Eq. (6) taking into account that Xg = | — Xyg:

H + G = HG “4)

DY = X6 D¢ + XncDng ©)
DG - Dobs

Xug = ———— (6)
DG — Dyg

D¢ and Dy can be obtained from diffusion measurements in
separate solutions of host and guest. Dyg, however, is unknown,
as the host—guest assembly is in fast equilibrium with its compo-
nents. In principle, an NMR titration could be used, as described
in the previous section for the chemical shift method. However,
one advantage of this methodology is that usually the encap-
sulation of a small guest inside a large host is not expected
to significantly change the size of the host, so that it can be
assumed that Dyg = Dy and with this approximation the need
for a complete titration can be eliminated. Xy can then be easily
obtained from Eq. (6) and the association constant can be cal-
culated from Eq. (7) [187], where [H], and [G], are the known
total concentrations of host and guest, respectively.

_ [H-G] _ XHG
[HIIG] (- Xue)(Gol — Xuc[Hlo)

The determination of association constants from diffusion
NMR measurements is especially useful when changes in chem-
ical shift due to complexation are small. On the contrary, this
methodology is less sensitive or even impractical when the
diffusion coefficients of the unbound host and guest are not
significantly different [188]. Several applications of this method-
ology to organic host-guest assemblies, as well as a more

(N

a

detailed explanation can be found in the recent review by Cohen
et al. [140].

3.1.3. Evaluation of association constants by relaxation
time (T7) measurements

The longitudinal or spin-lattice relaxation rate (1/77) is
another NMR parameter that can be used to measure associa-
tion constants. As for the other parameters discussed in previous
sections (chemical shifts and D-values), the observed relaxation
rate for host and guest under fast exchange conditions will be
the weighted average of the rates corresponding to the bound
and free molecules. Nevertheless, there has been little use of the
relaxation time method for the calculation of association con-
stants in the field of host—guest chemistry, probably because the
measurement of this parameter is more time-consuming than the
previously discussed methods [180].

3.2. Dynamic properties of supramolecular complexes:
dynamic NMR

The dynamic behaviour of supramolecular assemblies often
determines their specific properties and potential applications.
NMR is a very important technique for the investigation of the
kinetics of the chemical reactions, most notably of exchange
processes under equilibrium conditions, a common characteris-
tic in supramolecular chemistry. In this section we describe the
most commonly used NMR methodologies used for the quali-
tative and quantitative investigation of dynamic supramolecular
equilibria. Reaction rates over a range of more than ten orders
of magnitude (typically, 1072 to 108s~!) can be measured by
different NMR methods. Additionally, the temperature depen-
dence of the rate constants can be used to build Arrhenius [189]
or Eyring plots [190], which provide the activation parameters
(Ea, AH # and AS 7 ) for the process under investigation [179].

3.2.1. 1D dynamic NMR

3.2.1.1. Lineshape analysis. Processes with a rate constant (k)
in the range of ca. 10-10°s~! cause a significant and analyz-
able line broadening in the NMR spectra, from which kinetic
parameters can be obtained via the so-called lineshape or band-
shape analysis [191]. For an equally populated two-site system,
approximate values of rate constants can be easily obtained at
the coalescence temperature (“the coalescence method”), and
from this value the activation energy (AG # ) for the process
can be derived using the Eyring equation (Eq. (8)) [191]. This
method can also be applied to unequally populated sites [192].

k= kBiTe—AG*/RT (8)
h

kg = Boltzmann constant, h=Planck constant,

T=temperature (K), AG # =activation energy (J mol~!)

and R=8.31JK " mol~!.

At temperatures below and above the coalescence, the rate
constants can also be derived from the lineshapes using sev-
eral mathematical equations [191]. However, the most accurate
results are obtained with the use of simulation programs [193],
which iteratively compare the experimental lineshapes with
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those calculated from different sets of kinetic and spectroscopic
parameters. This methodology is especially useful for the anal-
ysis of multi-site-exchange problems, since it provides not only
the rate constants but also the confirmation of the exchange
mechanism [191].

If the rate constants are determined over a significant tem-
perature range, the kinetic parameters E5 and AH# , AS # can
be determined from the Arrhenius (Eq. (9)) and Eyring (Eq.
(10)) equations, respectively. Thus, according to Eq. (9), a plot
of Ink vs. T~! yields the empirical activation energy, Ex, from
the slope of the regression line, while, according to Eq. (10)
a plot of In(k/T) vs. 7! yields the activation enthalpy, AH #
and entropy, AS # , from the slope of the regression line and the
y-intercept, respectively.

Ea
Ink =InA — — ©)
RT

A, frequency factor, Ex, empirical activation energy (Jmol™!),
R=831JK !mol~!and 7= temperature (K).

(K AH? AS? (e 0
n<T)— TR +n<h> (10)
T=temperature (K), AH # =activation enthalpy (Jmol~1),
R=8.31TK 'mol~!, AS# =activation entropy (J K~ mol~!)
and In(kg/h) =23.760.

Cohen and co-workers [85] have used the coalescence
method to investigate the dynamic behaviour of the silver
double-stranded helicate [(23)2Ag3]3+ in DMSO-dg (Fig. 29).
The protons of the CH,OCHj bridges of ligand 23 in the com-
plex are diastereotopic at room temperature due to the chiral
nature of the helicate. At 335K the two AB systems collapse
into two broad singlets with relatively small changes in their
chemical shifts, indicating partial unfolding with reorganization
around the metal centers. The free activation energy for this
enantiomerization process at the coalescence temperature was

calculated as AGZ:S = 69.4kJ mol~'. At higher temperatures,
the two broad singlets sharpen and shift to higher frequencies
until at 431 K they resemble the spectrum of the free ligand,
pointing to the dissociation of the helicate.

In another application, Fujita and co-workers have reported
the synthesis of the dodecanuclear palladium nanotube 57,
which forms only in the presence of suitable templates such
as the strand guest molecules 58a,b (Fig. 30) [194]. The desym-
metrization of the tubular framework by the encapsulation of
58a is evident in the 'H spectrum measured at room tem-
perature. Separate resonances are observed for the protons
Hd,Hd' and Hi,Hi, corresponding to the two halves of the
organic ligand in 57. At 327K these pairs of peaks coalesce,
due to a dynamic guest-encapsulation/dissociation process.
From the coalescence temperature the activation energy for
this process was estimated to be 66.6kJmol~!. Notably, the
activation energy for the guest 58b turned out to be signif-
icantly larger (71.1kJmol™"), pointing to a stronger binding
[194].

Stang and co-workers [195] have investigated the restricted
rotation around the metal-nitrogen heteroaryl bond in the com-
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Fig. 29. '"H VT NMR spectra (500 MHz, d®-DMSO) of the protons of the
CH;,OCHj bridges of [(23)2Ag3]3+. Reproduced from Ref. [85] with permission
of The Royal Society of Chemistry.

plexes [M(R-(+)-BINAP)(3-picoline),][OTf], (M =Pd, Pt) by
VT '"H NMR spectroscopy. The rotation barriers were deter-
mined by lineshape analysis of the methyl signals affording
interesting mechanistic information.
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Fig. 30. Up: Dodecanuclear palladium nanotube 57 and strand guest molecules
58a,b. Down: VT 'H NMR spectra (300 MHz, 1:1 D,O/CD3CN) of 58a C 57
recorded at 327 K and 300 K. Spectra reproduced with permission from Ref.
[194]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
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Fig. 31. Up: Molecular structure of the cyclic host 59. Center: (a) Section of the
VT 'HNMR spectra (500 MHz, toluene-dg) of the inclusion complex Cgo C 59.
(b) VT '3C NMR spectra (125.7 MHz, toluene-dg ) of a 1:2 mixture of 59 and '3C-
enriched (10-15%) Cgp. Down: Schematic representation of the dynamic slip-
through motion of the guest C¢ inside 59. Spectra reproduced with permission
from Ref. [49]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.

'H and '3C lineshape analysis performed with the simula-
tion program DNMRS has been used to investigate the dynamic
behaviour of the inclusion complex Cgg C 59, where 59 is a
cyclic methylrhodium porphyrin dimer (Fig. 31) [49,50]. The
'H NMR spectrum at 183K (Fig. 31a) shows split pairs of
meso and pyrrole 3 proton signals, indicating that the two met-
alloporphyrin units adopt a nonparallel, tilted geometry. These
pairs of signals coalesce at around 193 K and become simpli-
fied upon further heating, when a single resonance for the four
equivalent meso protons and two resonances for the two groups
of eight equivalent pyrrole protons are observed. This coales-
cence phenomenon could be due to (a) a rapid guest-exchange
of Cgo C 59 (disassembly/reassembly dynamics) or (b) a rapid
slip-through motion of guest Cgo in Cgg C 59. The first possibil-
ity was separately evaluated by VT '3C NMR spectroscopy of
a mixture of Cgp C 59, and free Cqg (Fig. 31b). At 183K, two
13C resonances are observed for free (142.9 ppm) and complexed
(139.5 ppm) Cgp, respectively. These two signals do not coalesce
over a wide temperature range up to 253 K, indicating a rather
slow guest-exchange dynamics. Lineshape analysis using the
DNMRS program afforded a rate constant Kgite-exchange = 340 g1
at 193 K for the pyrrole protons, while from the '3C spectrum the
guest-exchange at the same temperature was found to occur with
kguest-exchange =3 s~!. Based on the difference of two orders of

magnitude in the calculated rate constants the authors conclude
that the dynamic behaviour observed in the VT 'H NMR spectra
is mainly due to a slip-through motion of the guest, schemati-
cally depicted in the figure. This conclusion is further supported
by the fact that for the larger guest C7¢ the coalescence temper-
ature for the site-exchange in the 'H spectra is higher (233 K),
reflecting the higher steric hindrance for the motion of the guest,
while for the guest C74 no coalescence is observed even at 273 K
[49].

3.2.1.2. Selective inversion recovery (SIR) experiments. The
last example of the previous section shows how in the case
of simultaneous dynamic processes they all contribute to the
lineshapes in the NMR spectra and their influences may be dif-
ficult or impossible to distinguish. Selective inversion recovery
experiments, on the contrary, offer the possibility of discrimi-
nating among different dynamic processes. This methodology
consists in the selective inversion of one resonance and the obser-
vation of the changes in the intensity of both the inverted and
the exchange-related resonances, as a function of a magnetiza-
tion transfer delay [196]. The z magnetization of each of the
NMR lines will regain its equilibrium value under the influence
of both relaxation and exchange, and this evolution is governed
by a set of coupled differential equations [197]. Consequently,
with a table of observed intensities as a function of the magne-
tization transfer delay, and a proposed mechanism, it is possible
to use a computer program to find the set of parameters (rates,
relaxation times, initial and equilibrium intensities) that best fits
the experimental data. One such program is CIFIT, developed
by Alex Bain [198]. The need for separated NMR resonances
for the two sites undergoing chemical exchanges implies that
this technique can only be applied to systems undergoing slow
chemical exchange. Both the mechanism and the rate constant of
the dynamic process can be determined with this methodology
which, additionally, is relatively fast and requires little space for
data storage.

Raymond and co-workers [199] have used selective inver-
sion recovery experiments to investigate the guest self-exchange
in their tetrahedral host [GasLg]'2~ 4 (drawn in Fig. 3). Sev-
eral cationic guests were investigated in D>O. An example is
shown in Fig. 32 for the guest NPrs*. The exchange between the
inverted CH3 resonance (at 0.7 ppm) of the exterior NPrs* and
the corresponding resonance of the encapsulated NPry* pop-
ulation is evidenced by the dip in the intensity of the second
at intermediate delay times. The rate constants were evaluated
using the CIFIT program. The experiment was repeated at sev-
eral temperatures and an Eyring analysis on k(7)) provided the
activation parameters for the process. The results are shown
in the table within Fig. 32, together with the rate and binding
constants at 298 K. Except for NMe;Pr;*, the Table shows a
good correlation between the guest self-exchange rates and the
guest binding affinities (strongly bound guests are more stabi-
lized relative to the transition state than weakly bound guests).
The AH 7 values follow the same trend, without exception, and
their low values indicate that the metal—catecholate bonds of the
host are not broken in the exchange reaction. The negative AS #
values do not indicate bond rupture either, and instead appear
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Fig. 32. Up: 'H NMR SIR experiment (500 MHz, D,0) for the exchange
between free NPry"and NPry* C 4. The magnetisation transfer delay between the
selective inversion pulse and spectrum acquisition increases from the bottom to
the top. Down: Guest self-exchange data for several cations within 4. Reprinted
with permission from Ref. [199]. Copyright (2006) American Chemical Society.

to reflect the entropy cost in correctly orientating each guest for
passage through the tight host aperture. The high rate constant
for the self-exchange of guest NMe;Pry* at 298 K would be due
to a more facile passage through the host aperture, due to its
streamlined conformation. Selective inversion recovery experi-
ments were also performed at different pressures to determine
the AV # . The calculated values were +13 and +31 cm® mol !
for the exchange of NMe;,Pr,* and NPry*, respectively. These
positive values have been interpreted in terms of the expan-
sion suffered by the host in the transition state and support a
non-dissociative mechanism.

In another paper by the same group [200], guest self-exchange
rates have also been calculated for two protonated diamines
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(N,N,N' ,N'-tetramethyl-1,4-diaminobutane, 60, and N,N,N',N'-
tetraethyl-1,2-diaminoethane, 61) encapsulated within the
cavity of 4. The rate determinations were done using the CIFIT
program at five different temperatures (from 300 to 340 K) in
order to extract the activation parameters. The Eyring plots are
reproduced in Fig. 33. The values obtained were AH # =45.1,
69.8kImol ! and AS# =—117.0, —45.6JK~! mol~! for the
encapsulation of 60 and 61, respectively. These results are con-
sistent with those found for other tetraalkylammonium cations
(Fig. 32) [199], pointing to a similar mechanism. The stabiliza-
tion of protonated substrates by encapsulation inside 4 has been
applied to the catalysis of the acidic orthoformate hydrolysis in
basic solution [200].

A comparison between the activation parameters obtained
from lineshape analysis and SIR experiments has been car-
ried out by Stang and co-workers [201] for the hindered
Pt-N(bipyridyl) rotation in the self-assembled rectangle 62 and
triangle 63 (Scheme 23). Selective inversion recovery experi-
ments provided more accurate data since they were measured at
lower temperatures, where intermolecular bipyridyl exchange
processes are suppressed. AH7 was found to be 52.2 and
59.1 kJ mol~! for 62 and 63, respectively, while AS # was equal
to —58.1 and —71.8 JK~! mol~!. These large negative entropy
values were interpreted in terms of the solvent reorganization
involved in the rotation process.

3.2.2. EXSY

As shown in the previous section, chemical exchange
between two spins results in a transfer of longitudinal mag-
netisation between their positions. The same effect is caused
by the dipolar coupling that gives rise to the NOE and, thus,
NOE and chemical exchange can be detected by the same NMR
experiments, even if the mechanisms of both phenomena are
quite unrelated [202]. According to this, a NOESY experiment
not only provides cross-peaks due to NOE but also cross-peaks
between mutually exchanging positions and, when used for this
purpose, this experiment is frequently termed EXSY (Exchange
Spectroscopy) [203]. The NOESY/EXSY pulse sequence is a
phase-sensitive experiment and the cross-peaks due to exchange
can be distinguished because they appear with the same sign as
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Fig. 33. Eyring plots for the self-exchange of guests 60 (left) and 61 (right) inside the host [GagLg]'>~ (4) in D,O. From Ref. [201]. Reprinted with permission from
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The Royal Society of Chemistry.

the diagonal peaks, while the NOE cross-peaks have the opposite
sign.

Exchange processes which can be investigated with EXSY
must be slow on the NMR timescale (i.e., the exchanging res-
onances must be resolved), but not too slow, as otherwise
relaxation processes occurring during the mixing time of the
experiment will remove all memory of the exchange process
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Scheme 23. Structure of the self-assembled rectangle 62 and triangle 63.

[202]. In practice, exchange processes with rates k= 10 to
1072571 can be investigated. Most usually, the EXSY exper-
iment is used to elucidate qualitative aspects of exchange and its
major advantage over 1D methods is the possibility to map com-
plex exchange networks and elucidate exchange mechanisms
[192]. However, EXSY spectra can also be used quantita-
tively for determination of the rate constants, based on the
diagonal- and cross-peak intensities, although this approach
requires either collecting EXSY spectra over a range of mixing
time values (a time-consuming procedure) or using computa-
tional analysis on a single experiment (in this case the adequate
selection of the mixing time is critical for success) [202,204].
The second procedure was used to evaluate the rate constants
for guest uptake (3.9 x 103M~!s™1) and release (32.957!) in
the host—guest complex formed between a camphor molecule
and the trinuclear Zn'' complex [Zn3(tib),(OAc)s] (tib=1,3,5-
tris(imidazol-1-ylmethyl)benzene) [53].

Two sections of a typical 'H EXSY spectrum are shown
in Fig. 34 for a mixture of the [Ag4L2]4+ capsule 32 and the
free resorcinarene ligand L [154]. The signals of the ligand are
marked with an asterisk. Only the phase of the spectrum cor-
responding to the exchange cross-peaks is shown, and the slow
exchange between free and complexed ligand can be clearly
appreciated.

Jeong and Park [205] have investigated the dynamic
behaviour of the rotaxanes 64a—c, self-assembled by hydrogen-
bonding between the metallocycles 65a—c and the dumbbell
systems 66a—c, two of them containing dendritic branches
(Fig. 35). The activation energies for the formation of the rotax-
anes were determined to be 66.5-70.2 kJ mol~!, based on the
diagonal and cross-peaks intensities of the separate NH sig-
nals of the complex and the free metallocycle in 'H EXSY
experiments (see Fig. 35 for an example). The activation energy
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Fig. 35. Up: Rotaxanes 64a—c are in slow exchange with their components,
the metallocycles 65a—c and the dumbbell molecules 66a—c. Down: 'H EXSY
spectrum (500 MHz, CDCl3) of a mixture of 65¢ and 66¢ (1-5mM of each
component) at 298 K. The cross-peaks relating the NH resonances of 65¢ and
64c (the second shifted to higher frequency due to the formation of a H-bond
in the rotaxane) have been marked. Reprinted with permission from Ref. [206].
Copyright (2004) American Chemical Society.

increases with the size of the dendritic dumbbell, probably due to
steric reasons. In another example by the same group [206], the
dynamic behaviour of the rotaxanes 67a—d, self-assembled from
the metallomacrocycles 68a—d and the dumbbell adipamide 69
(Scheme 24), was similarly investigated. The kinetic stabilities
at room temperature follow the order 67a (64.8 kJ mol~1)<67b
(66.9kImol~ ") <67¢c (68.6kIJmol~')<67d (which does not
disassemble into its components at room temperature). In this
example, the kinetic stabilities are directly related to the strength
of the coordination bond in the metallomacrocycle [206].

Ph Ph

e o o i
PH Ph

a b c d

Scheme 24. The rotaxanes 67a—d are formed by self-assembly of the metallo-
macrocycles 68a—d and the dumbbell adipamide 69.

In another application related to rotaxanes, the dynamic
behaviour of the rectangular macrocycle 53 (formed by
self-assembly of complementary bispyridine (70) and
Zn-bisporphyrin (71) units) and of its rotaxane complex
with the dumbbell diamide 72 (53-72) has been investigated
(Scheme 25) [183]. The exchange between free 53 and the
rotaxane 53-72, as well as between the free bisporphyrin 71 and
71 bound within the macrocycle 53 could be simultaneously
investigated using a 'H EXSY spectrum at 253K, as both
processes are slow on the NMR time scale at that temperature.
The rate constants were found to be krotaxane =13 s~! for
the first process and kmacrocycle = 2.2 s~! for the second. No
cross-peaks were observed between the resonances of the
rotaxane 53-72 and the free bisporphyrin 71. Consequently,
at this temperature, the interconversion between the rotaxane
53-72 and its components macrocycle 53 and diamide 72 is
faster than any of the possible exchanges involving the free
bisporphyrin 71.
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Scheme 25. Schematic representation of the dynamic processes involving the
self-assembly of the macrocycle 53 (drawn in larger scale in Fig. 27) from the
bispyridine 70 and the Zn—bisporphyrin 71, and the formation of a rotaxane
complex between 53 and the diamide 72. Reprinted with permission from Ref.
[183]. Copyright (2005) American Chemical Society.
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4. Summary and outlook

Through the use of many, and mostly recent, examples we
have tried to reflect how NMR is profusely and successfully
used in the investigation of the structure and even the thermo-
dynamic and kinetic properties of supramolecular complexes.
We have described the most commonly used techniques, with-
out elaborating on technical and theoretical issues which can
be found in many of the cited references. Classic 1D lH, B¢,
19F and 31P spectra reflect characteristic chemical shift changes
due to metal-ligand interactions or encapsulation, a useful tool
to monitor the formation of supramolecular complexes and
host—guest assemblies. NMR-active metal nuclides turn out to
be an alternative or complementary probe for the characteriza-
tion of the coordination assemblies. 2D correlation experiments
are ubiquitous in the literature, providing through-bond con-
nectivities (COSY, TOCSY, HMQC, HMBC) and spatial
interactions (NOESY, ROESY and HOESY), while PGSE dif-
fusion measurements provide information about molecular size,
intermolecular interactions and even association constants. We
have also described other frequently used methodologies for
the evaluation of association constants (simple signal integra-
tion and NMR titration) and how the thermodynamic parameters
AH and AS of a supramolecular system can be derived from a
van’t Hoff analysis of K,(7). Finally, we have summarized the
application of dynamic NMR methodologies (lineshape analy-
sis, selective inversion recovery and 2D EXSY) to the calculation
of the rate constants of dynamic supramolecular equilibria, as
well as the use of Arrhenius and Eyring plots for the evalua-
tion of the activation parameters (Ea, AH # and AS 7 ) of such
processes.

The possibilities and applications of NMR seem to be in
an endless expansion. Technical improvements in the stan-
dard equipment (stronger fields, widespread field gradients and
temperature-control units, more versatile probes and powerful
computers) as well as in the software (acquisition, processing,
simulation, graphics) are accompanied by the development of
new and more complicated pulse sequences and continuous
improvements in those already existing. With an increasing effi-
ciency, these advances are being rapidly incorporated into the
toolkit of the supramolecular chemists, who are faced in their
research with ever more challenging structural and functional
questions. Due to its intrinsic complexity, we are convinced that
supramolecular chemistry will continue to provide in the future
one of the best showcases for exciting and impressive NMR
applications.
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