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Abstract: An iridium-conjoined long and narrow metal-
lorectangle was obtained by combining a quinoxalino-
phenanthrophenazine-connected Janus-di-imidazolyli-
dene ligand and pyrazine. The size and shape of this
assembly together with the fused polyaromatic nature of
its panels provides it with properties that are uncommon
for other metallosupramolecular assemblies. For exam-
ple, this nanosized ‘slit-like’ metallobox is able show
very large binding affinities with planar organic mole-
cules in such a way, that the cavity is asymmetrically
occupied by the guest molecule. This unsymmetrical
conformation leads to the existence of a large amplitude
motion of these guests, which slide between the two
sides of the cavity of the host, thus constituting rare
examples of molecular shuttles.

Introduction

During the last few years great effort has been devoted to
the development of systems with the ability to work as
molecular pumps and motors.[1] However, there is still a lack
of studies regarding the quantitative information on the
dynamics and mechanistic principles that control the motion
within individual artificial molecular devices.[2] In order
design supramolecular systems capable of performing specif-
ic movements, it is important to design artificial prototypes
built with molecular components capable of moving in a
controllable way, so that their study can provide a better
understanding of the kinetic and thermodynamic constraints
that determine their dynamic behavior.[1b] In this regard,
during the last three decades, a great effort has been
devoted to the design of molecular shuttles.[3] A molecular

shuttle can be defined a prototypical artificial nanomachine
that undergoes well-defined, large amplitude dynamics of
one mechanically interlocked component with respect to the
other.[4] This large amplitude translational motion was first
described by Stoddart and co-workers in 1991.[5] The study
of the dynamic behavior of molecular shuttles is extremely
useful for the bottom-up molecular approach to molecular
machines. So far, the field of molecular shuttles is largely
dominated by rotaxane-like systems, so there is a need for
developing other types of structures that may widen the
scope of these prototypes and pave the way to more diverse
machinery functions.

Poly-N-heterocyclic carbene ligands (NHCs) have re-
cently appeared as very useful blocks for the construction of
supramolecular organometallic complexes[6] and, in partic-
ular, those bridged by polycyclic aromatic hydrocarbons
have shown interesting features regarding their host–guest
chemistry properties.[7] During the last five years, we
developed a large number of metallosquares[8] and
metallorectangles[9] based on the use of a pyrene-bis-
imidazolylidene ligand. The use of this Janus-di-NHC
ligand,[10] allows a ‘horizontal’ metal-to-metal separation of
13 Å, so that the distance between the two cofacial parallel
pyrene moieties can be modulated by using the appropriate
pillars, or ‘vertical’ ligands (Scheme 1). The tetracationic
metalloboxes A, B and C depicted in Scheme 1, can be
regarded as the metallosupramolecular analogues of Stod-
dart’s extended bipyridinium-based cationic cyclophanes,[11]

which have shown strong donor-acceptor interactions form-
ing host–guest complexes with various organic molecules
when the size and electronic properties are adequately
matched.
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Scheme 1. Some selected organic and metallorganic box-like cyclo-
phanes.
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The large library of existing Janus-di-NHC ligands in
which the imidazolylidenes are connected by a variety of
rigid polyaromatic linkers[10] constitutes a clear invitation for
constructing a growing landscape of new metalloboxes with
diverse architectures, so that the affinity profiles of these
receptors can be tuned in a controllable manner by
modifying the shape, size and electronic properties of the
selected ligands. Built on these grounds, we herein describe
the use of a nanosized Janus-di-NHC ligand with a
quinoxalinophenanthrophenazine core,[12] for the construc-
tion of a two-nanometer long synthetic receptor. As will be
described below, this long and narrow “slit-like” molecule
displays two degenerate recognition sites, which can be used
for the construction of an unusual type of molecular shuttle.

Results and Discussion

As it is depicted in Scheme 2, the reaction of quinoxalino-
phenanthrophenazine-bis-imidazolylidene di-iridium(I)
complex 1[12] with pyrazine, in the presence of two equiv-

alents of AgBF4 in CH2Cl2 leads to the air stable nanosized
metallobox 2 in 66% yield. Metallobox 2 was characterized
by NMR, UV/Vis and fluorescence spectroscopy, and gave
satisfactory elemental analysis. The Diffusion Ordered
NMR spectrum (DOSY) of 2 shows that all proton
resonances display the same diffusion coefficient in CD2Cl2

indicating that this species forms a single assembly (see
Figure S32 in ESI). Unfortunately, the mass analysis of the
complex via electrospray mass spectrometry (ESI-MS)
allowed detection of only fragment ions generated from the
thermal decomposition of the molecule, as a consequence of
the relatively weak Ir(I)-N bonds.[13]

In order to test the host–guest chemistry properties of
metallobox 2, we performed a series of 1H NMR titrations
with a series of planar guests in CD2Cl2 (see Scheme 3). All
the guests that we tested possess a planar structure, but also
provide a wide scope in terms of shapes, composition and
electronic nature. In general, the addition of solutions of the
guests induced important perturbations in the 1H NMR
spectra. For all titrations, the addition of the guest induced
the upfield shift of the two resonances due to the aromatic
hydrogens of the horizontal polyaromatic panels, together
with the downfield shift of the signal due to the protons of
the pyrazine pillars. This observation confirms that the
guests occupy the hollow gap of the metallobox, which is the
only region where the chemical shift of the protons of the
two linking ligands can be simultaneously perturbed. The
titrations showed different kinetics depending on the nature
of the guests used. For the case of the three smaller PAH
guests (pyrene, triphenylene, tetracene and perylene), the
titrations showed fast kinetics on the NMR timescale. On
the contrary, the titrations performed with coronene, N,N’-
dimethyl-naphthalenetetracarboxy-diimide (NTCDI) and
2,4,7-trinitro-9-fluorenone (TNFLU) showed slow kinetics
on the NMR timescale, as two different species associated
with the free host and the host:guest adducts were observed
simultaneously upon addition of sub-stoichiometric amounts
of guest to the CD2Cl2 solutions.

The 1H NMR titrations allowed determination of the
stoichiometry and the binding affinities for the formation of
the host:guest adducts with pyrene, tryphenylene, perylene
and tetracene, which are shown in Table 1. For the

Scheme 2. Synthesis of metallobox 2.

Scheme 3. Model of nanosized metallobox 2 and the different planar
molecules used as guests in this study.

Table 1: Association constants (M� 1) for the complexation of 2 with
different organic and organometallic planar guests.

Entry Guest K11 (M
� 1) K12 (M

� 1) NMR kinetics

1 Pyrenea 385�16 53�3 Fast
2 Triphenylenea 1035�85 155�12 Fast
3 Tetracenea 3764�243 — Fast
4 Perylenea 5204�278 — Fast
5 Coroneneb 176000�6932 — Slow
6 TNFLUb 199000�5869 — Slow
7 NTCDIb 306000�8046 — Slow

aK11 and K12 values calculated by global fitting analysis from 1H NMR
titrations, using a constant concentration of 2 (host) of 0,37 mM in
CD2Cl2 at 298 K. bK11 values for coronene and NTCDI were calculated
by UV/Vis titrations, using a constant concentration of 2 of 10� 3 mM
in CH2Cl2 at 298 K.
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determination of the binding constants with coronene,
NTCDI and TNFLU, we used UV/Vis titrations, since the
slow kinetics and most of all, the large constants that could
be inferred from the 1H NMR titrations exceed the limits for
being determined by NMR spectroscopic means.[14] For the
encapsulation of the two smaller PAH guests (pyrene and
triphenylene), we observed that the binding isotherms were
best fitted to a 1 : 2 stoichiometric model, indicating that one
molecule of 2 is capable of encapsulating two molecules of
these smaller PAH guests. For these two guests the
cooperative factor α (defined as α=4 K12/K11) is less than 1,
indicative of a negative cooperativity. This is most likely due
to the steric congestion produced by the occupancy of two
guest molecules in the cavity of 2. For the rest of the guests
(tetracene, perylene, coronene TNFLU and NTCDI), the
binding isotherms were best fitted to a 1 : 1 stoichiometric
model. The comparison of the binding constants allows to
conclude that the binding affinities are in the order pyrene<
triphenylene< tetracene<perylene<coronene<TNFLU<

NTCDI. For the case of the planar PAHs, trend indicates
that the affinities increase with the size and number of π-
electrons of the guest,[9b,15] except for the case of tetracene,
which shows a significantly larger binding constant than its
isoelectronic molecule, triphenylene. This observation can
be explained due to the accommodation of tetracene inside
the cavity of 2, in such a form that the longer axle of the
guest would be aligned with the axle of the host, thus
affording a more effective face-to-face overlap with the
polyaromatic panels of the host than that shown by
triphenylene. In the case of TNFLU and NTCDI, the large
binding affinities are explained due to their electron-
deficient nature (A), which makes the interaction with the
pyrene containing panels of the host (D) form more stable
stacks, as donor–acceptor–donor (D–A–D) interactions are
known to be more favorable than donor–donor–donor (D–
D–D) interactions.

The slow kinetics on the NMR timescale shown for the
equilibria between 2 with coronene, NTCDI and TNFLU,
together with the broad signals observed for the protons of
the guest molecules, suggests that these three guests show a
dynamic motion inside the cavity of the host. In order to
shed some light into these dynamic processes, variable
temperature 1H NMR spectroscopic experiments were
performed in CD2Cl2. As an illustrative example, Figure 1a
shows the series of spectra obtained for the experiments
performed with coronene@2. As can be observed in the
series of spectra, at temperatures below 263 K the signals
due to the protons of the benzene rings of the host (B, B’)
start to split into two equal sets of signals that appear at 8.23
and 5.78 ppm. Similarly, the signals due to the protons of the
pyrene panel of the host (C, C’), split into two set of signals
(9.39 and 8.09 ppm) at temperatures below 253 K. Finally,
the signals due to the protons of the pyrazine pillars (A, A’),
split into two resonances (9.86 and 9.15 pm) at temperatures
below 233 K. All these observations indicate the unsym-
metrical nature of the frozen conformation of coronene@2,
and suggest that the coronene guest is accommodated on
one of the sides of the cavity of the host, closer to one of the
pyrazine pillars, as illustrated in the schematic structure

shown in Figure 1a. This asymmetric orientation of the guest
inside the cavity of 2 is in full agreement with the X-ray
diffraction molecular structure of complex coronene@2, as
will be discussed below.

The orientation of the guest on one of the sides of the
cavity indicates that there are two possible degenerate
conformations, as the molecule of coronene can occupy
either side of the cavity of the host. 1H NMR line-shape
simulations of the spectra shown in Figure 1a allowed us to
estimate the rate constants at different temperatures. An
Eyring plot was used to estimate the ΔH¼6 and ΔS¼6 values,
which were 7.7�0.3 kcal/mol and � 11�0.3 cal/molK, re-

Figure 1. a) Study of the dynamic behaviour of coronene@2 inves-
tigated by variable-temperature 1H NMR spectroscopy. All spectra were
recorded in CD2Cl2. The kinetic constants were determined using
dynamic 1H NMR line-shape simulations. The simulated spectra are
shown below the experimental ones. b) Schematic kinetic profiles for
the intramolecular dynamic exchange observed for coronene@2,
considering the two possible mechanisms: guest shuttling (intra-
molecular) and guest release-uptake (intermolecular).
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spectively (see Figure S30 in ESI), so that the activation
Gibbs energy for the sliding of the coronene guest along the
cavity is determined to be ΔG¼6

298K =11.0 kcal/mol. It is
important to mention that the activation Gibbs energy
determined for this mechanism is significantly lower than
that shown by the exchange of the free/encapsulated guest,
which as mentioned above shows slow kinetics on the NMR
timescale. The Δν separation between the resonances due to
free and encapsulated coronene is Δν=700 Hz, so the Gibbs
energy at the coalescence temperature is 13.1 kcal/mol.
Given that 298K lies below the coalescence temperature for
this exchange (the coalescence temperature could not be
reached below the limit temperature established by the
boiling point of CD2Cl2), we can establish that the activation
barrier for guest exchange at 298K is >13.1 kcalmol. This
means that the movement of the guest from one side of the
cavity to the other must be intramolecular, as a consequence
of the sliding of the guest from one side to the other. The
energy profiles for the intramolecular (guest shuttling) and
intermolecular (reversible guest release) mechanisms are
schematically depicted in Figure 1b. For this sliding mecha-
nism, the enthalpy cost to form the transition state may arise
from the conformational distortion of the host when the
guest passes through the middle part of the metallorectan-
gle, as the two pyrene panels of the host need to separate to
facilitate the sliding of the planar guest in order to avoid the
steric clash of the guest with the tert-butyl groups at the
pyrene panels. Thus, these tert-butyl groups play the role of
steric “speed bumps” that limit the rate of the transitions
between the two degenerate recognition sites. Very likely
the absence of these bulky groups would accelerate the
exchange. In addition, the loss of the C-H···π interaction
between the guest and the pyrazine rings (as reflected by the
X-ray molecular structure of the complex, which is described
below), should also contribute to this positive activation
enthalpy. The negative entropy indicates that the transition
state is more solvated that the ground state.

For the case of NTCDI@2, a VT 1H NMR study was also
performed (see Figures S32 and S33 in ESI), which lead to
similar conclusions. The experiment suggests that, as
happened with the coronene guest, the molecule of NTCDI
is accommodated on one of the sides of the cavity, thus
rendering two degenerate conformations that show a
dynamic exchange. The trapped NTCDI molecule shuttles
between the two sides of the metallobox. The kinetic data
obtained from the analysis of the variable temperature 1H
NMR experiments were ΔH¼6 =8.1�0.1 kcal/mol and ΔS¼6 =

� 5.2�0.6 cal/molK (see Figure S33 in ESI for details). As
will be discussed later, the accommodation of the guest on
one of the sides of the cavity in NTCDI@2 is also confirmed
by the X-ray diffraction solid-state structure.

Single crystals of coronene@2, NTCDI@2 and
TNFLU@2 suitable for X-ray diffraction studies were
obtained by slow diffusion of hexane into a concentrated
solution of the complex in chloroform (Figure 2).[16] The
molecular structure of coronene@2 (Figure 2a) consists of a
tetra-iridium rectangle with two cofacial quinoxalinophenan-
throphenazine-bis-imidazolylidene ligands and two pyrazine
ligands that constitute the long and short sides of the
rectangle, respectively. One molecule of coronene is trapped
inside the cavity of the metallorectangle and located on one
of its sides, close to one of the pyrazine pillars, and one of
the hydrogen atoms of the coronene guest forms CH···π
interactions with the pyrazine pillar, as shown by the
distance of 2.74 Å between this hydrogen atom and the
centroid of the pyrazine ring. The asymmetric disposition of
the molecule of coronene is in full agreement with the
variable temperature 1H NMR experiments, as it justifies
the splitting of the signals due to the protons of the
quinoxalinophenanthrophenazine core of the host molecule
for the ‘frozen’ structure of the complex. The centroid of the
coronene molecule is aligned with the two centroids of the
two cofacial pyrazine rings of the quinoxalinophenanthro-
phenazine core. The separation between the iridium atoms
connected by the bis-NHC ligand measures 22.6 Å, while

Figure 2. Two perspectives of the molecular structure of coronene@2 (a), NTCDI@2 (b) and TNFLU@2 (c), obtained from single-crystal X-ray
diffraction studies. Hydrogen atoms are omitted from the Figure for clarity. Counter anions (BF4

� ) and solvent molecules (CHCl3) were excluded
from the model using a solvent mask. Carbon atoms are shown in blue, nitrogen atoms in red, oxygen atoms in green and iridium atoms in yellow.
For clarity, only one disordered orientation of the NTCDI and TNFLU guests in NTCDI@2 and TNFLU@2 are displayed.
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the distance between the two pyrazine connected iridium
centers is 6.9 Å. The distance between the two centroids of
the parallel pyrazine bridging ligands is of 22.3 Å. The
‘height’ (distance between the two cofacial long polyaro-
matic ligands) of the host is quite homogeneous all along the
length of the quinoxalinophenanthrophenazine-bis-imidazo-
lylidene ligand, as reflected by the distances between the
centroids of the benzene-pyrazine rings close to the coro-
nene, the pyrene moieties, and the benzene-pyrazine rings
on the empty side of the host, which are 6.98, 6.83 and
7.16 Å, respectively. This negligible deviation from the ideal
distance of 7 Å for the ‘vertical’ size of molecule along its
longer horizontal axle is an indication of the excellent size
match between the host and the coronene guest. This also
helps to explain the very large binding affinity between
these two molecules, as trapping the molecule of coronene
seems to not have any energy cost due to conformational
distortions of the host molecule. The molecular structure of
NTCDI@2 (Figure 2b) shows that one molecule of NTCDI
is trapped inside the cavity of the metallorectangle and has
adopted two superimposed (same plane) slipped geometries,
with equal (half) occupancies, both located close to a single
pyrazine pillar. For simplicity, only one of NTCDI molecules
is shown in Figure 2b. Again, the asymmetric disposition of
the molecule of NTCDI agrees with the variable temper-
ature 1H NMR experiments. The observed separation
between the iridium atoms connected by the bis-NHC ligand
is 22.6 Å, while the distance between the two pyrazine
connected iridium centers is 6.9 Å. The ‘height’ of the host
is on average 6.97 Å. The NTCDI plane-centroid to
quinoxalinophenanthrophenazine core plane distances were
3.467(6) and 3.472(5) Å (‘top’ and ‘bottom’ contacts) with
twist/fold angles between each plane of less than 5°. The
molecular structure of TNFLU@2 (Figure 2c) shows that
one molecule of TNFLU is trapped inside the cavity of the
metallorectangle and has adopted two superimposed (same
plane) slipped geometries, with equal (0.25) occupancies.
Both orientations are further superimposed on an inversion
center, yielding four orientations of TNFLU per metal-
lorectangle. The distance between the iridium atoms con-
nected by the bis-NHC ligand is 22.6 Å, while the distance
between the two pyrazine connected iridium centers is
6.9 Å. The ‘height’ of the host is on average 6.95 Å. The
TNFLU plane-centroid to quinoxalinophenanthrophenazine
core plane distances were 3.4096(15) and 3.4271(16) Å (‘top’
and ‘bottom’ contacts) with twist/fold angles between each
plane of less than 9°.

Conclusion

In summary, we described a nanosized metallorectangle that
behaves as a very versatile receptor capable of binding
planar electron-rich polycyclic aromatic hydrocarbons and
electron-deficient guests such as NTCDI and TNFLU. The
fact that this molecule can be obtained in high yield from a
relatively simple synthetic procedure constitutes an advant-
age compared to the preparation of other symmetry-related
organic-based cationic cyclophanes. The long and shallow

shape of the cavity of this molecular rectangle (22.6×7 Å2),
together with the fused polyaromatic nature of its panels
provides it with interesting properties that are uncommon
for other types of metallosupramolecular assemblies. For
example, we showed that 2 is able to form ternary
complexes by encapsulating two small PAH guests, such as
pyrene and triphenylene. More interesting is the fact that
planar molecules such as coronene, NTCDI and TNFLU
form kinetically stable complexes, so this type of receptor
also invites to explore potential applications related to
thermodynamic versus kinetic complexation. In fact, coro-
nene@2, NTCDI@2 and TNFLU@2 show dynamic behav-
iors, in which the guest molecule shows a wide amplitude
translational motion from one side of the cavity to the other,
thus displaying the type of dynamic behavior which is
typically ascribed to molecular shuttles. Our new metallobox
is complex enough for accomplishing a challenging function,
but also simple enough to allow a thorough analysis using
standard kinetic and thermodynamic models of chemistry.
The fact that the nature of the guest determines the dynamic
behavior of the resulting host:guest complex invites for
further investigations which may be useful for fine-tuning
the motions of guests inside their hosts and for paving the
way for developing organometallic-based molecular ma-
chines.

Supporting Information

The Supporting Information file contains all the experimen-
tal details dealing with the characterization, calculation of
binding affinities and X-ray diffraction details. This includes
all NMR spectra, and description of methods for determin-
ing the association constants, observed kinetic constants and
thermodynamic parameters.
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Guest-Shuttling in a Nanosized Metallobox A two-nanometer long iridium-cornered
metallorectangle was obtained and used
for the encapsulation of a wide variety of
planar guests. This slit-shaped metallo-
box is able to form host–guest com-

plexes with a variety of planar molecules,
which slide from one side of the cavity
to the other, with a large amplitude
motion that was experimentally quanti-
fied.
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