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C3-symmetric pyridine containing tris-benzyl-O-substituted hexahydroxytriphenylene derivatives were
prepared and used in combination with square-planar Pd(II) and Pt(II) complexes for the self-assembly
of molecular cages in solution. The formation of a trigonal bipyramid M3L2 cage was demonstrated by
multinuclear NMR analyses and pseudo 2D DOSY experiments and supported by semi-empirical
calculations.
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Introduction

Metal-ligand self-assembled cages [1–3] are very promising
host systems [4] characterized by unique features and properties
in the field of supramolecular recognition [5,6], being able in some
cases to stabilize highly reactive molecular structures [7,8], with
future potential biomedical applications [9,10]. As container mole-
cules, they feature internal cavities that can bind multiple guests
[11], acting as supramolecular catalysts or nanoreactors [12,13]
and in some cases promoting regio- and stereoselective transfor-
mations [14]. In particular, are the tetrahedral capsules developed
by the group of Raymond [15] based on catechol units connected
through Ga(III) metal corners that can stabilize cationic intermedi-
ates which have been applied in a series of organic transformations
with accelerations of up to more than two million-fold with
respect to the uncatalyzed reaction [16].

Other landmark examples were reported by the group of Fujita,
based on tris-pyridyl units connected with Pd(II) corners leading to
water soluble cavitand or capsule hosts [17]. Larger supramolecu-
lar cages were introduced by Fujita [18] and developed by Reek
[19] as nanoreactors with the ability to provide multiple catalytic
sites within the cavity of the coordination cages. The groups of
Nitschke [20] and Ward [21] further extended the field with a ser-
ies of metal-ligand boxes and tetrahedral assemblies able to bind
multiple guests for a wide range of applications. As far as the
organic polydentate units are concerned, the most common units
are based on large flat aromatic surfaces, such as porphyrins [22],
banana-shaped units [23], or several other scaffolds often endowed
with pyridine terminal units [24].

With the aim of widening the range of organic scaffolds which
can be combined with metal corners for the development of new
supramolecular host systems characterized by new shapes, sizes
and molecular recognition properties, we recently developed a
new efficient procedure to convert hexahydroxytriphenylene 1
into the C3-symmetric derivative 2. Furthermore, the unsubstituted
OH moieties of 2 have been converted through a Mannich reaction
into a series of elaborated C3-symmetric triphenylenic scaffolds,
endowed with three identical units (3, Scheme 1) [25].

In this contribution, we report the synthesis of a series of
C3-symmetric triphenylene polydentate scaffolds bearing three
pyridine units connected in position 2, 3 and 4 (o-3, m-3, p-3,
Scheme 1) and their interaction with soft Lewis metal centers for
the development of new supramolecular M3L2 capsules in organic
media [26]. The formation of the metal-ligand assemblies by inter-
action with [(dppp)Pd(OTf)2] (dppp = 1,3-bis-diphenylphosphino-
propane), [(dppe)Pd(OTf)2] (dppe = 1,2-bis-diphenylphosphino-
ethane) and [(dppp)Pt(OTf)2] was monitored by 1H, 31P, 19F NMR,
and pseudo 2D-DOSY NMR spectroscopy. Further experiments
allowed us to suggest that the m-3 substituted polydentate ligand
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Scheme 1. Structures of hexahydroxytriphenylene 1, the C3-symmetric tris-benzyl
derivative 2, the tris-substituted C3-symmetric Mannich products 3 and Pd(II) and
Pt(II) metal complexes for the formation of the coordination cages in solution.
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in solution with square planar metal complexes afford coordina-
tion cages characterized by a M3L2 stoichiometry. Because of the
large number of possible variables in these flexible polydentate
ligands, many possible isomers can be postulated. Quantomechan-
ical calculations supported the hypothesis that many isomers are
in equilibrium in solution due to their similar energies. Due to
the flexibility of the assemblies formed, no clear host-guest prop-
erties were disclosed, albeit binding of solvent molecules or more
probably of counter-anions cannot be ruled out. Due to the general
use of the term cages for metal-ligand assemblies characterized by
different size, shape and not specifically showing binding of guests
[2,23,27], from here on we will call the assemblies investigated as
cages.
Results and discussion

With the aim to synthesise the series of tris-pyridine containing
ligands 3, we first investigated the one-pot reaction between C3-2
with para-formaldehyde in the presence of o-, m- or p-aminopyri-
dine. In all cases, the reaction led to the formation of complex mix-
tures of products. Therefore, we revised the syntheses by initially
preparing the single hemiaminal reagent by reaction of the
aminopyridine with paraformaldehyde in n-butanol in the pres-
ence of a catalytic amount of acetic acid for 18 h (Scheme 2).
Scheme 2. In situ synthesis of the hemiaminals o-, m- and p-4 from o-, m- and p-
aminopyridine.
Afterwards, the excess of n-butanol was removed under vac-
uum and products o, m, p-4 were reacted directly without further
purification with 2 in the presence of additional paraformaldehyde
in a more suitable solvent. The reactions were carried out in a
sealed screw-cap Pyrex test tube in order to avoid paraformalde-
hyde loss by sublimation. The three reactions with the different
hemiaminals required different reaction times to achieve complete
conversion of 2, as reported in Scheme 3, due to their different
reactivities. In detail, the reaction of o-aminopyridine o-4 took
24 h at 100 �C, while for p-aminopyridine p-4 the reaction time
was doubled to 48 h. The least reactive m-aminopyridine deriva-
tivem-4 required the most severe reaction conditions: the mixture
was heated at 110 �C for 48 h. The products o,m,p-3 were then iso-
lated by precipitation, in moderate to good yields (o-3 90%, m-3
86% and p-3 75%) showing symmetrical 1H and 13C NMR spectra
in agreement with the proposed structures (see ESI).

In order to investigate the interaction between the three tris-
pyridine ligands and transition metal centers for the preparation
of molecular cages, we prepared a series of Pd(II) and Pt(II) diphos-
phine complexes bearing two labile triflate ligands, that can be effi-
ciently displaced by pyridine in solution. Two Pd(II) complexes
with 1,2-diphenylphosphino ethane [Pd(dppe)(OTf)2] 5 and 1,3-
diphenylphosphino propane [Pd(dppp)(OTf)2] 7 were prepared fol-
Scheme 3. Synthesis of the three tris-pyridine containing ligands 3 via the reaction
of 2 with the three hemiaminals o-, m- and p-4 from o-, m- and p-aminopyridine.



Fig. 2. 19F NMR spectra during the titration of o-3 with increasing amounts of 5
(each spectrum after 0.1 eq. of metal complex) (top); plot of the 19F NMR chemical
shift of the triflate anion vs the molar fraction of ligand (bottom).

Fig. 3. 1H NMR spectra for the titration of the triphenylene polydentate ligand m-3
with 5 (from bottom to top each spectrum corresponds to 0.1 eq. of metal with
respect to the ligand).
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lowing known procedures [28,29], as well as the Pt(II) complex
bearing the dppe ligand [Pt(dppe)(OTf)2] 6, to investigate the
well-known effect of the lower exchange rate of ligands that char-
acterizes Pt(II) complexes with respect to Pd(II) analogues.

The interaction between the polydentate ligands and the metal
complexes was investigated by undertaking a series of titration
experiments during which the 1H, 31P and 19F NMR spectra were
recorded to monitor the formation of coordination complexes, fol-
lowing the resonances of 3 with 1H NMR, the resonances of the
diphosphino ligands directly coordinated to the metal with 31P
NMR and the triflate anions that are displaced by the incoming
pyridine units with 19F NMR. The NMR experiments were carried
out by titrating a 5 mM solution of 3 in CD2Cl2 with a 25 mM (5)
or 12.5 mM solution (6 and 7) of the metal complex in the same
solvent.

The titration experiment between o-3 and 5 showed, even after
0.2 equivalents of the metal complex with respect to the triph-
enylene ligand, broadening of the resonances of the aromatic scaf-
fold, with a clear down-field shift, particularly for the resonances of
the pyridine residues (Fig. 1). After reaching a 1:1 ratio between
the metal and ligand, the resonances were too broad to be
unequivocally assigned. No new resonances were observed ascrib-
able to decomposition pathways, indicating the high stability of
the triphenylene ligand in the presence of the metal center. The
broadening of the resonances is likely to be due to exchange pro-
cesses, occurring between different metal centers and the coordi-
nating pyridine units.

The 31P NMR spectra recorded during the titration were also not
suitable to clearly follow the process (see ESI, Titration 1). In con-
trast, the 19F NMR spectra turned out to be more sensitive, observ-
ing the gradual de-shielding of the resonance of the triflate anion
during the titration, until a maximum value corresponding to a
molar fraction of 0.4 (Fig. 2). The latter value corresponds to a
2:3 ligand-to-metal ratio that is in agreement with the formation
of metal-ligand cages with a M3L2 stoichiometry between o-3-
and 5.

A similar behavior of the NMR spectra was observed for the
titration between p-3 and 5, with a rapid broadening of the 1H
NMR resonances and down-field shifting of the 19F NMR reso-
nances of the triflate anion. Moreover, after the addition of 1.0
equivalent of 5 with respect to the triphenylene ligand, precipita-
tion was observed, which hampered the continuation of the titra-
tion experiments due to the formation of poorly soluble metal-
ligand aggregates, likely attributed to coordination polymers (see
ESI, Titration 2).

The titration experiment with the m-3 ligand turned out to be
the most informative, since no precipitation was observed. Simi-
larly, the 1H NMR spectra showed rapid broadening of the reso-
nances (Fig. 3), while the 19F NMR spectra showed a clear-cut
Fig. 1. 1H NMR spectra for the titration of the triphenylene polydentate ligand o-3
with 5 (from bottom to top each spectrum corresponds to 0.10 eq. of metal with
respect to the ligand).
change of chemical shift for the triflate anion corresponding to a
molar ratio 0.4 between the ligand andmetal (Fig. 4), in accordance
with the formation in solution of a well-defined M3L2 coordination
species.

In order to try to observe clearer resonances in the 1H NMR
spectra for the interaction between m-3 and 5, we recorded the
spectra in CD3CN for the M3L2 assembly at 302 K, 332 K and
347 K (Fig. 5). The spectrum at 302 K was very broad and an
increase of the temperature to 332 K led to the observation of
selected resonances, that further sharpened at 347 K, revealing
the doublet attributed to the proton in the ortho position with
respect to the N atom of the pyridine units. Furthermore, the
observation of a single resonance for the benzyl methylene units
indicated a rather fast exchange on the NMR timescale at that tem-
perature, suggesting the presence of a major species in solution.
The spectra recorded again at room temperature corresponded to



Fig. 4. 19F NMR spectra during the titration of m-3 with increasing amounts of 5
(each spectrum after 0.1 eq. of metal complex) (top); plot of the 19F NMR chemical
shift of the triflate anion vs the molar fraction of ligand (bottom).

Fig. 5. 1H NMR spectra of 5 with m-3 in a M3L2 ratio in CD3CN at 347 K, 332 K and
302 K (from top to bottom).

Scheme 4. Heterochiral meso and homochiral racemic M3L2 assemblies obtained
from the achiral 3 triphenylene pyridine ligands.
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the original spectrum, indicating that the system is stable and
reversible in the range of temperatures investigated.

The exchange process that involves the metal-ligand assemblies
in solution could also be explained by considering that two mole-
cules of 3, facing each other through coordination with the metal,
form two diastereomeric assemblies, due to the combination of the
two enantiotopic faces of triphenylene 3. Therefore, two possible
diastereoisomers M3L2 are possible: one C3-symmetric between
homochiral ligands (as a racemate) and the C3h-symmetric meso
with heterochiral ligands, thus causing the doubling of all reso-
nances (Scheme 4).

To further investigate the formation of the coordination cage in
solution, a series of pseudo 2D-DOSY NMR spectra were recorded
for the free ligand m-3, the free complex 5 and the M3L2 assembly
in CD2Cl2 solution at 300 K (Fig. 6). The comparison between these
experiments showed that the diffusion coefficient in solution of the
metal complex 5 is larger than the free triphenylene m-3, which is
an expected result, considering the smaller size of the former and
its more spherical shape. When 5 and m-3 were both present in a
3:2 M ratio, two effects can be highlighted: 1) the diffusion coeffi-
cient of both species is identical; 2) the common diffusion coeffi-
cient is lower than both the two corresponding free species,
which is a strong indication of the formation of a new coordination
species. Based on the flat non-spherical shape of the ligand and the
similar but thicker shape of the expected M3L2 assembly, the
decrease of the diffusion coefficient observed agrees with the pos-
sible formation of a trigonal bipyramidal cage. Considering the
broadening of the resonances of the coordination species, which
is an indication of an ongoing exchange process, it was not possible
to extrapolate an indication of the MW of the aggregate in solution
[30]. Nevertheless, the value of the diffusion coefficient is not dras-
tically different with respect to that of the single triphenylene
ligand m-3 in solution, thus excluding the formation of polymeric
assemblies and of very large aggregates characterized by the same
M3L2 stoichiometry but eventually composed of multiple of these
units.

The triphenylene ligand m-3 was also investigated with other
metal corners, such as [Pt(dppe)(OTf)2] 6, in order to investigate
the effect of the different metal center characterized by a generally
lower rate of exchange of the ligands. The titration of m-3 with 6
was monitored by multinuclear NMR experiments, showing a ser-
ies of spectra which were very similar to those observed for the
metal complex 5. 19F NMR spectroscopy was again the most effi-
cient experiment to determine the stoichiometry of the assembly,
observing a drastic change in chemical shift for the triflate anion
when a 0.4 ligand molar fraction was reached, corresponding to
the formation of a cage with M3L2 stoichiometry (see ESI, Titration
4). We also investigated the effect of the temperature on the NMR
spectra, either in CD3CN at 300 K and 348 K or in CD2Cl2 at 193 K
and 233 K, observing in all cases complicated spectra (see ESI). In
particular, only at high temperature in CD3CN were the resonances
of the assembly slightly sharper, even though the number of reso-
nances was high. The pseudo 2D-DOSY NMR spectra of the M3L2
assembly in CD3CN at 348 K, reported in Fig. 7, shows how the sig-
nals of the ligand and m-3 and 5 have the same diffusion coeffi-
cient at high temperature.

The interaction between m-3 and the [Pd(dppp)(OTf)2] 7 was
considered to investigate the effect of a larger bite angle on the
Pd(II) corners. The results of the titration are reported in the ESI
(Titration 5), fromwhich in this case the 19F NMR experiments sug-
gest a 1:1 ratio between the tridentate ligand and the metal. The
pseudo-2D-DOSY experiments with this combination of metal
complex and ligand supported the formation of polymeric aggre-
gates in solution rather than a discrete M3L2 cage, due to the obser-
vation of very broad cross-peaks in the DOSY spectrum,
corresponding to a rather small and uncertain diffusion coefficient
for the 1:1 mixture of 7 and m-3. The comparison of this diffusion
coefficient with that of the free triphenylene ligand m-3 suggested



Fig. 6. Pseudo-2D DOSY NMR spectra of a) 5, b) tris-pyridine triphenylene ligand m-3 and c) a M3L2 combination of 5 and m-3 in CD2Cl2 at 300 K.

Fig. 7. Pseudo-2D DOSY NMR spectra of a) m-3 and b) a M3L2 combination of 5 and
m-3 in CD3CN at 348 K.
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the formation of aggregates that were about 100 times larger than
the single triphenylene unit m-3. The 1:1 metal:ligand stoichiom-
etry and the observation of these large aggregates suggested the
formation of coordination polymers in solution. The latter experi-
ments clearly demonstrated that the use of larger bite angle
diphosphine ligands causes higher steric hindrance between the
diphosphine ligand and the pyridine units of the triphenylene
ligand, that eventually drives the formation of completely different
assemblies. When less hindered ligated palladium(II) corners are
used with m-3, the expected triangular prism-shaped multiple
complex is presumably obtained.

In order to prove this hypothesis, attempts to grow crystals
from dichloromethane solutions of m-3 with 5 and 6 in a M3L2
molar ratio were made. Unfortunately, the obtained crystals were
Table 1
Minimized energies (semi-empirical level PM6) for the simplified complexes of o, m, p-3

Cage Enantio-topic faces Amine-pyridine co

cis-[53(o-3)2], RR/SS ax-ax
cis-[53(o-3)2], RR/SS eq-eq
cis-[53(m-3)2] RR/SS ax-ax
cis-[53(m-3)2] RR/SS ax-eq
cis-[53(p-3)2] RR/SS ax-ax
cis-[53(p-3)2] RR/SS eq-eq
not suitable for X-ray diffraction. Hence, several ESI-MS analyses
were carried out both with dichloromethane and acetonitrile solu-
tions, but no evidence of the formation stable polycationic cages in
solution was observed. The main detected peaks corresponded to a
Pd(II) metal center bearing the diphosphine, one triflate anion and
one m-3 ligand coordinated through one pyridine unit (m/z
1600.93 and 1614.91, corresponding to [Pd(dppe)(m-3)(OTf)]+

and [Pd(dppp)(m-3)(OTf)]+ fragments). None of such peaks were
detected with the Pt(II) metal corners. It is likely that the M3L2
assembly cannot survive the de-solvation process in the ESI
analysis because of the presence of several exchange equilibria in
solution related to the chirality of the triphenylene units when
coordinated and to steric interactions between the triphenylene
units. This could explain the fact that mainly the [M1L1OTf]+ spe-
cies was detected by mass spectrometry (see ESI).

As a final investigation on the formation of a M3L2 coordination
cage, we studied the coordination of the three tris-pyridine ligands
o-, m- and p-3 with a cis-square planar palladium(II) in silico [31].
The modeling process initially started by considering simplified
structures in which the flexible benzyl moieties were removed to
reduce the number of possible conformers, focusing onM3L2 aggre-
gates with cis-square planar palladium(II) with chloride in place of
the diphosphine ligands (see ESI). Through this approach we deter-
mined the relative energies of the C3-symmetric homo-chiral race-
mic cages and the C3h-symmetric hetero-chiral meso cages
(confirming that the latter are characterized by higher energy), as
well as different combinations of axial and equatorial conforma-
tions of the pyridine units in the di-hydro-oxazolinic moieties. This
analysis confirmed that for the homo-chiral M3L2 cages many iso-
meric structures with comparable energies could be present in
equilibrium (see ESI). Finally, the dppp ligand (in both helical con-
formations) was substituted to the chloride ligands in the lower
energy obtained structures for more stable homo-chiral M3L2
(benzyl units omitted) and 5 (see ESI for details).

nformer Helicity of dppe Rel. Energy Kcal/mol

P 140.4
M 131.4
P 66.2
M 0.0
P 36.4
M 32.6



Fig. 8. Top and side view for the minimized (benzyl-omitted) M3L2 cages for (a) cis-
[53(o-3)2], (b) cis-[53(m-3)2] and (c) cis-[53(p-3)2].
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assemblies (Table 1 and Fig. 8). According to these calculations, the
more stable complex was observed with ligand m-3 (in particular
with M helicity of the dppe ligands and ax-eq conformation of
the amine pyridine units). This computational result agreed with
the experimental observation of a clear solution and a well-defined
M3L2 stoichiometry in different solvents as well as pseudo 2D-
DOSY experiments with a diffusion coefficient for the cage that
was lower but still comparable to that of the free ligand. The calcu-
lations further supported the experimental observation of the
broadening of the resonances observed in the 1H NMR spectra
likely due to exchange processes between the different conformers
of the pyridine and the diphosphane units.
Conclusion

In conclusion, herein we report the efficient synthesis of three
C3-symmetric triphenylene tridentate pyridine ligands for the syn-
thesis of coordination cages in solution with Pd(II) or Pt(II) metal
centers as coordination corners. Among the three ligands consid-
ered, m-3 provided in solution the formation of a M3L2 cage both
with the Pd(II) or Pt(II) metal center when using dppe as a ligand
for the metal. In contrast, the o-3 ligand led to more unstable
assemblies and p-3 ligands led only to the formation of coordina-
tion polymers that eventually precipitated from the solution,
regardless the use of Pd(II) or Pt(II) metal centers. As far as the
m-3 ligand is concerned, 1H NMR pseudo-2D-DOSY experiments
and 19F NMR titrations demonstrated the formation of clear M3L2
aggregates in solution, even though the 31P NMR and 1H NMR spec-
tra were not informative due to exchange processes. The latter
were attributed to the formation of diastereoisomeric cages
derived by the prochiral nature of the tris-pyridine triphenylene
ligand once coordinated forming the trigonal bipyramidal unit
and conformational equilibria of the ligand itself and of the diphos-
phane, as supported by quanto-mechanical calculations. No clear-
cut evidence of guest binding was observed due to the dynamic
properties of the assemblies, although it cannot be excluded that
in the narrow cavity, in particular for the cages formed with o-3
and m-3, binding of solvent molecules or more probably of coun-
ter-anions could occur.
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