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A ferrocene-templated Pd-bearing molecular
reactor†

Artur Kasprzak * and Piotr A. Guńka

High-yield, chromatography-free syntheses of a ferrocene-tem-

plated molecular cage and its Pd-bearing derivative are presented.

The formation of a symmetric cage-type structure was confirmed

by single-crystal X-ray diffraction analysis. The Pd-bearing cage

was used as an innovative catalyst for the efficient synthesis of

1,1’-biphenyls under mild conditions. The presented catalyst is reu-

sable and 1,1’-biphenyls can be obtained efficiently in a gram scale

process.

The design of supramolecular systems comprising
π-conjugated building blocks attracts unflagging interest in
supramolecular chemistry.1–9 An important example of appli-
cation of supramolecular frameworks is their use as
catalysts.10–15 Such machines, termed molecular reactors, may
enable the acceleration of the catalytic reaction or may induce
stereo- or regioselectivity of the process. Commonly, the
driving force responsible for this feature is the ability to recog-
nize aromatic molecules.

1,3,5-Triphenylbenzene frameworks or their nitrogen-con-
taining derivatives are the widely used motifs for the construc-
tion of supramolecular frameworks possessing various pro-
spective applications.16–19 In recent years, an emerging field of
application of 1,3,5-triphenylbenzene-type motifs has been the
synthesis of symmetric molecular cages.20–28 Such structures
are characterized by the organized cavity. In fact, the synthesis
of such symmetric molecular cages may be challenging;
reported reaction yields vary between 15 and 80%. However,
the efforts are worthwhile, because an appropriate selection of
the building blocks results in a tunable cavity size and pro-
perties. For example, in 2019 Stoddart et al. reported the syn-

thesis of a triazine-templated cage.20 This cage was obtained
with a combined yield of 14%. The specific inter-platform dis-
tance of 11.0 Å enabled accommodation of several molecules
within confined space.

We envisioned that the 1,1′-ferrocene motif is the ideal can-
didate for the construction of a novel symmetric molecular
cage bearing the 1,3,5-triphenylbenzene moiety. Herein, we
report high-yield and chromatography-free methods for the
construction of such a cage compound and its Pd-bearing
derivative, exhibiting the ability to bind aromatic molecules.
The Pd-decorated cage was employed as the innovative catalyst
for the fast and efficient synthesis of 1,1′-biphenyls. We envi-
sion that our findings will stimulate the progress in the
design, chemistry and applications of supramolecular
frameworks.

The synthesis of the ferrocene-templated cage (3) is pre-
sented in Fig. 1a, step I. Acid-catalysed imine-bond formation
between 1,1′-diformylferrocene (1) and 1,3,5-tris(4-aminophe-
nyl)benzene (2) afforded 3 in 95% yield.29 Such high synthesis
yield is an exceptional value in molecular cage chemistry.
Additionally, pure 3 was obtained by filtration, without the
need to perform further chromatographic purification. The
selective formation of 3 was confirmed with a series of charac-
terization techniques; a combination of NMR spectroscopy,
Fourier-transform infrared spectroscopy (FT-IR), UV-Vis spec-
troscopy, high-resolution mass spectrometry (HRMS) and
elemental analysis confirmed the formation of pure cage 3.30

The 1H NMR spectrum of 3 (Fig. 2c) comprises six groups of
signals, only. It suggests that the obtained molecular cage is
highly symmetric (average D3h symmetry in solution).

Cage 3 crystallizes in the rhombohedral R3̄ space group
with a third of the molecule in the asymmetric unit (Fig. 1b
and c).31 The molecule exhibits the symmetry of the C3 point
group and the imine moieties are in the E configuration. The
central benzene ring is practically coplanar with peripheral
cyclopentadienyl rings on one side of the molecule with a root
mean square displacement of carbon atoms from the average
plane of only 0.081 Å. A root mean square displacement
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(RMSD) of carbon atoms from an average plane of the rings on
the other side of the molecule is significantly larger (0.270 Å).
Similarly as in 1,3,5-triphenylbenzene,32 the middle phenyl
rings are twisted out of the planes of the central rings. This is
due to steric repulsion between hydrogen atoms of the middle
rings and that of the central ring as well as imine-type hydro-
gen atoms, as evidenced by the dihedral angles between
average ring planes on the top (27.89(12)°) and bottom (23.06
(12)°) sides of 3. The middle phenyl rings from the top and
bottom parts are close to being parallel with a dihedral angle
of 4.88(12)° which maximizes π stacking interactions as well as
minimizes steric repulsion between hydrogen atoms. The
central benzene rings are parallel with a dihedral angle of 0.00
(11)°. The separation between their centres equals 3.7342(17)
Å. This value is larger than the interlayer separation of gra-
phene layers in graphite (3.354 Å). The distance between imine
nitrogen atoms is shorter (3.680(3) Å).33 Molecules pack in
layers via dispersion interactions and C–H⋯N hydrogen
bonds, forming two symmetry-independent types of smaller
and larger voids in 1 : 3 ratio.34 The layers in turn form 3D crys-
tals via dispersion and π stacking interactions.35

We envisaged that 3 might be capable of binding aromatic
molecules by means of non-covalent forces. This hypothesis
was based on the presence of two, π-conjugated 1,3,5-triphe-
nylbenzene motifs that may induce non-covalent interactions
with other π-electron systems. We did not anticipate the for-
mation of host–guest complexes with the inclusion of guest
molecules within the cavity of 3, since its X-ray structure
revealed that there is no space to entrap the aromatic mole-

cules there. Thus, we considered arrangements of the aromatic
molecules on the cage or along the rim of the triphenylben-
zene moiety, e.g., parallel displaced π–π stacking and/or aro-
matic-aromatic interactions at peripheral parts of the cage.37

To uncover binding modes, interactions between 3 and various
aromatics (G-1–G-6, Fig. 2a) were tracked by NMR spectroscopy
(the spectra for the representative interactions between 3 and
G-1 are presented in Fig. 2 36a). Upon the addition of the aro-
matic molecule (800 mol%), the upfield shifts for the Ha, Hb

and Hc were observed in the 1H NMR spectrum of 3 (Fig. 2c).
This feature was ascribed to the π–π interactions between 3
and aromatic molecules.20 Simple benzene derivatives (G-1
and G-2) underwent higher upfield shifts in comparison with
the highly conjugated, unsubstituted aromatics (G-3–G-5).38

The presence of the electron withdrawing substituent in the
pyrene skeleton (G-6) provided stronger binding with 3 than
for the native pyrene (G–5). The interactions with G-2 and G-6
were also tracked by 1H-1H ROESY NMR and 1H DOSY NMR
(Fig. 2d and e for representative G-1 39). The cross-correlations
between Ha, Hb and Hc and the protons of G-1–G-6 were
observed in the 1H–1H ROESY NMR spectrum (Fig. 2d). It
means that the distance between the interacting protons
(H{G-1–G-6} ↔ Ha, Hb and Hc) is shorter than 4–4.5 Å. Thus, we
anticipate that the aromatic molecules were accommodated
near {Ha, Hb and Hc}-oriented sites of 3 and were located
further (>4.5 Å) from the Fc moiety. We anticipate that this
binding mode follows a parallel displaced π-π stacking geome-
try.37 The lowering of the diffusion coefficient for 3 after the
addition of the aromatic molecule was observed in the 1H

Fig. 1 (a) Synthesis of 3 (step I) and 5 (step II); molecular structure of 3: (b) top view and (c) side view. Thermal ellipsoids are drawn at 50% prob-
ability level. Hydrogen atoms were omitted for clarity in (c).
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DOSY NMR spectra (Fig. 2e). These features were previously
reported to stand for the non-covalent interactions.20,40 DOSY
NMR experiments suggested the formation of single non-
covalent systems (all peaks showed the same diffusion
coefficient).

To gain an insight into the binding parameters of these
non-covalent systems, association constants (Kapp) and free
energies (ΔG) were estimated based on PL experiments (UV-Vis
and PL titration experiments were performed; PL was found to
be a more sensitive technique).36b The studied non-covalent
systems featured the lowering of the emission intensity for 3
after the addition of further portions of an aromatic molecule.
The change in the emission intensity differed between the
systems. It was a result of different Kapp and ΔG. The associ-
ation constant values were estimated.36b,c The non-covalent
systems exhibited good binding parameters with ΔG equal to
−16.1 to −14.2 kJ mol−1 at 298.15 K (Table 1). G-6 exhibited

the highest binding parameters (Table 1, entry 6). For the non-
covalent system of G-6 exhibiting the highest Kapp and the
lowest ΔG, these parameters evaluated from PL experiments
were also compared with the respective values obtained from
the 1H DOSY NMR experiment. These results were highly con-
sistent (PL analysis: 650 M−1, 1H DOSY NMR analysis: 658
M−1).36b G-1 and G-2 were characterized by lower ΔG values
than G-3–G-5 (Table 1, entries 1–5). It suggested that simple
benzene derivatives were bound stronger by 3 in comparison
with unsubstituted, conjugated aromatics. This trend is con-
sistent with the outcomes from 1H NMR assays.

Job’s plot analyses suggested 1 : 3 binding stoichiometry for
the interactions between 3 and G-1 or G-2, whilst 1 : 1 stoichio-
metry was found for G-3–G-6.36b Following these estimated
stoichiometries, the formation of the non-covalent systems
was further confirmed with ESI-MS analysis.41a,b The mixtures
of 3 and G-1–G-6 were analysed. Besides the peaks coming

Fig. 2 (a) Structures of the aromatic molecules tested; (b) atomic labels for NMR investigations with 3; (c) 1H NMR spectrum of 3 (top) and 3 in the
presence of G-2 (800 mol%; bottom); (d) inset of the 1H–1H ROESY NMR spectrum of 3 in the presence of G-2 (800 mol%; crucial-cross correlations
are marked); (e) 1H DOSY NMR spectrum of 3 in the presence of G-2 (800 mol%).
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from the native cage 3 and unbound G-1–G-6, the peaks orig-
inating from the presence of the non-covalent systems were
clearly found.41c It is noteworthy that ESI-MS studies sup-
ported the systems’ stoichiometries estimated from PL (1 : 1
stoichiometry for G-3–G-6 and 1 : 3 stoichiometry for G-1 and
G-2).

In order to exclude any possible non-covalent interaction
between an aromatic molecule and a 1,3,5-triphenylbenzene-
templated compound, the 1H NMR, 1H–1H ROESY NMR and
1H DOSY NMR spectra of 1,3,5-tris(4-aminophenyl)benzene (2)
were measured in the presence of G-6 (800 mol%). No signifi-
cant changes between the spectra of native 2 and after addition
of G-6 were found.41d These findings revealed that the cage-
type architecture of 3 is essential for providing the binding
property. To further support this claim, the ESI-MS spectrum
of the mixture of 2 and G-6 (300 mol%) was measured.41c If a
non-covalent system was formed, the significant peak of m/z >
580 shall be observed. The peaks that were ascribed to native 2
(m/z = ca. 230) and native G-6 (m/z = ca. 352) were found, only.
No peak coming from the non-covalent system (m/z > 580) was
found.

Cage 3 comprises the imine-type nitrogen atoms located in
a vertical orientation. We envisioned that this part of 3 might
play a role of a metal coordination site.43–48 Due to the impor-
tance of Pd in many fields of applied science, e.g., catalysis,
our goal was to incorporate three Pd residues to 3. The chrom-
atography-free protocol for the synthesis of the Pd-decorated
cage (5) was successfully developed (Fig. 1a, step II). Treatment
of 3 with bis(acetonitrile)dichloropalladium(II) (4) afforded 5 in
high yield (98%).29 Pure 5 was obtained by means of filtration
and was fully characterized.30 NMR spectroscopy revealed that
the symmetric cage-type structure of the cage was retained
after the incorporation of the PdCl2 residues; similarly to the
1H NMR spectrum of 3, the 1H NMR spectrum of 5 comprises
six groups of signals, indicating the average D3h symmetry in
solution.42

With the Pd-bearing cage 5 at hand, we began to engineer
its application. A breakthrough at this point of our project

occurred when we had noted the structural similarity between
5 and [1,1′-bis(diphenylphosphino)ferrocene]dichloropalla-
dium(II), a commercially used catalyst for the Suzuki–Miyaura
reaction.43–45 Inspired by this resemblance, we decided to
study the pioneering application of 5 as the catalyst for 1,1′-
biphenyl synthesis. The optimization experiments gave
remarkable results.49 These trials revealed that 1,1′-biphenyls
can be obtained in 99% yield under mild conditions (room
temperature) in 20 minutes, only (Table 2, entry 1).50

Importantly, 0.5 mol% of 5 was used, only. Having achieved
for the first time such exceptional results of the Suzuki–
Miyaura reaction employing an easy-to-perform procedure
without the use of a sophisticated instrument (e.g., microwave
reactor), we were curious whether our method can be applied
for other starting materials. To our delight, the substituted
1,1′-biphenyls were efficiently obtained (96–98%) in very short
reaction times (Table 2, entries 2–5). We believe that the
designed cage architecture is a new feature of good ligands of
Pd catalysts. Secondly, we showed above that the designed cage
non-covalently interacts with aromatic molecules. In the light
of calculated binding parameters, one might also consider the
influence of non-covalent interactions with aromatic mole-
cules on providing encouraging reaction parameters. We
hypothesised that the designed cage architecture giving rise to
the non-covalent interaction feature facilitated the contact
between the reagents towards the catalytic process. To support
these hypotheses, the reaction rates under 1H NMR conditions
were estimated for the reaction between phenylboronic acid
and chlorobenzene (Fig. 3; the Michaelis–Menten method was
employed).50b,c No reaction was found without the addition of
a catalyst. In contrast, the rate constant for the reaction in the
presence of 5 (kcage) was found to be ca. 8.5 × 10−3 M−1 s−1.
This feature elucidated the usefulness of the designed catalyst
and was the first premise of the accelerating effect of non-
covalent interactions during the catalytic process. In order to
further support this claim, the respective reaction was moni-
tored in the presence of binding competing aromatic molecule
G-6 (Fig. 3). We envisioned that G-6 might prevent the non-
covalent interactions between our cage-type catalyst and

Table 1 Binding parameters for the studied systems

Entry
Aromatic
molecule

Non-covalent
system

stoichiometry
(3 : aromatic
molecule) Kapp

a,b ΔG/kJ mol−1

1 G-1 1 : 3 6.1(1) × 102 M−3 −15.9
2 G-2 1 : 3 5.9(2) × 102 M−3 −15.8
3 G-3 1 : 1 3.1(2) × 102 M−1 −14.2
4 G-4 1 : 1 3.5(3) × 102 M−1 −14.5
5 G-5 1 : 1 4.0(3) × 102 M−1 −14.9
6 G-6 1 : 1 6.5(2) × 102 M−1 −16.1

a Because of some complexity of the studied non-covalent systems, Kapp
values should be treated as the approximate ones and they elucidate
the trend of these interactions. b Standard errors were estimated based
on the outcomes from the least squares regression method for the I0/I
= f (Car) linear fits (standard error of the slope of curve).

Table 2 The data of the synthesis of 1,1’-biphenyls

Entry G Reaction time [minutes] Yielda [%]

1 Hb 20 99
2 4-CH3

b 21 98
3 4-NO2

b 26 96
4 4-Brb 23 97
5 2-Brb 25 96
6 Hc 21 99

a Isolated yields. b Reaction scale: 0.50 mmol. cReaction scale:
10.00 mmol.
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phenylboronic acid or chlorobenzene, because of the competi-
tive ΔG values between these systems (compare the ΔG values
for G-1, G-2 and G-6; Table 1). In other words, G-6 might
“block” the appropriate arrangement of phenylboronic acid or
chlorobenzene in their system with 5, and thus, highly limits
the acceleration of the catalytic process. Any inhibiting effect
of G-6 shall result in lowering of the reaction rate of the
studied catalytic process. With the presence of this competing
molecule, the reaction rate was indeed ca. 100-fold lower
(kcage+G-6 = ca. 8.2 × 10−5 M−1 s−1). This feature was ascribed to
the inhibiting effect of G-6; in other words, non-covalent inter-
actions between 5 and G-6 highly prevented binding of the
reactants (chlorobenzene, phenylboronic acid) by 5. These
experiments clearly suggested an influence of aromatic mole-
cule binding on the designed catalytic process. We also antici-
pate that the presence of three units of Pd per one unit of cage
might play a role in this process.

Encouraged by the above-presented results, we further
studied the designed methodology towards its prospective
offering to industrial users. We found that 1,1′-biphenyls can
be obtained in a gram scale reaction (Table 2, entry 6).
Moreover, the catalyst can be easily recovered from the reaction
mixture (after the catalytic reaction 5 was precipitated and fil-
tered51) and reused in the next ten reaction cycles without any
loss of its high catalytic activity.52 In general, the process para-
meters (that is, the reaction yield and time and the amount of
the catalyst) remain unchanged between the experiments
(compare entries 1 and 6 in Table 2). These prominent results
showed that scaling-up the reaction and the use of the recov-
ered catalyst did not affect its excellent catalytic performance.
To the best of our knowledge, such parameters have never
been studied before in molecular cage chemistry.

Conclusions

In conclusion, the efficient, easy-to-perform and chromato-
graphy-free synthesis of the new type of molecular cage com-

prising the ferrocene and 1,3,5-triphenylbenzene motifs was
obtained. The constructed molecular cage exhibits the prop-
erty to bind aromatic molecules. This cage can be used as the
effective ligand of Pd catalysts. The Pd-decorated cage (‘mole-
cular reactor’) was applied for the very efficient and fast syn-
thesis of various 1,1′-biphenyls under mild conditions. The
developed catalyst is also interesting towards its prospective
use in industrial practice. We believe that this work signifi-
cantly improves the state-of-the-art of the chemistry of supra-
molecular systems and sheds light on applications of such
new types of cage compounds.
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