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Self-Assembly of a Nanoscopic Pt;,Fe,, Heterometallic Open
Molecular Box Containing Six Porphyrin Walls**
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Coordination-driven self-assembly has proven to be an
efficient approach towards the synthesis of large supramole-
cules of finite shapes and sizes, as reflected in the litera-
ture.'” Square-planar Pd" and Pt" centers have long been
among the favorite choices for this purpose because of their
rigid coordination environments. Several 3D closed architec-
tures such as spheres, dodecahedrons, prisms, and trigonal
bipyramids, have been prepared by using these metal ions in
conjunction with suitable polypyridyl linkers.”! The proper-
ties of a molecule depend on the functional group(s) present.
Thus, incorporation of functional groups into nanostructures
may be an efficient way to guide the properties of the
resulting assemblies. Porphyrin derivatives are important in
biological systems for oxygen transport, energy conversion,
and electron transfer. Thus, the construction of porphyrin-
based discrete assemblies is a promising approach in the field
of designed self-assembly. Surprisingly, the introduction of
porphyrin functionality into discrete nanoscopic architectures
of Pd"/Pt! centers is much less developed.!! Moreover,
among the several 3D discrete assemblies reported, a
molecular box is one of the much less known architec-
tures.[**°! The use of a tetratopic unit is the right choice for
designing such a system. However, all the preceding examples
of molecular boxes contain either three or four faces occupied
by the tetratopic unit, whereas an example of a large discrete
open box containing six such faces is not yet known. Herein
we report the design and synthesis (Scheme 1) of the first
Pt;,Fe,, heterometallic open hexagonal box (1) containing six
faces occupied by six 5,10,15,20-tetrakis(4-pyridyl)porphyrin
(L) linkers.

The molecular box [{cis-(dppf)Pt},(L)s](OTf),, (1; dppf =
1,1’-bis(diphenylphosphino)ferrocene; OTf= CF;SO;") was
obtained in 94 % yield by reaction of a solution of the pseudo-
C,-symmetric tetratopic donor L in dichloromethane with two
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equivalents of cis-[(dppf)Pt(OTf),] (M) in nitromethane for
2h (Scheme 1). An immediate sharp change in color of the
solution of L from violet blue to red brown upon addition of
cis-[(dppf)Pt(OTf),] was an indication of the reaction. The
final product was isolated as a red-brown solid by adding
diethyl ether.
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Scheme 1. Synthesis of the hexagonal open box 1.

The self-assembly of the tetratopic donor linker L with
two equivalents of suitable 90° Pt" acceptor M may lead to the
formation of several discrete open or closed architectures
(Scheme 2) in which the tetratopic ligands span the faces and
90° Pt acceptors occupy the vertices.

It is well established that the same set of donor and
acceptor may sometime produce a mixture of structural
isomers, which show distinctly different peaks in phosphorus
NMR spectroscopy.” In the present case, the °*'P{'H}
spectrum of the assembly showed a sharp single peak at § =
4.09 ppm in CDCI; with concomitant '*Pt satellites (see the
Supporting Information). An upfield shift of about 5 ppm of
the phosphorus peak in the product from the starting complex
cis-[(dppf)Pt(OTH),] was a clear indication of the ligand-to-
metal coordination and the formation of a single product.

The 'HNMR spectrum of 1 was also indicative of the
symmetrical arrangement of the linkers and displayed sig-
nificant differences from the spectra of the precursor building
blocks (Figure 1 and Supporting Information). Significant
downfield shift (Ad=0.7 ppm) of the a-pyridyl protons as
well as the appearance of NH protons in the final product
were in support of the coordination of the pyridyl nitrogen
atoms to the cis-{Pt(dppf)}*" unit and the presence of an
unoccupied porphyrin N, pocket. However, the room temper-
ature 'H and P NMR spectra cannot conclude the actual
composition of the product; rather, it can only confirm the
ligand to metal coordination and the formation of a single
product.

Finally, ESI mass spectrometry clearly confirmed a M,L
stoichiometry from a series of prominent peaks of [1—
(OTY),]"*. The peaks at m/z 1478.2, 1207.7, 1013.2, 867.7,

. WWILEY )
! InterScience*

Chemie

8455


http://dx.doi.org/10.1002/anie.200803543

Communications

8456

Scheme 2. A few possible discrete architectures from the 1:2 self-
assembly of L and M.
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Figure 1. 'H NMR spectra of the complex 1 and linkers L and M in
CDCl,.

and 754.2 were assigned to [1—(OTf),]'°", [1—(OTf),,]"*",
[1—(OTf),]", [1-(OTE)6]"*", and [1—-(OTf),5]"", respec-
tively (Supporting Information).

Two structural isomers are possible for a [1246] self-
assembled complex of the cis-protected ditopic acceptor M
and the tetratopic donor L corresponding to different
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orientations of the building units: a hexagonal open box 1
containing six porphyrin walls and a closed cube 2 with the
same number of walls (Scheme 2).

These two isomers cannot be distinguished by mass
spectroscopy. However, in principle, NMR spectroscopy can
distinguish these two isomers. The presence of a single peak in
the *'P NMR established the formation of any one of these
two isomeric architectures (1 or 2). All the CH pyrrolyl
protons in the cubic analogue must be identical, whereas in
the case of the hexagonal open barrel two different sets of CH
pyrrolyl protons are expected. The room temperature NMR
spectrum showed only two sets of signals (6=9.80 and
8.10 ppm) for a and 3 protons of the pyridyl moieties and two
peaks (6=9.06 and 8.85 ppm) arising from the pyrrolyl
protons. The pyrrolyl protons in the free ligand L appeared
as a singlet at d = 8.86 ppm. The pyridyl protons showed only
two peaks (a and ) even at low temperature (Supporting
Information) because of the low energy barrier of Pt—
N(pyridyl) bond rotation as well as the free rotation of the
C(pyridyl)—C(porphyrin) bond. The assignments of the
pyridyl and pyrrolyl protons are based on the relative
integration of the peaks and comparison with the reported
porphyrin assemblies.**¢! Finally, the H-H COSY NMR
spectrum of 1in CDCIl; showed clear correlation between the
a- and [-pyridyl protons, which also confirms our assignment
(see the Supporting Information). To avoid steric interaction
among the bulky dppf moieties, the wider barrel 1 is expected
to be energetically more favorable than the more compact
closed analogue 2.

In fact, the formation of the structural isomer 1 was
confirmed by X-ray analysis.! Single crystals of 1 were
obtained by slow vapor diffusion of diethyl ether into a
solution of 1 in CH;NO,/CH,Cl,. X-ray diffraction studies
showed the formation of an unusual hexameric open box
(Figure 2). The crystal structure of 1 clearly demonstrates that
the six porphyrin-based units are hinged by twelve cis-
{(dppf)Pt}*" building blocks to form Pt hexameric rings on
the top and bottom of the box. The box structure of 1 is very
rigid, and the inner cavity is extraordinarily large. The
framework has a dimension of 27x27x19 A3, and the
internal void volume is estimated to be approximately
43550 A°, which is very large for a discrete open coordination
cage.

Figure 2. Ball and stick (left) and CPK (right) view of the molecular
structure of 1 (green Pt, violet Fe, red P, blue N, black C). Ferrocenyl
moieties and phenyl rings are omitted in the CPK view.
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The Py—Pt—Py bite angles (80.03-80.53°) were slightly less
than the ideal angle (90°) for square-planar environment. In
contrast, the P—Pt—P bite angles were (99.80-100.08°) slightly
larger than the ideal value. The shortest Pt---Pt distance within
the cluster was measured to be 13.18 A and the distance
between the opposite Pt centers of the hexagonal ring was
27.2 A, which measured the diameter of the box. The packing
diagram showed the formation of nanoscopic hexagonal pores
in the solid state (Figure 3). The shortest intermolecular

Figure 3. Packing view of complex 1 down the crystallographic ¢ axis
showing the formation of hexagonal channels of diameter 27.2 A.

Pt--Pt distance is 11.2 A. The distance between the centroids
of the N, macrocycles of the two opposite porphyrin moieties
in the box is 23.2 A, which indicates that the middle of the box
is slightly squeezed (from an ideal value of 234 A for a
perfect hexagon). Two phenyl rings of the dppf are oriented
away from the Pty ring, and the other two phenyl rings are
tilted towards the ring with weak n—s interaction between the
phenyl and pyridyl rings. The centroids of two cyclopenta-
dienyl (Cp) rings of each dppf moiety are not exactly parallel
to the two phosphorus donors; rather one Cp ring is slightly
tilted toward the Pt; ring.

In a variable-temperature *'P NMR experiment, the
splitting of the *'P peak at low temperature (Figure 4) can
be explained by the crystal structure. In the solid state, two
phosphorus nuclei attached to a Pt center are not in perfectly
magnetically identical environments. One Cp ring along with
the PPh, group of dppf moiety is tilted toward the interior of
the molecule while the other is tilted toward the exterior. A
singlet peak in the P NMR spectrum recorded at room
temperature can be attributed to the rapid twisting of the
ferrocenyl moiety with respect to the Pt metal center and
thereby seeming identical phosphorus nuclei to NMR time
scale. Upon lowering the temperature, the peak splits into a
doublet (Figure 4) because of the conformationally frozen
ferrocenyl moieties.

The development of optical sensors for trace metals is of
great interest to chemists and will have applications in
environmental and biomedical fields.” Zinc is the next most
abundant 3d transition metal after iron in the human body.
Moreover, it has several important functions in biological
processes. Fluorescence spectroscopic techniques can be a
useful tool for zinc assays. Porphyrin derivatives are charac-
teristic chromophores because of their: 1) high absorption
coefficient at 400-500 nm; 2) tunable fluorescence emission
with a concomitant modification of molecular structure;
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Figure 4. Variable-temperature *'P NMR spectra of the complex 1 in
CD,0D.

3) large Stokes’ shift, which reduces the effects of background
fluorescence.”® Hexagonal box 1 has six porphyrin pockets for
binding metal ions of appropriate size and is soluble in
common polar solvents such as nitromethane, methanol, and
dichloromethane. It has high encapsulating efficiency toward
Zn** at room temperature without any catalyst.”’! Titration of
this box with the required amount of zinc(II) acetate showed
a dramatic change in color from red brown to dark green,
while the basic structure of the box remained intact.
Absorption, fluorescence, and NMR spectroscopic studies
indicated the encapsulation of Zn" ions into the N, pocket of
the porphyrin rings occupying the walls of the box.

The electronic spectrum of 1 (shown as dotted line in
Figure S6 in the Supporting Information) exhibited an intense
Soret band at 414 nm along with a series of four Q bands
present at 510, 544, 587, and 643 nm originating from the
porphyrin moiety. All these bands are red shifted with respect
to complex 1 upon addition of Zn". The spectra are marked
by broadening and an increase in the intensity of the Soret
band upon titration with increasing amounts of Zn". The Q
bands, however, in addition to being red shifted, decrease in
intensity for the bands at 510, 587, and 643 nm, while the band
at 544 nm is shifted considerably to 556 nm accompanied by
increase in intensity with increasing amount of Zn". The
spectral change observed is indicative of the coordination of
Zn" ion into the porphyrin pocket with concomitant depro-
tonation of the porphyrin NH groups. The fluorescence
spectrum of 1 (Figure 5) displays two emission peaks at 646
and 709 nm very similar in shape and position to that of L.
The fluorescence emission is characterized by the enhance-
ment of the emission bands at 646 and 709 nm upon addition
of a 1/6 equivalent of Zn" to a methanolic solution of 1 along
with the development of new band at 609 nm. Figure 5 shows
the spectral change following the addition of increasing
amount of Zn" to 1. While the band at 709 nm is quenched
with addition of increasing amount of Zn", the band at 646 nm
remains essentially unchanged. Such spectral changes are due
to the binding of the Zn" in the porphyrin N, pocket.
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Figure 5. Emission fluorescence spectra of a methanolic solution of 1
(2x107° M) upon addition of increasing amounts of Zn".

In conclusion, six porphyrin-based tetratopic building
blocks intermolecularly bind twelve 90° Pt'-based acceptors
in a self-assembled manner, resulting in the formation of the
first hexagonal open molecular box of Pt". Although a few
extended complexes of transition metals with a 5,10,15,20-
tetrakis(4-pyridyl)porphyrin linker are known,!” no discrete
metal assembly containing this linker has been reported so
far. Although the formation of a large ensemble from many
starting components is entropically less favorable than for the
smaller analogue using same set of donor and acceptor, the
use of a bulky dppf blocked linker helped us to obtain the
wider hexagonal box rather than the more compact smaller
analogues (Scheme 2). Thus, the present results demonstrate
that large porphyrin-functionalized supramolecules can be
constructed in a single step by using appropriate linkers.
Preliminary investigation showed the enhancement of the
solution fluorescence of the box upon binding Zn". Porphy-
rin-mediated molecular recognition, host-guest chemistry,
and the possibility of using this and some related assemblies
as a fluorescent sensor are currently under investigation, and
the results will be reported elsewhere.

Experimental Section

A solution of cis-[(dppf)Pt(OTf),] (21.0 mg, 0.02 mmol) in nitro-
methane (4 mL) was added drop by drop to a solution of 5,10,15,20-
tetrakis(4-pyridyl)porphyrin (6.2 mg, 0.01 mmol) in dichloromethane
(2mL) in a 10 mL round-bottom flask with continuous stirring for
15 min. A distinct color change from violet blue to red brown was
observed. The mixture was further stirred for 2h at 50°C. After
cooling the reaction mixture to room temperature, diethyl ether was
added to isolate the product as brown precipitate (1). Yield: 25.4 mg
(94%). *P{'H} NMR (CDCl, 121.4MHz): 6=4.09 ppm (s);
(CD,0D, 121.4 MHz): 6 =4.51 ppm (s). 'H NMR: 6 =9.8 (8H, Py);
9.06 (4H, Pyrr); 8.85 (4H, Pyrr); 8.10 (8 H, Py); 8.30 (8H, Ph); 7.73-
7.32 (32H, Ph); 5.0-3.46 (16H, Cp); —3.16 ppm (2H, NH). Anal.
caled for CgpHygFroFe ;NysO5,Po, P ,Sy: C 49.57, N 4.13, H 3.05%;
found: C 49.83, N 4.40, H 3.28 %. The Zn"-coordinated derivative of 1
was obtained by treating a solution of 1 with a methanolic solution of
6 equivalents of Zn" acetate.
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