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Reactions of a saddle-distorted Mo(V)-porphyrin complex, [Mo(DPP)(0)(H,0)]CIO, (1- ClO4; DPP?~ =dodecaphen-
ylporphyrin dianion), with tetra-n-butylammonium (TBA) salts of Keggin-type heteropolyoxomatalates (POMs),
0-[XW42040]" (X=P, n=3, 2; X=Si, n=4, 3; X=B, n=5; 4), in ethyl acetate/acetonitrile gave 2:1 complexes formulated
as [{Mo(DPP)(0)}2(HPW12040)] (5), [{Mo(DPP)(0)}2(H2SiW+5040)] (6), and [(n-butyl)sN]o[{Mo(DPP)(O)}-
(HBW,5040)] (7) under mild reaction conditions. The crystal structures of the complexes were determined by
X-ray crystallography. In these three complexes, named Porphyrin Hamburgers, the POM binds to two Mo(V) centers
of porphyrin units directly via coordination of two terminal oxo groups. In spite of the similarity of those POM'’s
structures, those Porphyrin Hamburgers exhibit different coordination bond angles between POM and the Mo(V)
center in the porphyrin: 5 and 7 show two different coordination bond angles in one molecule in contrast to 6, which
exhibits only one coordination bond angle. The Porphyrin Hamburgers involve protonation of the POM moieties
to adjust the charge balance, as confirmed by spectroscopic titration with bases. In the crystals, the Porphyrin
Hamburgers form two-dimensional (2D) sheets in the ac plane based on ;z—a interactions among peripheral phenyl
substituents. Stacking of the 2D sheets toward the b axis constructs a 3D layered structure involving channels running
into the crystallographic [1 0 0] and [0 0 1] directions in the crystal to include solvent molecules of crystallization for
5—7, and also counter cations for 7. Three complexes were revealed to be stable enough to maintain their structures
even in solutions to show molecular ion peaks in the MALDI-TOF-MS measurements. They also exhibited different
electron paramagnetic resonance (EPR) signals because of the Mo(V) (S=1/2, I=0) centers, reflecting the difference
in the crystal structures. In addition, these complexes showed reversible multistep redox processes as observed in
their cyclic voltammograms in benzonitrile to demonstrate high stability throughout the redox reactions in solution.

Introduction

Porphyrins and their metal complexes have been known
as useful materials for construction of supramolecular struc-
tures because of their rigid planar structures."> From the
viewpoint of building blocks for supramolecules, metal-
loporphyrins have been widely used to construct robust
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three-dimensional (3D) frameworks in the crystal because
of facile synthetic methodology and manipulation of electro-
nic characteristics and properties by introducing various
functional groups.’”® Introduction of substituents to the
meso-positions of porphyrin and the -positions of pyrroles
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makes it possible to utilize them as building blocks having
functional groups for hydrogen bonding,” 7— interactions®
and coordination,” to connect each component toward the
emergence of novel structural motifs, which are unique for
porphyrins and metalloporphyrins. Coordination bonds of
peripheral functional groups to metal centers in adjacent
metalloporphyrins can give rise to the formation of 3D lattice
frameworks.'” As for such coordination polymers contain-
ing metalloporphyrins, they can be applied not only to the
formation of 3D frameworks but also to the construction of
functional materials based on their excellent photochemical
and redox properties.®!!

On the other hand, heteropolyoxometalate or polyoxome-
talates (POMs) and their derivatives have attracted particular
attention'? in terms of their specific functions: catalyzing
oxidation reactions,'® multiple-redox processes,'* energy
transfer by the ultraviolet irradiation."” In general, POMs
can dissolve into only polar solvents including water. POMs
are colorless, absorbing no visible light. To explore further
application of purely inorganic POMs, it should be useful and
desirable to establish a strategy to functionalize POMs with
organic or organometallic functional molecules. This may
improve solubility into less polar solvents and give new
functionality based on visible light absorption toward the
development of POM-based functional molecules.
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Since POMs have terminal oxo and bridging oxo groups to
form hydrogen bonding, formation of supramolecular struc-
tures has been demonstrated and applied to create functional
materials,'®'” including to adsorb molecular entities.'® In
particular, the coordination of POMs to metal ions has been
a challenge to construct well-organized discrete structures
as a molecule toward the development of POM-containing
functional molecules and thereby functional materials as
their assemblies: the construction of molecular complexes
involving POMs has been recognized to be extremely difficult
because of the strong acidity of the POMs. Thus, severe
reaction conditions such as hydrothermal methods'® or
strongly Lewis-acidic metal ions, such as lanthanides,”” have
been required to synthesize such assemblies of inorganic—
organic hybrid materials based on metal complexes with
organic ligands. Although Zubieta and co-workers have
demonstrated formation of metalloporphyrin-POM assemb-
lies by hydrothermal methods, no direct interaction has been
recognized between those two components in the crystal
structure, but forming only ion pairs without direct bonding
interactions.”! Some porphyrin-POM assemblies have been
synthesized without using hydrothermal methods, however,
those complexes have been prepared as films*> or pre-
cipitates™ without clarifying their molecular structures and
intermolecular interactions. Thus, toward construction of
functional complexes made of metalloporphyrins and POMs,
a reasonable synthetic methodology needs to be established
under mild reaction conditions to regulate the reactions in a
well-defined manner.

Recently, we have reported on enhanced Lewis acidity of
the metal center coordinated by a saddle-distorted porphyrin
compared with that coordinated by a planar porphyrin.>*
To construct metalloporphyrin-POM complexes, the strong
Lewis acidity of the metal center coordinated by a saddle-
distorted porphyrin can be expected to provide intensive
interactions with Lewis basic POMs to stabilize the complexes
based on the axial coordination to the metal center of a
positively charged metal-porphyrin complex. Thus, we exam-
ined the reaction of saddle-distorted [Mo" (DPP)(O)(H,0)]"
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(DPP = dodecaphenylporphyrinato) with well-defined and
stable Keggin-type POMs, which can be regulated in sizes,
shapes, and charges to construct discrete and stable com-
plexes having well-controlled structures, consisting of those
two units linked by strong coordination bonds. Therefore, we
adopted three kinds of Keggin-type POMs ga-[PW12040]3_
(2), 0-[SiW1,040]*~ (3), a-[BW,040]°~ (4))* as Lewis-basic
reactants toward [Mo"(DPP)(O)(H,O)]" to prepare stable
and discrete complexes and also supramolecular assemblies
on the basis of strong axial coordination of the POMs as
described in Scheme 1.

We report herein the syntheses, crystal structures, and
solution properties of novel discrete and nanosized metallo-
porphyrin-POM complexes having direct bonding between
those two species. Those are discrete nanosized molecular
complexes, formulated as [{Mo(DP 2(0)}2(HPW1 2040)] (5),
[{Mo(DPP)(0)}»(H>SiW,049)] (6),%° and TBA,[{Mo(DPP)-
(0)}»(HBW,04)] (7) (TBA = tetra(n-butyl)ammonium ion).
In these three molecules, two [Mo(DPP)(O)]" units directly
bind to one Keggin-type POM via the coordination of two
terminal oxo groups of the POM.

Experimental Section

General Procedures. All chemicals available were purchased
from appropriate commercial sources and used as received
without further purification unless otherwise noted. Benzoni-
trile (PhCN) was distilled from P,Os and stored over 4 A
molecular sieves. Dichloromethane (CH,Cl,) and acetonitrile
(CH3CN) was distilled from CaH, under N, just prior to use. All
other solvents were special grade and were used as received
from commercial sources without further purification. Column
chromatography was performed on a silica gel Waco-gel C-200
(60—200 mesh) or activated alumina (ca. 200 mesh), both from
Waco Pure Chemicals. UV —vis spectroscopy was carried out on
a JASCO V-570 UV/vis/NIR spectrometer at room tempera-
ture. MALDI-TOF-MS spectra were recorded on a Shimadzu
Kratos Compact MALDI I for § and 7 and a Bruker Daltonics
ultrafleXtreme spectrometer for 6, using a-cyano-4-hydroxy-
cinnamic acid (CHCA) as a matrix. The ESI-MS spectrum was
recorded on API-300 triple-quadrupole mass spectrometer (PE-
Sciex). XPS spectra were obtained by using a PHYSICAL
ELECTRONICS ¢ 5800 ESCA. Cyclic voltammograms and
differential pulse voltammograms were obtained on an ALS/[H]
CH Instruments Electrochemical Analyzer Model 630B in

(25) Tézé, A.; Hervé, G. Inorg. Synth. 1990, 27, 93.
(26) For a preliminary report on 6 see: Yokoyama, A.; Kojima, T.;
Ohkubo, K.; Fukuzumi, S. Chem. Commun. 2007, 3997.
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Assembly
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—_—

b 3
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benzonitrile as solvent at room temperature in the presence of
TBAPFg as an electrolyte under Ar (scan rate: 100 mV/s).
Elemental analysis data for Organic Compounds, Department
of Chemistry, Kyushu University and Department of Material
and Life Science, Osaka University.

Safety Note. Caution! Perchlorate salts of metal complexes
with organic ligands are potentially explosive. They should be
handled with great care in small quantities.

Synthesis. H,DPP,?’ [Mo(DPP)(O)% CH3)],** 0-K4[SiW,040] -
17H,0,% and 0-K[BW ,049] - xH,0?® were prepared according to
the literature methods.

[Mo(DPP)(0)(H,0)]CIO4 (1-ClOy4). [Mo(DPP)(O)(OCH3)]
(781 mg, 0.572 mmol) was dissolved in 200 mL of CH,Cl,, and
the resulting solution was washed with three 100 mL portions of
2% aqueous HCIO, in a separatory funnel.® The resulting
CH,Cl, solution was dried with MgSQOy, filtered, and concen-
trated to S mL under reduced pressure. The remaining solution
was layered with hexane. Green crystals (712 mg, 92.1%) were
obtained after 1 week. Anal. Calcd for CooHgCIMoN4Og: C
76.16, H 4.31, N 3.86. Found: C 76.13, H 4.73, N 3.77.

u-[(ﬂ-C4H9)4N]3[PW12040] (2). (X-Na3PW12040 was obtained
from a commercial source and used without further purification.
A solution of o-Na;[PW,040] (5.00 g, 1.70 mmol) in 10 mL of
water was added to 10 mL of aqueous solution of TBABr (2.50 g,
7.76 mmol). White precipitate formed was filtered, washed with
a large amount of water, and dissolved into 10 mL of CH5;CN.
A large amount of water was added to the solution, then the
white precipitate was filtered, and dried under vacuum (4.50 g,
735%) Anal. Calcd for C4gH10gN3040PW12: C 1600, H 302, N
1.17; found: C 16.00, H 3.01, N 1.19.

a-[(n-C4Ho)4N]4[SiW12049] (3) and o-{(r-C4Ho)sN]s[BW120.40]
(4). A similar method was applied to prepare these compounds
by using oi-K4[SiW,040]- 17H,0 (5.13 g, 1.54 mmol) for 3 and
o-Ks[BW,040]- xH,0 (5.50 g, 1.80 mmol) for 4. Yield: 4.41 g,
74.0% for 3;4.48 g, 61.1% for 4. Anal. Calcd for Cg4H14N4O40-
SiW,; (3): C 20.00, H 3.78, N 1.46; found: C 19.99, H 3.76, N
1.46; caled for CgoH 30N35O40BW 5 (4): C 23.61, H 4.46, N 1.72;
found: C 23.43, H 4.18, N 1.66.

[{Mo(DPP)(0)},(HPW,049)] (5). [Mo(DPP)(O)(H,0)]CIO,4
(100 mg, 0.069 mmol) in 10 mL of CH,Cl, was mixed with 2 (110 mg,
0.031 mmol) dissolved in 10 mL of CH3CN. The solution was
heated at 40 °C for 2 h and evaporated to dryness. The resulting

(27) (a) Medforth, C. J.; Senge, M. O.; Smith, K. M.; Sperks, L. D.;
Shelnutt, J. A. J. Am. Chem. Soc. 1992, 114, 9859. (b) Liu, C.-J.; Yu, W.-Y.;
Peng, S.-M.; Mak, T. C. W.; Che, C.-M. J. Chem. Soc., Dalton Trans. 1998,
1805.

(28) Rocchiccioli-Deltcheft, C.; Fournier, M.; Franck, R.; Thouvenot, R.
Inorg. Chem. 1983, 42, 207.

(29) Hamstra, B. J.; Cheng, B.; Ellison, M. K.; Scheidt, W. R. Inorg.
Chem. 1999, 38, 3554.
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Figure 1. Crystal Structures of 5 (a), 6 (b), and the anion moiety of 7 (c). Gray, carbon; blue, nitrogen; red, oxygen; green, molybdenum; pink, tungsten;

orange, phosphorus; dark gray, silicon; light green, boron.

brown powder was dissolved in CH,Cl,/CH3;CN, and the diffu-
sion of hexane vapor into the solution for 4 days gave brown cry-
stals of 5 (25.4 mg). MALDI-TOF-MS (negative mode): 5543.94
(observed, [M — H]); 5544.55 (caled for [Cig4H120NgO4,PMo5-
Wis] ). A single crystal suitable for X-ray crystallography was
obtained by recrystallization from the same solvent system at
room temperature.

[{Mo(DPP)(0)}>(H2SiW1,0.4)] (6). [Mo(DPP)(O)(H,0)]CIO4
(100 mg, 0.069 mmol) in 10 mL of CH3C(O)OC,Hs (AcOEt) was
mixed with 3 (103 mg, 0.027 mmol) dissolved in 10 mL of CH;CN.
The diffusion of hexane vapor into the solution for 4 days gave
brown crystals of 6 (31.2 mg). MALDI-TOF-MS (negative mode):
5542.10 (ObSCYVCd, [M - I‘l]i)7 5542.00 (CalCd for [C]84H121N8042-
SiMo,Wi,] ). A single crystal suitable for X-ray crystallography
was obtained by recrystallization from the same solvent system
at 0 °C.

{(n-C4Hg)4N}2[{Mo(DPP)(O)}2(HBW,049)] (7). [Mo(DPP)-
(O)(H,0)]CIO4 (100 mg, 0.069 mmol) in 10 mL of AcOEt was
mixed with 4 (120 mg, 0.031 mmol) dissolved in 10 mL of CH3CN.
The diffusion of hexane vapor into the solution for 7 days gave
brown crystals of 7 (50.2 mg). MALDI-TOF-MS (negative mode):
5525.79 (observed, [M+H—2TBA] ); 5526.36 (calcd for [Cg4-
H12>NgO4BMo0,W 5] ). The sample was dried in vacuo at 150 °C
for 6 h and then submitted to elemental analysis. Anal. Caled for
C216H193N10042M02BW12: C 4317, H 324, N 233, found: C
43.08, H 3.54, N 2.48. A single crystal suitable for X-ray crystal-
lography was obtained by recrystallization from the same solvent
system at room temperature.

Electrochemical Measurements. Cyclic voltammograms (CV)
and differential plus voltammograms (DPV) were obtained in
PhCN in the presence of 0.1 M TBAPFg as an electrolyte under
N, at room temperature, with use of Pt electrode as a working
electrode, Ag/AgNO; as a reference electrode, Pt wire as a
auxiliary electrode. The values (vs Ag/AgNO;) were converted
to those versus SCE by addition 0.29 V.

Spectroscopic Titration of 5, 6, and 7. UV —vis spectral titra-
tions of 5 (1.0x 10> M), 6 (1.0 x 107> M), and 7 (1.0 x 10> M)
upon adding base were measured in CH,Cl, and PhCN at room
temperature. Triethylamine (NEt;, ] mM) and 1,8-bis(dimethy-
lamino)naphthalene (proton sponge, 3 mM) were used as bases.

EPR Measurements. Electron paramagnetic resonance (EPR)
spectra were recorded on a JEOL JEX-REIXE spectrometer, and
g values were determined using an Mn”>" marker in CH,Cl, and
PhCN at room temperature.

X-ray Crystallography. Single crystals of compounds were
put in liquid paraffin and then were mounted on a glass fiber
with silicon grease. All the diffraction data were collected on
a Rigaku Mercury CCD diffractometer at —170 £ 1 (1) and
—150 £ 1 (5—7) °C. All calculations for structure refinements
were carried out on a PC using the CrystalStructure (Rigaku

Corp., Japan)*® and SHELXL programs.’! Details of the X-ray
analysis are described in the Supporting Information. In the
structure refinements for 5 and 7, we could not determine the
positions of the solvent molecules of crystallization including
water and acetonitrile molecules, which were clearly identified in
difference Fourier maps, because of their severe disorder. Their
contribution was thus subtracted from the diffraction pattern by
the “Squeeze” program.®? Crystallographic data for 6 has been
available as CCDC-622714 from the Cambridge Crystallo-
graphic Data Centre.

Results and Discussion

Crystal Structure of [Mo(DPP)(0)(H,0)]Cl104. A Mo-
(V)-aqua complex, [Mo(DPP)(O)(H,O)]CIO4 (1:ClOy),
was synthesized by exposing the solution of a precursor
complex, [Mo(DPP)(O)(OCHs3)], in CH,Cl, to 2% aque-
ous HCIOy in a separatory funnel. The ligand substitu-
tion proceeded smoothly. Crystal structures of 1-ClOy4
were depicted in Figure S1(a) (see Supporting Informa-
tion); however, the severe disorder of three CH,Cl, mole-
cules of crystallization did not allow us to discuss the
details of its structure. The porphyrin macrocycle in 1 was
confirmed to show saddle-distortion because of steric re-
pulsion among peripheral phenyl groups.*> Two [Mo-
(DPP)(O)(H,0)]CIO4 units are combined by hydrogen
bonds between the aqua ligand and CIO, to form a
supramolecular dimeric structure (see Figure S1(b) in
Supporting Information).

Crystal Structures of Porphyrin Hamburger Series. The
reaction of 1 with 2, 3, and 4 in CH,Cl,/AcOEt (for 5) or
CH;CN/ACcOEt (for 6 and 7) followed by vapor diffusion
of hexane gave brown-transparent crystals of discrete
complexes 5, 6, and 7, respectively. The reaction and
crystallization occurred even in the dark, indicating that
the formation of the complexes is not a photoinduced
process. The crystal structures of 5, 6, and 7 were deter-
mined by X-ray crystallography. The crystal structures of
5,6,%° and 7 are shown in F igure 1. In these three crystal
structures of the discrete complexes, named as Porphyrin

(30) CrystalStructure, Crystal Structure Analysis Package, 3.7.0; Rigaku
and Rigaku/MSC: The Woodlands, TX, 2000—2005.

(31) Sheldrick, G. M. SIR 97 and SHELX 97, Program for Crystal
Structures Refinement; University of Gottingen: Gottingen, Germany, 1997.

(32) Sluis, P. V. D.; Spek, A. L. Acta Crystallogr. 1990, A46, 194.

(33) Nurco, D. J.; Medforth, C. J.; Forsyth, T. P.; Olmstead, M. M.;
Smith, K. M. J. Am. Chem. Soc. 1996, 118, 10918.
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Figure 2. Coordination environments of Mo(V) centers in 5 (a), 6 (b), and 7 (c).

Hamburgers, the Mo" centers of two [Mo(DPP)(O)]*
ions were bound directly to the terminal oxo groups of
POMs. As for 5 and 7, very large solvent-accessible voids
can be found in their crystal structures, since the residual
peaks of electron density for the disordered solvent
molecules have been removed by the Squeeze method.*?

The coordination of POMs occurs via ligand exchange
of the aqua ligand to the POM during the recrystallization
under mild reaction conditions to form a discrete and
nanosized molecule (ca. 1.82 nm for the distance between
the two oxo ligands of the [Mo(DPP)(O)]" units). Be-
cause of this direct coordination, the distortions of the
DPP? ligands are changed from saddle distortion to
ruffhng with saddle distortion because of the steric repul-
sion between peripheral phenyl groups of the DPP*~
ligands and the coordinated POMs. The displacement
of each atom of porphyrin macrocycles of 5, 6, and 7 is de-
picted in Figure S2 (Supporting Information), and those
porphyrin macrocycles exhibit much smaller distortions
compared with that of 1.4

The direct coordination should be ascribed to strong
Lewis acidity of the Mo(V) center in the non-planar DPP*~
ligand:** a planar [Mo(TPP)(O)(H,0)]" does not react
with POMs employed here to afford their direct coordi-
nation to form a discrete complex, in sharp contrast to
the case of 1. These results indicate that our strategy works
successfully; the weakly bound aqua ligand in 1 can be
replaced by negatively charged and more Lewis-basic
POM ligands. Thus, the enhanced Lewis acidity of the
[Mo(DPP)(O)]* unit gives rise to a strong coordination
bond with the Kegin-type POM to access a new category
of discrete molecular assemblies derived from ensembles
of metalloporphyrins and POMs.

In spite of the feature that all Porphyrin Hamburgers
are obtained as 2:1 complexes of metalloporphyrins and
POM, each complex exhibits different bridging bond angles
of Mo(1)—0O(2)—W(1) (Figure 2). Especially, 5 and 7
involve two different coordination bond angles in one
molecule, forming unsymmetrical molecular environ-
ments in the crystals (Table 1) The Mo=0 bond lengths
of the [Mo(DPP)(O)] units in 5, 6, and 7 are 1.669(7) A,
1.680(11) A, and 1.682(8) A (Mo(1)—0O(1)), respectively.

Table 1. Bond Distances (A) and Angles (deg) for 5, 6, and 7

compound
assignment 54 6 7¢
Mo(1)—0(1) 1.669(7) 1.680(11) 1.682(8)
Mo(1)—0(2) 2.407(7) 2.261(11) 2.282(8)
W(1)—0(2) 1.686(7) 1.726(11) 1.713(8)
W(2)—-0(2) 1.737(7) 1.791(9)
Mo(1)—0(2)—W(1) 167.3(4) 169.11(8) 171.7(6)
Mo(1)—0(2)—W(2) 149.3(4) 153.2(6)

“Structure refinements were made by using the “Squeeze” method.

The corresponding Mo—O bonds with the Keggin-type
POM are 2.407(7) A, 2.261(11) A, and 2.282(8) A
(Mo(1)—0(2)), respectively. The two Mo(V) centers in
these complexes seem to be in different coordination
environments because of the difference in coordination
bond angles. This difference is maintained even in solu-
tions as observed by EPR measurements described below.
The compound 5 includes the most distorted porphyrin
macrocycle compared with other complexes in light of the
displacement of each atom from the mean plane of 24
atoms in the porphyrin core (Figure S2 in Supporting
Information). In addition, UV—vis spectral titration with
base, elemental analysis, and an ESI-MS measurement to
detect TBA™ support that 7 has one proton and two of
TBA™ ion in its formula as a countercation, despite that
5 and 6 include not TBA™ but only protons as counter
cations in their formulas. Details of these particular
differences will be discussed below.

In the ac plane of these three crystals, intermolecular
m—r interactions are operating among peripheral phenyl
groups to give rise to a two-dimensional (2D) sheet struc-
ture. Though the peripheral phenyl groups of 5 and 7
are not in the eclipse conformation as in the crystal of 6
but in a slide form with an offset from each other, they
also exhibit such 7—s interactions in the ac plane and give
rise to the 2D sheets. Toward the direction of the crystal-
lographic b axis, the sheets stack layer by layer through
edge-to-face r—o interactions among peripheral phenyl
groups and CH:--O hydrogen bonding between the
phenyl C—H and the Mo=O0O moieties. The stacking of
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Figure 3. Three dimensional (a) and one-dimensional (b) descriptions of the crystal packing of 5: the DPP?~ ligand, wireframes; green, Mo; pink, W; red,

O; orange, phosphorus.

the 2D sheets affords a layered structure in the crystal as
shown in Figure 3a having two channels running into the
directions of [1 0 0] and [0 0 1] in each crystal. Consider-
able amount of H,O and CH;CN molecules of crystal-
lization was detected by TG-MS measurements for 6,
however, their severe disorder did not allow us to deter-
mine their- positions in the channels. The crystals of 6 ex-
hibited the thermodynamic stability up to about 300 °C,
supporting its robustness as a solid material.*® Besides the
detection of H,O and CH;CN as solvent molecules of
crystallization, we could not determine the positions of
those solvent molecules in X-ray crystallography because
of their severe disorder. AcOEt and hexane, which were
used as solvents for the recrystallization, were not de-
tected in the TG-MS analysis. Along the direction of the
crystallographic a axis, as depicted in Figure 3b, a one-
dimensional (1D) array of the Porphyrin Hamburgers can
be observed by virtue of intermolecular 77— interactions
among peripheral phenyl groups like gear wheels (see
Scheme 1).

XPS (X-ray photoelectron spectroscopy) measure-
ments of 1, 3, and 6 in the solid state were carried out to
clarify the oxidation states of metal ions in the Porphyrin
Hamburger (Supporting Information, Figure S3). The
aqua complex 1 showed two peaks at 235.3 and 232.4 eV
and the complex 6 at 235.5 and 232.4 ¢V for binding
energies, respectlvely, wh1ch were assigned to 3ds, and
3dsp of molybdenum 4 The result allowed us to confirm
that the Mo ions in 6 were in the Mo" oxidation state as
well as in 1. As for the tungsten ion in the POM, 3 and 6
exhibited peaks assigned to W 4fs,; and W 4f5), at 36.72
and 34.51 eV for 3, and 37.13 and 34.90 eV for 6, re-
spectwely Thus, the W ions in 6 were all 1ntact to bein the
WY! oxidation state as in the case of 3.>° These results
indicate that no redox reactions occur in the course of the
formation of the Porphyrin Hamburger.>® On the basis of
these results, the Mo and W ions in 5 and 7 should be in
the same oxidation states as those in 6. In the light of both
the oxidation states of metal ions involved and no ob-
servation of TBA™ as counter cations for the negatively
charged POMs in X-ray analysis, it is reasonable to
assume that the POM moiety in Porphyrin Hamburger
should be protonated to achieve the charge balances.

(34) Arul Dhas, N.; Gedanken, A. J. Phys. Chem. B 1997, 101, 9495.

(35) (a) Liu, J.; Wang, W.; Wang, G.; Zhao, B.; Sun, S. Polyhedron 1994,
13,1057. (b) Wang, Y.; Guo, C.; Chen, Y.; Hu, C.; Yu, W. J. Colloid Interface Sci.
2003, 264, 176.

(36) Brown, G. M.; Noe-Spirlet, M.-R.; Busing, W. R.; Levy, H. A. Acta
Crystallogr. 1977, B33, 1038.

Protonation of POM has been reported to occur at the
terminal oxo groups with HsO, " for hydrated species™®
and at the u-oxo moieties for dehydrated ones.*” Al-
though the position and the situation of the protonation
are not clear for 5—7, their protonation has been proven
by spectroscopic titration with bases in solution as de-
scribed below.

Protonated Heteropolyoxometalates. To clarify the
protonation of the POM moieties in the Porphyrin Ham-
burgers for charge balance, spectroscopic titration was
performed by using NEt; a base in CH,Cl, and PhCN.
In the UV—vis spectroscopic titration, we could observe
spectral change upon addition of NEt; into the solution
of 5in PhCN up to about 1 equiv, and no further change
was observed for adding more than about 1 equiv of the
base (see Figure S4(a) and (b) in Supporting Informa-
tion). The change of absorbance was monitored at 484.5
nm for 5in accordance with the addition of NEt5, and the
change ceased after addition of 1 equiv of the base. In the
case of 6, its absorption spectrum in CH,Cl, exhibited
slight change upon addition of NEt; with three isosbestic
points at 510, 556, and 635 nm. The change of absorbance
at 635 nm was monitored and it stopped after the addition
of 2 equiv of NEt; (see Figure S4 (c) and (d) in the Sup-
porting Information).

In the course of spectroscopic titration of 7 in CH,Cl,,
the spectral change was observed as shown in Figure 4a
with isosbestic points at 493, 509, 552, and 575 nm. The
spectral change ceased at the addition of 1 equiv of NEts,
and no apparent change was observed by further addi-
tion of the base as depicted in Figure 4b. A stronger base
(proton sponge) was used for 7 under the same condi-
tions: However, the spectral change was also stopped at
the addition of 1 equiv of the proton sponge. These results
clearly indicate that 7 bears only one proton in its
formula. Together with the results of elemental analy-
sis and MALDI-TOF-MS measurements (see the next
section), the molecular formula of 7 is determined to be
(TBA),[{Mo(DPP)(0)},(HBW ,040)].**

These observations lend credence to the existence of
protons in the POM moieties in the Porphyrin Hamburg-
ers. Since the number of [Mo(DPP)(O)]™ units which can

(37) Lee, K. L.; Mizuno, M.; Okuhara, T.; Misono, M. Bull. Chem. Soc.
Jpn. 1989, 62, 1731.

(38) ESI-MS measurements (positive mode) of 7 in CH3;0H/CH,Cl,
allowed us to observe a peak cluster assigned to TBA™ (caled: m/z =
242.47) at m/z = 242.31 to confirm its existence as a countercation. In the
X-ray measurement, however, the involvement of TBA™ ions was not
clarified because of their severe disorder.
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Figure 4. (a) UV—vis spectral changes of 7 (1.0 x 107> M) upon addition of NEt; (1 mM). (b) Changes of absorbance at 658 nm upon addition of NEt.
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Figure 5. MALDI-TOF-MS spectra (negative mode; black) and computer simulations (blue) of 5 (a), 6 (b), and 7 (c). The measurements were made in

CH,Cl, (matrix; a-cyano-4-hydroxy- cinnamic acid (CHCA)).

bind to a Keggin-type POM should be limited to two
because of steric requirements, the residual negative
charge of the POM moiety is canceled by the protonation,
probably depending on its Lewis basicity. Further re-
quirement for positive charge in 7 is made by the external
counter cations such as TBA™, as demonstrated by its
elemental analysis, to achieve the charge balance.

It should be noted that the POM in the Porphyrin
Hamburger is protonated even under neutral conditions,
besides the fact that a POM is an extremelgl stronger
Br¢nsted acid in H>O than H,SO4 and HNO;.*? It is pro-
bably due to the lower polarity of the solvents (CH,Cl,,
AcOEt, CH;CN, and hexane) used than that of H,O and
the less polar environment formed by the two highly
hydrophobic DPP>~ ligands. Although a determinant
of the number of protonations is unclear at this stage,
the Porphyrin Hamburger surely involves the unique prot-
onation of the POM moiety in a specific environment
formed by the two directly bound [Mo(DPP)(O)]" units.

Stability of Porphyrin Hamburger in Solution. MALDI-
TOF-MS spectra of Porphyrin Hamburgers (5,6, and 7) in
CH,Cl, (negative mode) are shown in Figure 5. CHCA
(a-cyano-4-hydroxycinnamic acid) was used as a matrix.*’
Under such conditions, they exhibited peak clusters at

(39) (a) Izumi, Y.; Matsuo, K.; Urabe, K. J. Mol. Catal. 1983, 18, 299.
(b) Misono, M. Chem. Rev. 1987, 29, 269. 1988, 30, 339. (c) Okuhara, T.;
Nishimura, T.; Watanabe, H.; Misono, M. J. Mol. Catal. 1992, 74, 247.

(40) The use of other matrixes resulted in no observation of peak clusters
assignable to negative ions derived from the conglomerates.

5543.94 (5) and 5542.10 (6), which agree with the calcu-
lated mass numbers of monodeprotonated molecular
monoanions (M — H] ). A peak cluster was detected at
5525.79, assignable to a monoprotonated molecular ion
(IM + H] ") of the anion part of 7, [{Mo(DPP)(O)},-
(H,BW1,040)] . Although the isotopic patterns are un-
clear in the observed spectra, these results indicate that
the Porphyrin Hamburgers maintain their structures even
in solutions as in the solid state and allow us to treat them
in solution as discrete molecular entities.
Electrochemical Measurements. We investigated redox
behaviors of Porphyrin Hamburgers in PhCN solution at
room temperature in the presence of TBAPF (0.1 M). All
the redox potentials are summarized in Table 2. In cyclic
voltammetric measurements, reversible redox waves were
observed for 1—7. Those cyclic voltammograms (CVs)
and differential plus voltammograms (DPVs) of 1 to 7 are
shown in Figure 6 (5—7) and Figure S5 in Supporting
Information (1, 2—4). The reversible multiple-redox
waves observed in CVs also lend credence to the stability
and robustness of the Porphyrin Hamburgers even in
PhCN. In comparison of the voltammograms of the
Porphyrin Hamburgers with those of the precursor
(1, Supporting Information, Figure S5), redox waves for
5,6,and 7 observed at 1.29, 1.26, and 1.16 V were assigned
to one-electron oxidation of the DPP?~ ligand of 5, 6, and
7, respectively.*! The values for 5 and 6 are similar to that
of 1; however, that for 7 is negatively shifted from that of 1
(AE»=—0.12V). The redox processes observed at 0.06 V,
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Table 2. Redox Potentials of 1 to 7 in PhCN®
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Evs SCE, V
Mo'Y/Mo" Por?’ /Por ®  Por’ /Por*” Por*™/Por®~ POM* /POM?*~ ¢ POM® /POM*~ POM> /POM®~
compound (AE)! (AE) (AE) (AE) (AE) (AE) (AE)
1 0.03 (0.07) 1.28 (0.08) —1.03(0.07) —1.42(0.08)
2 —0.49 (0.13) —1.04 (0.21)
3 —0.97 (0.16) —1.51(0.14)
4 —1.52(0.14)
5 0.06 (0.09) 1.29 (0.10) —1.12(0.10) —1.47(0.10) —0.31 (0.06) —0.82 (0.08)
6 0.00 (0.06) 1.26 (0.09) —1.04 (0.06) —1.41(0.08) —0.87 (0.09)
7 —0.10 (0.08) 1.16 (0.10) —1.12(0.09)  (—1.49)(0.12) (—1.49)° (0.12)

“ At room temperature under Ar; 0.1 M TBAPFg as an electrolyte. ” Por” : DPP?~ ligand. ‘ POM": Keggin-type heteropolyoxometalate.  AE = E,,

—Eea (V). ¢ Overlapped.
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Figure 6. Cyclic voltammograms (CV) and differential plus voltammograms (DPV) for 5 (a), 6 (b), and 7 (c) in PhCN, at room temperature under Ar in

the presence of 0.1 M TBAPF.

0.00 V, —0.10 Vin 5, 6, and 7 were ascribed to the Mov/
Mo" redox couples of 5, 6, and 7, respectively.** These
values are similar to that for 1, and the peak separation of
the redox waves are almost intact upon coordination of
POMs. The first and second one-electron reduction pro-
cesses of the DPP?~ ligand were observed at —1.12 and
—1.47V for 5, —1.04 and —1.41 V for 6, and —1.12 and
—1.49 V* for 7, respectively.*! Those values were also
similar to those of 1 (—1.03 and —1.42 V, respectively).
Concerning the second reduction of the DPP?~ ligand in
7, its redox wave is assumed to be overlapped with that of
the first reduction of [HBW12040]47: the peak separation
(0.12 V) is larger than that of 1 (0.08 V) and those of
POMs in 5 (0.06 and 0.08 V) and 6 (0.09 V). Reversible
redox waves observed at —0.82 and —0.31 V for S and at
—0.87 V for 6 exhibited half of the peak currents as
compared to those of other redox waves derived from
the [Mo(DPP)(O)]" units. Therefore, we assigned those
redox waves to the two-electron and one-electron reduc-
tion processes of the trapped [HPW ,040]> moiety and
one-electron reduction of the trapped [H,SiW 12040~
moiety, respectively, by comparing with those of pre-
cursors (2 and 3, respectively). In the CVs of 6 and 7, their

(41) (a) Guilard, R.; Perié, K.; Barbe, J.-M.; Nurco, D. J.; Smith, K. M.;
Caemelbecke, E. V.; Kadish, K. M. Inorg. Chem. 1998, 37, 973. (b) Kadish,
K. M.; Caemelbecke, E. V.; D'Souza, F.; Lin, M.; Nurco, D. J.; Medforth, C. J.;
Forsyth, T. P.; Krattinger, B.; Smith, K. M.; Fukuzumi, S.; Nakanishi, I.; Shelnutt,
J. A. Inorg. Chem. 1999, 38, 2188.

(42) Malinski, T.; Hanley, P. M.; Kadish, K. M. Inorg. Chem. 1986, 25,
3229.

(43) This redox wave is assumed to be an overlapped one including those
derived from the redox processes of Por’”/Por’~ and POM> /POM®~,
judging from a large peak separation of the redox couple (AE=0.12 V).

second one-electron reduction processes were not observed.
In addition, the first one-electron reduction process of
[HBW ,040]* " is assumed to be overlapped with the second
one-electron reduction of DPP*~ ligand (vide supra).

The shifts of the redox potentials seem to be small; how-
ever, they should stem from a sum of results from the change
of the porphyrin distortion caused by coordination of POM,
coordination strength of POM to the [Mo(DPP)(O)]" unit,
difference in solvation, and so on. Even though the shifts are
small, the Porphyrin Hamburgers exhibit clear and reversible
redox processes at different potentials as compared to those
of components, indicating their stability in solution.

EPR Measurements. EPR spectra of §, 6, and 7 in
CH,Cl, provide clear and strong evidence to support
the persistence of Porphyrin Hamburgers in solution. In
EPR measurements in CH,Cl, at room temperature, each
Porphyrin Hamburger showed a different EPR spectrum
as shown in Figure 7. Each Ay value was estimated by
computer simulations using a WinSimESR simulation
program.** The EPR parameters obtained are summar-
ized in Table 3. The precursor of the complex, [Mo-
(DPP)(O)(H,0)]ClO4(1), showed a clear and well-re-
solved EPR signal assigned to the Mo(V) center (I = 0)
at g = 1.964 showing superhyperfine coupling (An = 2.15
G) because of the nuclear spins of the four nitrogen atoms
in the porphyrin ligand. However, this superhyperfine
coupling constant is smaller than that of planar
[MoY(TPP)(O)(OCH3)] (An = 2.5 G).* This indicates
that 1 has more weakened interactions between the lone

(44) (a)Duling, D. R.; Motten, A. G.; Mason, R. P. J. Magn. Reson. 1988,
77, 504. (b) Duling, D. R. J. Magn. Reson. 1994, 104, 105.
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Figure 7. EPR spectra of 5 (a), 6 (b), and 7 (c) for the MoY (S = 1/2, I = 0) signal in CH,Cl, at room temperature: Frequency, 9.454 GHz (a),

9.457 GHz (b), 9.113 GHz (c); Power, 1.0 mW; Modulation; 100.00 kHz, 0.1 G.

Table 3. g and Ay (G) Values of 1, 5, 6, and 7 in CH,Cl, at Room Temperature

compound g An
1 1.964 2.15

5 1.965 2.03
1.962 1.90

6 1.963 2.20

7 1.965 2.16
1.966 2.14

pairs of pyrroles of the DPP?>™ ligand and the dyye
orbital of the Mo(V) center, compared to that of the
planar Mo(V)-porphyrin complex. The weaker interac-
tion of DPP?~ with the Mo(V) center in 1 also supports its
higher Lewis acidity than that of the planar counterpart.
This strong Lewis acidity of the Mo(V) center in 1 should
result in the direct coordination of the Keggin ligand.

The EPR signal of 6 assigned to the Mo(V) center (/ = 0)
was observed at g = 1.963 with superhyperfine coupling (An =
2.20 G) with four nitrogen nuclei in the DPP?~ ligand.
The complexes of 5 and 7 exhibiting two different co-
ordination bond angles between the Mo" centers and the
corresponding POMs showed dissymmetric EPR spectra
(Figure 7a,c). Computational simulations of those spec-
tra gave two different g and Ay values for overlapped
signals. This indicates that two unequivalent molybde-
num atoms are involved in 5 and 7 in the solution,
consistent with the structures observed in their crystal
structures in which the two MoV centers are in the
different coordination environments. The Ayx values
of complexes are smaller than that of the planar Mo-
(V)-porphyrin and comparable to that of the precursor
(Table 3), reflecting the non-planarity of the DPP ligand
in Porphyrin Hamburgers as observed in the crystal
structures.

Summary

We established a synthetic methodology for the con-
struction of covalently linked molecular metalloporphyr-

(45) Ledon, H. J.; Bonnet, M. C.; Brigandat, Y.; Varescon, F. Inorg.
Chem. 1980, 19, 3488.

in-heteropolyoxometalate complexes, named Porphyrin
Hamburgers. Porphyrin Hamburgers can be synthesized
as nanosized molecules by employing three types of
Keggin-type POMs and have been crystallographically
characterized as 2:1 complexes of the Mo(V)-DPP complex
and protonated Keggin-type POMs employed. As for a
metalloporphyrin unit, enhanced Lewis acidity of the metal
center coordinated by the DPP?~ ligand plays an indispen-
sable role to hold Lewis-basic Keggin-type POMs in the
coordination sphere of the Mo"(DPP) unit to stabilize the
complexes even in solution. In these complexes, the existence
of protons in the POM moiety may provide the structural
differences in terms of the bond angles of the Mo—O—W
linkage and may alter the molecular symmetry not only in
the solid state but also in solutions. In addition, those
complexes maintain their structures even in solution as
well as in the solid state and showed reversible multiple-
redox processes and EPR spectra, reflecting the cry-
stal structures. The stability may allow us to expect new
functionality of those complexes involving catalysis in
solution and to encounter novel supramolecular assem-
blies in combination with other hydrogen-bonding guest
molecules.
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