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“Axial-Bonding”-Type Hybrid Porphyrin Arrays: Synthesis, Spectroscopy,
Electrochemistry, and Singlet State Properties
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A series of phosphorus(V), germanium(lV), and tin(IV) porphyrin-based, “axial-bonding”-type hybrid trimers
have been readily constructed by employing a new “building-block” approach. The approach is modular in nature,
and it involves simple “inorganic” reactions such as axial bond formation of main group element containing
porphyrins and insertion of metal/“metalloid” ions into the porphyrin cavity. The architecture of these arrays is
such that, while a phosphorus(V), germanium(1V), or tin(IV) complexnafse5,10,15,20-(tetratolyl)porphyrin

forms the basal scaffolding unit, the free-base, vanadyl, cobalt(ll), nickel(ll), copper(ll), or zinc(ll) porphyrins
occupy the two axial sites via an aryloxy bridge. Synthesis of an “all-phosphorus” array containing three phosphorus-
(V) subunits has also been accomplished. Each new porphyrin array investigated in this study has been fully
characterized by various physical methods that include mass (FAB)}Vibble, infrared, fluorescence, electron

spin resonance (ESR), afld and3lP nuclear magnetic resonance (NMR; 1D and 2D) spectroscopies and cyclic
voltammetry. The UV-visible and ESR spectral parameters and also the redox potential data suggest that there
exists no interaction between theplanes of the constituent monomeric porphyrins in these arrays. Detkiled

NMR investigations carried out with the trimers containing diamagnetic porphyrins reveal characteristic shielding/
deshielding effects for the various protons on the axial porphyrin subunits. The ground state data, as probed by
the spectroscopic and electrochemical techniques, collectively indicate that there exists a symmetric but nonparallel
disposition of the two axial porphyrins with respect to plane of the central porphyrin. Singlet state activity of the
photoactive trimers has been probed by the steady state fluorescence method with selective excitation into the
bands corresponding to the two constituent monomeric species. Analysis of the fluorescence emission and excitation
spectral data suggests the occurrence of electronic energy transfer as well as photoinduced electron transfer reactions
in trimers endowed with free-base or zinc(ll) porphyrin axial subunits. Efficiencies of the excited state processes
of these trimeric arrays are shown to be dependent on the type of metal/metalloid ions present in the porphyrin
crevice.

Introduction homologous porphyrin arrays has been reported so far but,
relatively less attention seems to have been paid toward the
construction of functionally active, hybrid-type systems with
fine-tunable photo- and electrochemical properties. Moreover,
the majority of the hitherto reported porphyrin arrays (hybrid
or otherwise) have been obtained via multistep and often

cumbersome organic reaction sequences carried out at the

Photochemically active supramolecular arrays composed of
porphyrin or other structurally related macrocyclic systems are
currently being investigated in connection with their ability to
transport charge, ions, or enerfgy® A great variety of
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Figure 1. Schemes leading to the synthesis of various “axial-bonding™-type hybrid trimers investigated in this study.

alternative approach for the facile construction of hybrid-type acceptor type, hexacoordinated, bis(aryloxo)phosphorus®)) (P

multiporphyrin arrayg4-42
During the course of our recent investigations on the denor

(24) Sharma, C. V. K.; Broker, G. A.; Huddleston, J. G.; Baldwin, J. W.;
Metzger, R. M.; Rodgers, R. 0. Am. Chem. S0d 999 121, 1137.

(25) Kumar, R. K.; Goldber, IAngew. Chem., Int. EA.998 37, 3027.

(26) Drain, C. M.; Nifiatis, F.; Vasenko, A.; Batteas, J. Angew. Chem.,
Int. Ed. 1998 37, 2344.

(27) Gerasimchuk, N. N.; Mokhir, A. A.; Rodgers, K. Rorg. Chem
1998 37, 5641.

(28) Funatsu, K.; Imamura, T.; Ichimura, A.; Sasakiliorg. Chem 1998
37, 4986.

(29) Funatsu, K.; Imamura, T.; Ichimura, A.; Sasakiliorg. Chem 1998
37, 1798.

(30) Strachan, J.; Gentemann, S.; Seth, J.; Kalasbeck, W. A.; Lindsey, J.

S.; Holten, D.; Bocian, D. Finorg. Chem 1998 37, 1191.

(31) Kumar, R. K.; Balasubramanian, S.; Goldberdnarg. Chem 1998
37, 541.

(32) Alessio, E.; Macchi, M.; Heath, S. L.; Marzilli, L. Gnorg. Chem
1997, 36, 5614.

(33) Solne, R. V.; Hupp, J. Tinorg. Chem 1997, 36, 5422.

(34) Kariya, N.; Imamura, T.; Sasaki, Yhorg. Chem 1997, 36, 833.

(35) Endo, A.; Tagami, U.; Wada, Y.; Saito, M.; Shimizu, K.; Sato, G. P.
Chem. Lett1996 213.

(36) Alessio, E.; Macchi, M.; Heath, S.; Marzilli, L. @hem. Commun
(Cambridge)1996 1411.

(37) Ruhlmann, L.; Giraudeau, AChem. Commun(Cambridge)1996
2007.

(38) Wojaczynski, J.; Latos-Grazumslo, Inorg. Chem 1996 35, 4812.

(39) Yuan, H.; Thomas, L.; Woo, L. Knorg. Chem 1996 35, 2808.

(40) Susumu, K.; Segawa, H.; Shimidzu,Chem. Lett1995 929.

(41) Susumu, K.; Kunimoto, K.; Segawa, H.; ShimidzuJTPhys. Chem
1995 99, 29.

(42) Segawa, H.; Kunimoto, K.; Susumu, K.; Taniguchi, M.; Shimidzu, T.
J. Am. Chem. Sod 994 116, 11193.

porphyrins which also include a few trimeric systeth$!we
realized that the inherent simplicity and the flexibility of our
new, “axial-bonding” approach can be conveniently employed
for the design and synthesis of more elaborate, hybrid-type,
porphyrin arrays having diverse structures and functions. For
example, it should be possible to utilize different, photochemi-
cally active, main group element containing porphytires the
basal scaffolding units and free-base porphyrins, metallopor-
phyrins, or metalloid porphyrins as the axial donor/acceptor
subunits for the fabrication of arrays with varying spectral,
redox, and photophysical properties. This is indeed the case as
will be demonstrated in this paper, which reports on the design,
synthesis, and modulation of the redox and photochemical
functions of a series of 'R germanium(lV) (G¥), and tin(1V)
(SnV) porphyrin-based, “axial-bonding”-type hybrid trimers,
Figure 1.

Experimental Section

A. Materials. 1. General. The chemicals and solvents utilized in
this study were purchased from either Aldrich Chemical Co. (U.S.A.)
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reported to show strong luminescence (Sayer, P.; Gouterman, M;
Connell, C. RAcc. Chem. Red.982 15, 73) as against the transition
metal porphyrins, most of which, being paramagnetic, are relatively
less luminescent.



“Axial-Bonding”-Type Hybrid Porphyrin Arrays Inorganic Chemistry, Vol. 38, No. 22, 19994973

or B.D.H. (Mumbai, India). The solvents utilized for spectroscopic and give B in =70% yield. UV—visible (CH.Cl2): Anm (log €) 445 (5.85),
electrochemical experiments were further purified using standard 571 (4.56), 618 (4.42).

procedured® (H2).Ge. [(LYGEY(OH);] (100 mg, 0.13 mmol) was dissolved in

2. SynthesisThe mese5,10,15,20-(tetratolyl)porphyrin @H') and 30 mL of dry GHe. To this was added 192 mg (0.29 mmol) oflH,
its metalloid/metal complexes [()PYCl,]*, [(LYPY(OH),] *, [(LHGeV- and the resulting solution was refluxed under a nitrogen atmosphere
(OH).], [(LYHSNY(OH)], [((LYHVNV(O)], [(LHCA', [(LYHYNI"], [(LHCu", for 12 h. The solvent was evaporated, and the solid obtained was loaded

and [(LY)Zn"] were synthesized and purified according to the reported onto a neutral alumina column. The desired product was eluted with
procedured’~5° The mese5-(4-hydroxyphenyl)-10,15,20-(tritolyl)por- ~ CHCl;, after which it was recrystallized using a @E,—hexane
phyrin (H,L2)%! and its derivatives [(BV'V(O)], [(L?C0d"], [(L?)Ni"], mixture. Yield: 60%. MS:m/z (H):,Ge (GaH10dN120:,Ge) 2085, [M]';
[(L?Cu"], and [(LY)Zn"] were also synthesized by adapting similar 1412, [M — (CsHzsN4O) + H]T; 741, [M — 2(Cs7HzsN4O)T; 673,
procedures. Synthesis of the trimeric arrays is detailed below (see Figure[CsH3sN4O]*. UV—visible (CHCL,): Anm (l0g €) 420 (5.67), 518 (4.43),
1, schemes a and b). 559 (4.47), 602 (4.28), 651 (4.14).

(H2)2P. [(LYPYCI]* (100 mg, 0.13 mmol) was dissolved in 25 mL (VO).Ge, (Co)Ge, (NixGe, (CuxGe, and (Zn),Ge. These trimers
of dry pyridine, and to this solution was added 400 mg (0.59 mmol) of were prepared in a manner analogous to that described above for the
H,L2. The mixture was refluxed under a nitrogen atmosphere for 5 h. synthesis of (H).Ge, but by replacing H.? with the corresponding
The solvent was evaporated, and the resulting brown residue, dissolvedmetalloporphyrins. In each case, 50 mg (0.065 mmol) of)[BeV-
in 5 mL of CHCE, was loaded onto a silica gel column. The desired (OH);] was refluxed with an excess (6-8.4 mmol) of [()M] (M =

product, as its hydroxide salt, was eluted with CEH&TH;OH (9:1, VIV(0), Cd', Ni'", Cd', and zZ#) in dry CeHs under a nitrogen
v/v), after which it was recrystallized using a CHEhexane mixture. atmosphere for 1216 h. The solvent was evaporated, and the resulting
Yield: 50%. MS: (m/2) (M = CysH10dN120,P) 2059, [M+ OH]*; solids were purified as described above for)g8e. Yields ranged
2042, [M]J; 1370, [M — Cs7H3sN4O]T; 699, [M — 2(Cy7HzsN4O)]T; typically between 50% and 60%. UWisible (CHCl,): Anm (lOg €),
673, [CHaN4O]*. UV —visible (CHCL): Aun (log€) 420 (6.02), 441  (VO),Ge, 425 (5.61), 517 (3.79), 551 (4.56), 593 (4.03):Gm, 424
(5.40), 517 (4.49), 555 (4.40), 592 (4.16), 648 (4.00). (5.52), 529 (4.42), 553 (4.25), 595 (3.89):Gle, 420 (5.70), 426 (5.70),

(VO),P, (Co)kP, (Ni).P, (Cu)P, and (Zn)P. Method 1.In the first 529 (4.73), 554 (4.63), 595 (4.27); &3e, 416 (5.61), 542 (4.28), 594
method, these trimers were prepared in a manner analogous to thai(3.74); ZnGe, 425 (5.47), 517 (3.61), 556 (4.31), 594 (3.90).

described above for the synthesis of)3P, but by replacing K2 with (H2)2Sn. This compound was prepared by refluxing a dryHE
the corresponding metalloporphyrins. In each case, 50 mg (0.065 mmol) solution containing 100 mg (0.12 mmol) of {)SnV(OH);] and 180
of [(LY)PYCI,]* was refluxed with excess (0-3.4 mmol) [(LY)M] (M mg (0.27 mmol) of HL? under a nitrogen atmosphere for 12 h. The

= VV(0), Cd', Ni", CU' or Zn") in 15 mL of dry pyridine under a solvent was evaporated, and the resulting residue was loaded onto a
nitrogen atmosphere for-% h. Pyridine was evaporated, and the solid neutral alumina column. The desired product was eluted with GHCI
obtained was loaded onto a silica gel column. The desired product wasafter which it was recrystallized using a @E,—hexane mixture.
eluted with CHC}—CHsOH (9:1, v/v), after which it was recrystallized  Yield: 60%. MS: m/z (H2),Sn (GaH108N120.Sn) 2131, [M]; 1459,

using a CHGJ—hexane mixture. Yields ranged typically between 50% [M — Cs7H3sN4O]"; 788, [M — 2(Cy7H3sN40)]*; 673, [CizHzeN4O] .

and 60%. UV —visible (CHCl,): Anm (log €) 420 (5.77), 431 (5.76), 518 (4.64),
Method 2. This method involves metalation of the two axial free- 559 (4.64), 603 (4.62), 650 (3.60).

base porphyrins of (b).P by the standard methotfsRefluxing 10 mg (VO).Sn, (Coksn, (Ni)Sn, (Cu)Sn, and (Zn)Sn. These trimers

(0.0046 mmol) of (H),P dissolved in 20 mL of CHGlwith 15 mg of were prepared in a manner analogous to that described above for the

the corresponding metal acetates dissolved in 5 mL of@HHfor 0.5 synthesis of (K).Sn, but by replacing H.? with the corresponding

h gave (CojP, (NixP, (Cu}P, and (ZmP. Ca. 0.2 mL of acetic acid metalloporphyrins. In each case, 50 mg (0.065 mmol) of)gHY-
was also added to the reaction mixture in the case of metalation with (OH);] was refluxed with an excess (6-8.4 mmol) of [()M] (M =
copper(ll). Evaporation of the solvents and the subsequent purification V1V(O), Cd', Ni", Cu', and Zi) in dry GiHe under a nitrogen
of the solids by column chromatography (silica gel; CEHHGTH;OH, atmosphere for ca. 3216 h. The solvent was evaporated, and the
9:1, v/v) and recrystallization (CHgthexane) gave the desired product  resulting solids were purified as described above fog)4Bh. Yields
in >90% vyields in each case. Insertion ofV{O) into the axial ranged typically between 50% and 60%. Yvisible (CH.CL,): Anm
porphyrins was achieved by mixing 15 mg (0.007 mmol) of)¢A (log€), (VO).Sn 427 (5.72), 552 (4.32), 602 (4.01); £3n, 429 (5.61),
and 15 mg (0.09 mmol) of vanadyl acetylacetonate in 5 mL of phenol 530 (4.53), 558 (4.50), 602 (4.12); 48in, 417 (5.79), 428 (5.81), 528
and refluxing the resulting solution for 0.5 h. Phenol was removed under (4.81), 561 (4.52), 603 (4.12); €3N, 416 (5.32), 427 (5.14), 541 (4.44),
reduced pressure, and the crude product was purified as described above64 (4.12), 603 (3.99); Z%n, 421 (5.39), 434 (5.28), 552 (4.57), 602
for the other metallo/“metalloid” porphyrins (yield: 70%). W\Wisible (3.90).
(CHCLR): Anm (log €), (VO).P, 426 (5.75), 443 (5.47), 552 (4.54), 609 B. Methods. UV —visible spectra were recorded with a Jasco model
(4.06); CoP, 414 (5.34), 436 (5.52), 529 (4.37), 562 (4.40), 607 (4.05); 7800 UV-visible spectrophotometer. Concentration of the samples used
Ni2P, 416 (5.63), 438 (5.32), 528 (4.50), 561 (4.29), 609 (3.94)PCu  for these measurements ranged from about 20°° M (Soret bands)
416 (5.84), 440 (5.28), 540 (4.58), 567 (4.27), 608 (3.92)P7A421 to 5 x 105 M (Q-bands). Steady state fluorescence spectra were
(5.76), 445 (5.13), 551 (4.62), 587 (4.20), 611 (3.99). recorded using a Jasco model FP-777 spectrofluorimeter. The emitted

Ps. Phosphorus oxychloride (PO£[0.16 g,~1 mmol) was added guanta were detected at a right angle to the incident beam. The utilized
to (H)2P (100 mg, 0.046 mmol) dissolved in dry pyridine (30 mL) in  concentrations of the fluorophores were such that the optical densities
an atmosphere of nitrogen. The mixture was refluxed for 24 h under (OD) at the excitation wavelengths were always less than 0.2. The
nitrogen. The solvent pyridine and excess PQ@re removed under fluorescence quantum yieldg| were estimated by integrating the areas
reduced pressure. The solid obtained was chromatographed on a silicainder the fluorescence curves and by usimese5,10,15,20-tetraphe-
gel column. Elution with CHGHCH;OH (9:1, v/v) gave a green solid, nylporphyrin (HL') (¢ = 0.11 in CHCI,) or (mese5,10,15,20-
which was further purified by recrystallization fromsl@s—octane to tetraphenylporphyrinato)zinc(ll) ([()Zn"], ¢ = 0.036 in CHCI,) as
standard$?>3Refractive index corrections have been incorporated while
(46) Perrin, D. D.; Armarego, W. L. F.; Perrin, D. Rurification of reporting the fluorescence data in various solvéhts.

Laboratory Chemicals2nd ed.; Pergamon: Oxford, 1980. IH NMR (1D and 2D) spectra were recorded with a Bruker NR-200

(47) Fuhrhop, J.-H.; Smith, K. M. IPorphyrins and Metalloporphyrins AT-FT NMR spectrometer using CDE4s the solvent and tetrameth-

i .M. 5 ier: , 1975; p 769. ; ;
48) SBg]rlg(])’ul: 1’f" ’BEe(lei'lleEI’ISS\\//.IeJr.'AB?:)?::‘Ieerlijarlg. 3 RicIF(Jar 4 C E F-Ware Yisiane (TMS)as an internal standard. The proton-decouRtiMR

D. C. Inorg. Chem 1992 31, 746.
(49) Kadish, K. M.; Xu, Q. Y. Y.; Maiya, B. G.; Barbe, J.-M.; Guilard, R.  (52) Quimby, D. J.; Longo, F. Rl. Am. Chem. Sod.975 97, 5111.

J. Chem. Soc., Dalton Tran989 1531. (53) Harriman, A.; Davila, JTetrahedron1989 45, 4737.
(50) Maskasky, J. E.; Kenney, M. H. Am. Chem. Sod 973 95, 1443. (54) Lackowwicz, J. R.Principles of Fluorescence Spectroscpiile-
(51) Little, R. G.J. Heterocycl. Cheml978 15, 203 num: New York, 1983.
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spectra were also recorded with the same instrument albeit with an
operating frequency of 80.5 MHz and with 85%R0, as an external
standard. ESR spectra were recorded at 100 K with a JEOL JM-FE3X
spectrometer with diphenylpicrylhydrazide (DPPH) as an ESR standard.
FAB mass spectra were recorded with a JEOL SX 102/DA-6000 mass
spectrometer/data system. Cyclic voltammetric experimentsQGH
and 0.1 M tetrabutylammonium perchlorate, TBAP) were performed
on a Princeton Applied Research (PAR) 174A polarographic analyzer
coupled with a PAR 175 universal programmer and a PAR RE 0074
x—Yy recorder, as detailed in our previous studi&¥:555°

Care was taken to avoid the entry of direct, ambient light into the
samples in all the spectroscopic and electrochemical experiments.
Unless otherwise specified, all the experiments were carried out at 293
+ 3 K.

Results

A. Synthesis.Schemes a and b in Figure 1 illustrate syntheses
of the various trimeric arrays investigated during this study.
Synthesis of (k),P (scheme a) had been accomplished eétlier
by condensing [(PYCIl,] " 43 and HL?2 in refluxing pyridine®®
Analogous trimeric arrays #Sn and (H),Ge (scheme b) were
synthesized during the present study, not by starting with the
dichloro complexes but by reacting the corresponding dihydroxo
analogues [(HSnY(OH),] and [(LY)GeY (OH),] with an excess
of HoL2 in refluxing GsHe for 12 h. The desired compound was
obtained after column chromatographic purification and recrys-
tallization in each case. A series of trimeric arrays of the type
MoM' (M = (VO), Co, Ni, Cu, or Zn and M= P, Ge, or Sn)
were obtained by employing two different synthetic strategies.
In the first method, 56 60% yields of these hybrid, “transition
metak-metalloid” porphyrin arrays were obtained by adopting
essentially a method similar to that employed for the synthesis
of (H2).M" with the only difference being that [()M] replaced
H,L2. The second method involved transition metal insertion
into the two axial free-base units of preformed,#® and gave
70—95% vyields of the desired products. Adaptation of this latter
method and using POg4s the “metalloid carrier” afforded the
“all-phosphorus” trimer B

B. Spectroscopy Preliminary characterization of these new
arrays was carried out by FAB-MS and WVisible spectro-
scopic methods. The mass spectrum of)§A showed a minor
peak at 2059 ascribable to the maséz] of [(H2).P]TOH~ ([M
+ OH]*, Ci4H10MN1203P) and the major molecular ion peak
at 2042 ([M]", CiaH108N1202P). Subsequent peaks appearing
atm/z = 1370 and 699 can be ascribed to the detachment of
one (M — C47H35N40]+) and two ((M— 2(C47H35N40)]+) axial
free-base subunits from the basal porphyrin. (H),Ge and
(H2)2Sn also showed similar characteristic mass spectral frag-
mentation patterns but, because they are devoid of any coun
terion in their structure, the peak ascribable to the fNOH]*

moiety was absent in the spectra of these arrays. Each array

also showed an intense peaknalz = 673 that is ascribable to
the mass of kL2 (C47HzeN40).

(55) Arounaguiri, S.; Dattagupta, A.; Maiya, B. ®roc—Indian Acad.
Sci., Chem. Scil997, 109 155.

(56) Sirish, M.; Kache, R.; Maiya, B. G@. Photochem. Photobiol. A: Chem.
1996 93, 129.

(57) Hariprasad, G.; Dahal, S.; Maiya, B. &.Chem. Soc., Dalton Trans.
1996 3429.

(58) Arounaguiri, S.; Maiya, B. Glnorg. Chem 1996 35, 4267.

(59) Sirish, M.; Maiya, B. GJ. Photochem. Photobiol. A: Cherh995
88, 127.

(60) (Hp).P represents the trimeric array in which the two free-base
porphyrin units have been axially ligated to a basélg@rphyrin.
Nomenclature of the remaining arrays shown in Figure 1 follows
accordingly. Note that positive charges on thé gorphyrin based
arrays have been omitted for clarity.
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Figure 2. UV—uvisible spectra of (B).P, (H,).Ge, and (H)2Sn in CH-
Cly.

The band positions at the maximum absorbance valgs) (
observed in the UV visible spectrum (CkKCl,) and also the
molar extinction coefficientd) values for each investigated array
are summarized in the Experimental Section. Representative
spectra of the free-base-containing trimers are illustrated in
Figure 2. A comparison of the UWvisible spectrum of a given
trimer with the spectra of the corresponding monomeric
porphyrins suggested that thgax values of the trimers are in
the same range as those of the reference compounds. In addition,

€ values of the bands due to the trimers are nearly equal to the
sum of thee values of the corresponding bands of the constituent
monomers. Minor variations noticed in the spectral features of
the trimers with respect to those of the corresponding monomers
can be ascribed to the “substituent effects” (i.e., differences in
the axial ligands of P, G&¥ and SH porphyrins and the meso
substituents of free-base porphyrins/metalloporphyrins).

ESR spectra of G and (VO)P with those of the monomeric
reference compounds [{JICu'] and [(LYV'V(O)] are illustrated
in Figure 3. The spectra were analyzed using the spin-
Hamiltonians reported for the corresponding tetraarylporphyrin
derivative§1-63 to evaluate the relevant ESR parameters. As

(61) Subramanian, J. IRorphyrins and MetalloporphyrinsSmith, K. M.,
Ed.; Elsevier: Amsterdam, 1975; p 555.

(62) Kievelson, D.; Lee, S. KJ. Chem. Phys1964 41, 1896.

(63) Assour, J. MJ. Chem. Physl965 43, 2477.
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Table 1. 'H NMR? and3P NMR® Data
[Acu’) wHv™ ) 4, ppm
[-pyrrole g-pyrrole bridging
(central) (axial) phenyl —NH mesetolyl —CHjz
compd  (a) (b—d) (e,f) (9) (h, ) G,k P
| pro (H):P 934 7.89 6.86 —2.99 8.04 2.74 —194
CupP (8H,d) (4H,d) (4H,d) (4H,s) (20H, m) (18H,s)
vorp | preit J=34 8.60 2.74 7.56 2.59
(4H,d) (4H) (20H, m) (12H, s)
J=48 J=79
1906 - A 8.83
200G (8H' S)
(H2)2Ge 9.43 8.21 6.72 —2.80 8.45 2.89
| (8H,s) (4H,d) (4H,d) (4H,s) (8H,d) (18H,s)
8.70 2.32 8.21 2.83
H .
(gauss) — (4H,d) (4H,d) (16H, m) (12H,s)
Figure 3. ESR spectra of GP and (VO)P with those of the J=48 J=738 7.75
monomeric reference compounds{(Cu'] and [(L)V'V(O)]. In each 8.86 (20H, m)
case, spectra were recorded féb x 1074 M solution of the compound (8H, s)
in toluene at 106 3 K. CwP ([(LACU']): g, 2.172 (2.185)g, 2.040 (H2)2Sn 9.38 815 655 —2.90 8.35 2.65
(2.048);A values 1074 cm™) AM, 203 (204):A-M, 31.6 (30.6)AN, (8H,d) (4H,d) (4H,d) (4H,s) (8H,d) (18H,s)
16.8 (16.3)AN 15.8 (15.3). (VOIP ([(LAVV(O)]): g, 1.960 (1.971); J=6.1 860 2.45 8.05 2.60
g0, 1.990 (1.995)A values & 104 cmrl) AM, 156 (156)AM, 56 (55). 54_H,4 dg J(4_Hédg %y,m) (12H,s)
. ; 0 =4, =8. :
Error limits: g, £0.005;A, £10%. 8.80 (20H, m)
B (8H, s)
Ps 9.18 8.22 6.60 7.89 254 —-196
(8H,d) (4H,m) (4H,d) (8H,d)  (18H, s}-229
\ J=39 8.89 2.69 7.70 2.47
L d (12H, m) (4H, d) (12H,d) (12H,s)
: J=8.0 7.47
& (20H, m)
2 3 (Ni)2P 9.28 7.96 6.60 7.81 2.65 —194
(8H,d) (4H,d) (4H,d) (20H, m) (18H,5s)
J=31 849 2.65 7.51 2.64
5 (4H,d) (4H) (20H, m) (12h,s)
g J=48 J=80
= 8.71
o o «© (8H, s)
» : > _ 7 (Ni)2Ge 9.25 7.99 6.33 8.23 2.64
o 52 (8H,s) (4H,d) (4H,d) (8H,d)  (30H,s)
I 8.51 2.65 7.85
= 9 (4H,d) (4H) (12H, m)
7 J=48 J=82 7.48
8.70 (20H, m)
9 7 5 3 (8H, s)
5 oom (Ni)2Sn 9.33 8.03 6.34 8.28 2.64
'PP @H,s) (4H,d) (4H, d) @H,d)  (30H,s)
Figure 4. 'H NMR (2D) spectrum of (k)P in CDCk. The peak 8.49 231 7.86
marked with an asterisk« is due to the solvent. (4H,d) (4H,d) (12H, m)
J=46 J=80 7.46
illustrated in Figure 3, thg andA values of CyP and (VO)}P ?é,:l s) (20H, m)
are similar to the corresponding parameters of)[du'] and (ZnpP 9.32 7.03 6.83 8.02 270 —193
[(LAVV(O)]. The case is similar with the remaining trimers (8H,d) (4H,d) (4H,d) (20H, m) (18H,s)
containing the paramagnetic ions in that the evalugtaddA J=35 863 270 7.55 2.59
i ; ; (4H,d) (4H) (20H, m) (12H, s)
values are quite close to those of the corresponding monomeric J=47 J=78
porphyrins. It should be noted here thatAbls = +2 transition 8.87
at lower magnetic fields has been observed for any of these (8H,s)

On the other hand!H NMR investigations revealed that (8H,s) éfle'l) g_‘;‘s’ d) gg'é ) (ZlgTs)
certain specific spectral features observed for the protons on (4H,d) (4H) (12H,m) (18H, s)
the axial free-base porphyrins/metalloporphyrins are quite J=40 J=75 7.61
different from those observed for the same protons in the 8.90 (20H, m)
spectrum of HL! or [(LYM]. Figure 4 gives the 2D NMR @n)Sn 9.37 (gq’gs) 6.65 8.29 275
spectrum of (H),P, and a similar spectrum has been observed (8H,d) (4H,d) (4H, d) (8H,d)  (30H,s)
for the corresponding germanium and tin analogdidsNMR J=6.3 8.64 2.62 8.01
data of all of the diamagnetic arrays investigated in this study (4H,d)  (4H,d) (12H, m)
are summarized in Table 1. Spectra were analyzed on the basis 33524'8 =74 Zé%?—l m)
of the resonance position and integrated intensity data as well (gH, s) ’

as the proton-to-proton connectivity information revealed in the

a Spectra were measured in CR@king TMS as an internal standard;

COSY spectra to arrive at the structures of these new com- j yajyes are in hertz: Error limitss, +0.01 ppm.» Spectra were

pounds. Thus, all eight pyrrol@protons of the phosphorus(V)
porphyrin (protons of the typa see Figure 5) in (k)P resonate

measured in CDGlusing 85% HPO, as an external standard. Error
limits 6, £2 ppm.
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deshielding effect of the axial porphyrifsTrimeric arrays
(H2)2Sn and (H).Ge and all of the metalmetalloid arrays of
the type MM’ which contain diamagnetic metal ions @¥Zn

or Niand M = P, Sn, or Ge) also exhibited similar shielding
and splitting patterns in thelHd NMR spectra with the exception
that the spectra of MM" arrays were devoid of the inner imino
proton resonances, Table 1.

31P NMR spectra of the phosphorus-containing arrays have
also been measured during this study. The proton-decoupled
3P NMR signal observed for ()P at —194 ppm is in the
typical range for hexacoordinated phosphorus compotfitise
31p resonances of arrays (3, where M= Zn and Ni, also
appeared in the same region, but the all-phosphorus agay P
showed two characteristic resonances, onel#6 ppm (central
porphyrin) and the other at229 ppm (axial porphyrins), see
Table 1.

The influence of phosphorus in these arrays has been
manifested in théH NMR spectra as well. For example, in the
IH NMR spectrum of (H),P, the eight pyrroles protons of the
phosphorus porphyrin resonate at 9.34 ppm as a doublet due to
a four-bond coupling with the phosphorus atofdefy = 3.4
Hz). This is not the case with the corresponding’$md Gé&’
arrays. In addition, resonances due to all of the pyrfobeetons
<|) on the three P(V) porphyrins of the “all-phosphorus” array P
I
|

are split due to the four-bond coupling with the phosphorus

atoms (basal porphyrin, protons “a” 9.18 ppm (d, 8H5 3.9

Hz); axial porphyrins, protons “d and c/b” 8.89 ppm (m, 12 H)
M =P(V),n=1, M =Ge(lV) or Sn(lV),n=0 and protons “b/c” 8.22 ppm (m, 4H)), Table 1.

C. Electrochemistry. With a view to evaluate energies of

the charge transfer statesc{), which, as will be discussed in
a later section of this paper, are useful quantities in analyzing
the photochemical properties of these arrays, we have carried
out electrochemical investigations with arrays containing pho-
toactive axial subunits (viz., free-base or zinc(ll) porphyrins).
Figure 6 gives the cyclic voltammetric traces obtained for three
representative arrays, and Table 2 summarizes the redox
potential data along with that of the relevant monomeric
analogues. Each array undergoes up to four reduction steps and
up to three oxidation steps in Gal,, 0.1 M TBAP. Wave
analysis suggested that, in general, while the first two oxidation

Figure 5. lllustration of the various types of protons present in the
investigated arrays (see text and Table 1).

at 9.34 ppm. On the other hand, pyrr@lgroton signals of the
axial free-base porphyrins of this trimer are seen to be shifted
to the upfield region (compared to those ogl.Hor H,L?) and
also splitinto a singlet (8.83 ppm (s, 8H)) and a pair of doublets
(8.60 ppm (d, 4H) and 7.89 ppm (d, 4H}li4 = 4.8 Hz). We
analyze that four pyrrolg-protons of the type b and four others
of the type c (both facing the central porphyrin, see Figure 5),
being differently affected by the ring current of the central

metalloid porphyrin, resonate as two separate doublets and thatomd reduction steps are reversibligdipa = 0.9-1.0) and
the remaining eight pyrrolg-protons on the two free bases (type it sjon-controlled fpy/v2 = constant in the scan rate)range

d) resonate as a singtétunder our experimental conditions. 50500 mV/s) one-electron transfeAEp = 60—70 mV; AEp

This analysis intrinsically assumes a symmetric (but not _ g5 4 3 my for ferrocenium/ferrocene couple) reactions, the
necessarily parallel) orientation of the two axial free bases with subsequent steps are, in general, either quasi-reverifle-(

respect to the plane of the central porphyrin ring. The assumption Epc = 90200 mV andipdipa = 0.5-0.8 in the scan ratev)

is consistent with the general symmetry observed ifthiMR range 106-500 mV s%) or totally irreversiblé” An accurate
spectrum and, specifically, with the symmetry observed for the assignment of each redox wave of these arrays to electron
resonances due to protons on the axial aryloxy bridges. While yransfer reaction involving a given constituent porphyrin subunit
protons meta to the “oxo” group (type e) resonate at 6.86 ppm nas been rendered difficult owing to the overlap of the peaks
(d, 4H,J = 7.9 Hz), those ortho to the “oxo” group (type f)  seen in some instances (e.g., voltammogram efx®, Figure
appear at 2.74 ppm (4H) (see the proton connectivity pattern in 6). Nonetheless, on the basis of the redox data of the individual
the 2D NMR spectrum, Figure 4). Interestingly, resonances due monomers, we have attempted to assign the peaks to basal and
to the inner imino protons (type g) of the axial free-base axial porphyrins separately. Analysis of the data given in Table
porphyrins are also shielded and appear at99 ppm (s, 4H), 2 reveals that the electrochemical redox potentials of the hybrid
as compared to the corresponding protons gf+and HL?2, trimers are in the same range as those of their corresponding
both of which resonate at2.71 ppm The protons on the  monomeric analogues. It also reveals that the basal porphyrin
aryloxy bridges and the imino protons thus simultaneously subunits of both (b),P and ZaP are easier to reduce than the
experience the shielding effect of the central porphyrin and the corresponding G¥ and Si analogues, but no peak or peaks

(64) In principle, these protons are also expected to appear as a doublet of(65) Abraham, R. J.; Bedford, G. R.; McNeillie, D.; Wright, Brg. Magn.

doublets. However, given their similar magnetic environments, the Reson198Q 14, 418.
differences in chemical shift and coupling constant are very small, (66) Multinuclear NMR Mason, J., Ed.; Plenum Press: New York, 1987;
causing overlap that can look like a singlet at the employed operating p 369.

frequency of the spectrometer. (67) Nicholson, R. S.; Shain, Anal. Chem 1964 36, 706.
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Figure 6. Cyclic voltammograms of (2P, (H.).Ge, and (H).Sn in
CH,Cl,, 0.1 M TBAP (scan rate= 100 mV s%). Wavelength (nm)
] Figure 7. Fluorescence spectra of equiabsorbing solutions (OR.at
Table 2. Redox Potential Data = 0.14) of the trimers along with those of the corresponding monomers

potential V, vs SCE in CHClo. Aex =405 nm: (a) {) HoLY, (— — —) (H2)2P; (b) () Hal Y,

. - —— T _ =T (— — =) (H2)Ge; and () €) HaLY, (— — =) (H2)2Sn. Aex = 445 nm:
trimer reduction oxidation (MTM'") (M~ M) (@) ) [LYP'OHY]*, (= — —) (Ha)oP: (b) ) [(LYGEY(OH)]",
(H2)oP —O.4fgg.98—1.22 1.031.07 1.49 >3.02 (= — =) (Ha):Ge; and (c) ) [(LYSAY(OH),]*, (— — =) (H2)2Sn.
(H2)Ge —1.17-1.35—-1.60 0.861.191.33 2.01 241 ascribable to the individual monomeric unit of a given array.
(Ha)oSn —1.00 °1.32-1.49 0.93 1.24 193 2.71 However, a careful examination of the WVisible spectra of
ZnP  —0.45-1.03-1.43 074101128 1.19 >3.23 all of the trimers and their constituent monomers investigated
ZnGe —1.12-1.42 0.761.021.14  1.88 2.55 in this study indicated that it is possible to inquire into the

1.35 individual photochemical activities of the basal and the axial

ZnSn —1.04-1.48 065094133 1.69 281 porphyrins by excitation in the Soret band region of the spectra.
aCH,Cl,, 0.1 M TBAP; error limits, Ey, +0.03 V. Quasi- Thus, we chose to excite the basd] BeY, and SH porphyrins

reversible/irreversible. at 445 nm (wavelength at which the axial porphyrins show

. N . . . minimum absorption) and the axial free-base anti @arphyrins

ascribable to the oxidation of the basal units are noticed in the at 405 nm (wavelength at which the basal porphyrins show
v o
V?Itammogrlz:(rins of thesfef: Rirrays. TZ'Sb'S prr]obibh;”due;o thed minimum absorption) during the steady state fluorescence
electron-withdrawing effect exerted by the highly charged, experiments. Representative spectra thus obtained for the three
pentavalent phosphorus ion present in the basal porphyrin units, . o a10ng with the spectra due to the corresponding reference
of thesg arrays: In+dee§, energies otthefossmle charge transfer compounds are given in Figure 7. As seen, excitation at either
;tatesd('l'\;'EC;(MS M )Gand IfECr:(M M’ ™) where MT Ha grf 405 or 445 nm results in quenching of fluorescence fo) M
hn and o .ni gr €)o these Lr_lmers,_ as evaluated from (H2)2Sn, and (H).Ge in comparison with fluorescence from the
the redox potential data, teSt'fY to this conjecture. corresponding individual, unlinked chromophores. In addition,
D. Singlet State Act.|V|ty. Unlike thelcasg with the ground spectra obtained when, especially,4%n and (H),Ge are

state properties descrlt_)ed above, major _d|fferences have lOeeréxcited at 445 nm show the fluorescence having originated from
noticed between the singlet state activities of the arrays andthe free-base porphyririfa = 650 and 720 nm). The case is
thgw correqundlng constituent monomers. Frgr_n the-UV similar to the case of arrays endowed with the axial zinc(ll)
visible data (Figure 2 and Experimental Section) it is clear that, porphyrins, viz., (ZnP, (ZnySn, and (Zn)Ge, in that there is
except for (H)oP, (H):Sn, and (H),Ge, the axial free-base quenching of fluorescence due to both the axial and basal
porphyrins of which are exclusively addressable by excitation porphyrins
at ca. 650 nm, there exists no distinct Q-band that is solely It should be noted here that while there exists a reduction of
(68) Liu, Y. H.. Benassy, MF.: Chojnacki, S.- D'Souza, .. Barbour, T.: fluorescence intensity for each subunit, the spectral shapes and

Blecher, J. W_;Bm)t/},er'sy P J. Iéadish,, K. Morg. Chem1994 33 the wavelengths of maximum emission for the individual

4480. chromophores of these arrays remain close to those due to the
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Table 3. Fluorescence Data

Aem M (@, % Q)°

toluene CHCl, DMF

compd  Aex=405nm  Aex=445nm  Aex=405nm  Aex=445nm  Ae=405nm Aex=445nm  AG!(eV) AG?(eV)

(Ho)P? 657 716 618 669 655 720 620 671 657 722 621 670 —0.45 —0.54
(0.008, 93) (0.015, 88) (0.003, 97) (0.007,94) (0.002,98) (0.008,93)

(Ho)Ge! 658 721 605 658 723 657 718 605 658 720 658 722 625 663 724 0.07 —0.06
(0.034, 69) (0.003, 95) (0.060, 45) (0.027, 73) (0.022, 82) (0.002, 98)

(H2)2Srf 658 721 613 658 720 657 719 613 657 719 656 718 657 720 —0.01 —0.11
(0.020, 82) (0.002, 95) (0.042, 62) (0.010, 79) (0.010, 92) (0.001, 96)

(Zn).P 618 664 619 668 620 660 621 670 621 655 622 672 —0.88 —0.84
(0.016, 50) (0.026, 78) (0.002, 94) (0.005, 96) (0.002, 94) (0.006, 95)

(Zn).Ge 603 655 603 655 602 653 602 653 607 660 608 661 —0.19 —0.19
(0.010, 69) (0.006, 89) (0.006, 83) (0.007, 93) (0.004, 88) (0.004, 96)

(Zn)2Sn 608 656 603 655 610 662 612 662 614 665 613 657 —0.38 —0.35

(0.003, 91) (0.001, 97) (0.003, 92) (0.001, 98) (0.003, 91) (0.001, 96)

aError limits: Aem 2 NM; ¢, £10%.° % Q is defined in eq 1 (see text) AG! is the free-energy change for the electron transfer from the
ground state axial porphyrin to the singlet state central porphfu@?.is the free-energy change for the elctron transfer from the singlet state axial
porphyrin to the ground state central porphyrin (see eqgs 2 and 3 for det@lgmall shoulder around 61€ 10 nm is also noticed for these
trimers when excited at 405 nm.

corresponding monomeric entities. Thus, Eeo (i.e., singlet by other workers. It should be noted here that the use of
state energy) values of the individual components of these arrayscoordinate-covalent bond formation in the construction of
are assumed to be essentially similar to those of their constituentporphyrin oligomers has been well-documented in the litera-
monomer$?® Finally, arrays containing the Y(O), Cd', Ni", ture?*42 and, in addition, while this work was in progress, a
and CU porphyrins were found to be either weakly luminescent report describing the synthesis of novel, axial-bonding “wheel-
or totally nonluminescent under our experimental conditions of and-axle’-type homologous VP porphyrin arrays has ap-
solvents and excitation wavelengths. Singlet state data of eachpeared'!*2Nonetheless, we believe that our approach is quite
photoactive array investigated in the present study are sum-distinct in that it not only provides convenient syntheses of the

marized in Table 3. heterometallic systems but also incorporates the aryloxo spacers
) ) (instead of the alkoxo or “metainitrogen” spacers employed
Discussion previously by othe$—42) between the basal and axial subunits

A. Design.The architecture of the majority of the previously in the architecture of the array®.Indeed, homologous spe-
reported porphyrin arrays can be characterized, in general, bycies such as the “all-phosphorus” array lfas been obtained
two distinctive structural features: (i) the individual porphyrin ~only by the subsequent phosphorus insertion into the hybrid
subunits have been linked to each other at their peripheral (i.e.,(H2)2P"

B-pyrrole and meso) positions, and (ii) free-base porphyrins and B. Ground State Properties. Analysis of the UV-visible,
metalloporphyrins have been employed for building the photo- ESR, and redox potential data suggests the absence of any
chemically active, hybrid-porphyrin oligomers. We reasoned that €xciton coupling between the porphyrin rings in these trimers.
a six-coordinated, bis-axially ligated metalleigorphyrin can UV —visible, ESR, and redox features of the covalently linked
be conveniently employed for the synthesis of “vertically dimeric and oligomeric porphyrins and also noncovalently bound
linked”, homologous porphyrin arrays and that a proper choice Porphyrin aggregates were investigated earlier in great detéi.

of two different porphyrins should result in the formation of For systems characterized by direct metaetal (M—M)
hybrid (unsymmetrical) analogues. Thus, we have recently

demonstrated that photochemically active, “vertically linked” (70) As rightly pointed out by a referee, lability of the axial bonds can be
a concern in this class of compounds and has, indeed, been reported

porphyrin 'Frimers Can be readily CO'nStTCtEd by utilizing the earlier for Sn(IV) porphyrins (e.g.: ref 49). However, the spectral data
axial-bonding capability of Pporphyrins* The present work of the arrays investigated in this study do not suggest any axial bond
has been undertaken to extend the scope of this method and to  dissociation occurring under our experimental conditions. The Sn(IV)

ih ; and Ge(lV) porphyrin based trimers were found to be acid labile.
evaluate the ability of Ge and SH porphyrins to act as the (71) Even R, which contains three phosphorus ions in two different

basal scaffolds. Here, we prQVide dEtai|§ of the design, §¥nth95i5: environments (see scheme a in Figure 1), cannot be considered as a
spectroscopy, electrochemistry, and singlet state activity of a true homologous array. Synthesis of the “all-free-base” homologue is
series of “axial-bonding™-type hybrid porphyrin arrays. In doing clearly outside the scope of this approach.

i 72) Eaton, S. S.; Raton, G. R.; Chang, C. X.Am. Chem. Sod 98
so, we have endeavored to compare the characteristic feature$’? 107 3177. 9 3

of the present arrays with those of the porphyrin oligomers (73) Collman, J. P.; Denisevich, P.; Konai, Y.; Marrocco, M.; Koval, C.;
previously reported by others and to bring out the scope and _ Anson, F.J. Am. Chem. Sod98Q 102 6027.

limitation of our array-building technology. (74) 8!\/|9%ngersen, C.; Subramanian, J.; Fuhrhop, Msl. Phys 1976 3,

Each synthetic step involved during the construction of the (7s5) maiti, N. C.; Mazumdar, S.; Periasamy, N.Phys. Cher1998 102,
arrays investigated in the present study is straightforward and 1528 and references therein.

; ; ; ; (76) Collman, J. P.; Wagenknecht, P. S.; Hutchison, Arigew. Chem.,
provides good yields of the desired products in pure form. A Int. Ed. Engl. 1094 33, 1537 and references therein.

striking difference in our array-building process in comparison (77) ojadi, E.; Selzer, R ; Linschitz, . Am. Chem. Sot985 107, 7783.
with most of the previously reported processes is that we use(78) Thanabal, V.; Krishnan, \d. Am. Chem. Sod.982 104, 3644.

“inorganic reactions” (e.g., axial bond formation, metal/metalloid (79) Nahor, G. S.; Rabani, J.; Grieser, F.Phys. Chem198], 85, 697.

L . . . - - (80) White, W. I. InThe Porphyrins Dolphin, D., Ed.; Academic Press:
ion insertion) instead of the typical organic reactions employed New York, 1978; Vol. 5, Chapter 7.

(81) Cowan, J. A.; Sanders, J. K. M. Chem. Soc., Perkin Tran$987,
(69) Eo—o values of H, Zzn'", PY, SV, and G& porphyrins are 1.94, 2.07, 2395.
2.03, 2.04, and 2.0740.03) eV, respectively. (82) Maiya, B. G.; Krishnan, VIinorg. Chem 1985 24, 3253.
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interactions, it has been observed thatdlandA values in the evaluated using the quantum yield data, eq 1, whitemer)
ESR spectra are drastically altered in comparison with the
corresponding monomeric reference porphyrins. In addition, Q = (¢(ref) — g(trimer))/p(ref) (1)
depending on the strength of MM interaction, aAMs = £2
transition at lower magnetic fields has also been reported in a andg(ref) refer to the quantum yields of a given array and the
few cased?7478Invariance of the andA values in comparison appropriate reference compound, respectively. Whilg-1H
with those of [(L)Cu'] or [(LY)V'V(O)] as well as the nonap-  ([(L%)Zn'"]) has been chosen as the common reference compound
pearance of anAMs = £2 transition in the ESR spectra of  for studies with excitation into the 405 nm bands of,)4R
our trimers are suggestive of the absence of anyNu (ZnoP), (H)2Sn (ZnpSn), and (H).Ge (ZnGe), monomers [(})-
interaction between their constituent subunits. Similarly, various PY(OH),]*, [(LY)SHY(OH),], and [(LY)GeY (OH),] are conceived
types of covalently or noncovalently linked porphyrin dimers to be the appropriate reference compounds for studies carried
(e.g., face-to-face, slipped, etc.) and aggregates (e.g., J, H, angut with excitation into the 445 nm bands of these trimers. The
nonspecific) that are characterized#oy . interaction between 9% Q values thus calculated range between 45 and 98 (Table 3),
the constituent chromophoric units in them have been reportedindicating the participation of additional pathway(s) for the
to show distinct UV-visible and electrochemical properties singlet state decays of the individual subunits of these arrays.
quite different from those of the corresponding monomeric  Various radiative and nonradiative intramolecular processes
analogued>~#2 In particular,Amax ande values of the Q-bands  can be conceived to participate in the excited state decay of
and, more importantly, Soret bands as well as the oxidation andthese novel, hybrid-type, doneacceptor (B-A, in fact, D;—A
reduction potentials of these dimers/aggregates have beeror D—A,) system$2 Among these, an electronic energy transfer
reported to be sensitive to the strength of interaction between (EET) from the central main group element containing porphyrin
the monomericz-planes and geometry of the ensembles. In (M') to the axial free-base/zinc(ll) porphyrin gkZn) and also
contrast, UV-visible and electrochemical properties of the the photoinduced electron transfer (PET) fromZh (ground
trimeric systems reported here are quite similar to those of the state) to the singlet state of the central porphytvi’f and also
monomeric porphyrins forming them. Thus, ESR, B¥sible, that from*H./1Zn to M' seem to be more probable as revealed
and redox data collectively point out that there exists minimum by the thermodynamic considerations based on the redox
interaction between the individual porphyrins in these arrays. potential Ect) and singlet state energ¥d_o) data, Figure 8.
Nonetheless, these data do not provide clues as to the structure$hese considerations have further revealed that the presence of
of the arrays. different metal/metalloid ions inside the constituent porphyrin
On the other hand, several diagnostic features observed insubunits of these arrays serves to readily modulate the efficien-
the NMR spectra of the arrays have been helpful in elucidating cies of the EET and PET reactions.
their gross structures. Specifically, resonance positions and As illustrated in Figure 7 and data given in Table 3, excitation
splitting patterns observed for the pyrrgigarotons of the two at either 405 Aex at which H/Zn absorbs predominantly) or
axial porphyrins and protons of the two aryloxo bridges are 445 nm {ex at which M absorbs predominantly) results in
characteristic of these arrays. These protons simultaneouslyquenching of fluorescence for §En)P, (H/Zn),Sn, and (H/
experience the shielding effect of the central porphyrin and the Zn),Ge in comparison with fluorescence from the corresponding
deshielding effect of the axial porphyrins, suggesting that the individual, unlinked chromophores. In addition, spectra obtained
orientation between the-planes is of the “vertical” type and  when, especially, (5.Sn and (H).Ge were excited at 445 nm
certainly not face-to-face. It is expected that an additive shielding show fluorescence having originated from the free-base por-
effect, as reported for the axial protons of the “wheel-and-axle™ phyrin em{max)= 650 and 720 nm), indicating an intramo-
type porphyrins, should be noticed for any porphyrin ensemble lecular EET in these arrays. The energy transfer efficiency (%
having the “face-to-face” juxtaposition of the interacting mon- EET) follows the order (B)2P (<5%) < (H2)2Sn (68%+ 10%)
omeric subunit4}4276Thus, it seems likely that a symmetrically < (H2).Ge (83%=+ 10%) as evaluated from an overlap of the
disposed vertical (but not necessarily parallel) orientation of the excitation spectra with the corresponding absorption spéttra.
axial subunits is appropriate for our trimers. This interpretation In a similar set of experiments conducted with arrays having
is consistent not only with the results of ESR, YVisible, and zinc(Il) porphyrins as the axial ligands, it was not possible to
redox data discussed above but also with the similar interpreta-evaluate the % EET because of overlap of the bands due to the
tions made earlier for the “vertically” linked porphyrin arrays donor and acceptor chromophofésOn the other hand, ef-
and boxes assembled via coordiratevalent interaction&t42 ficiency of the PET from the ground state axial porphyrins (M
31p NMR spectral data are illustrative of the local environment = H2/Zn) to the singlet manifold of the central porphyrit\(
around the phosphorus ion in phosphorus-containing arrays. The= P> *Sn, or'Ge) that is possible in these arrays can vary as
31p resonances for these arrays occur in a region that is typical(H/Zn):Ge < (H2/Zn)Sn < (H2/ZnkP, a trend which is
of hexacoordinated phosphorus and, moreover, are sensitive to

Al P « » (83) A variety of excited state processes including enhanced internal
the nature of the axial ligands. Ligation by chloro or “oxo conversion and intersystem crossing, ion association (for catiohic P

groups at the axial positions could be readily identified on the porphyrins), excitation energy transfer (EET), photoinduced electron
basis of the’’P NMR data. transfer (PET), etc. can be thought of as being operative in the

. . . quenching of fluorescence observed for these arrays. Indeed, EET has
C. Excited State Properties. The fact that electronic been demonstrated to be operative in the fluorescence quenching

structures of the excited states of the individual subunits in these ~ observed for the triads that are similar in their architecture 18 H
trimers are similar to those of the corresponding monomers is and its derivatives (see ref 40). Currently, there exists no direct or

A - indirect evidence to show the correspondence between the trends
indicated by the observation that shapes of the fluorescence observed for thep values and the extent of ion association, internal

bands andgy—o values of these arrays are not different from conversion, and intersystem crossing in these systems.
those of the unlinked monomeric porphyrins. However, fluo- (84) The % EET values have been obtained from an overlap of the corrected
rescence due to both the basal and axial porphyrins is consider- ~ and normalized excitationén(max) = 720 nm where only blemits)

. . . . spectra with the corresponding absorption spectra as described in our
ably quenched in comparison with that due to the monomeric previous studie&59Such an exclusivéer(max) where only the axial

chromophores. The quenching efficiency valug} ifave been Zn'" porphyrins emit is clearly lacking in 2@e, ZrSn, and ZaP.
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Figure 8. Energies of the singlet and charge transfer states pertaining
to the photoactive arrays investigated in this study.

consistent with the free-energy change for this electron transfer
processAG(M — IM’) (eq 2)8 The values oAG(M — IM’),
AGM — M) = Ec(M"M' 1) —E (M) (2)

as estimated using tHe-r(M M’ ~) (Table 2§° andEyo (M")
data®® range between 0.07 and0.88 eV, Table 3. Thus, the

Giribabu et al.

thermodynamically feasible nor was it experimentally detected
in this study. The PET froriH,/1Zn to the linked M has been
found to be exoergic for each investigated array. The free-energy
change for this PETAG(*M — M’),8% has been estimated using
eq 3.

AG(‘M — M) = (Eci(M™M' 7) = E (M)  (3)

The general dependence pfvalues onAG(*M — M’) and
somewhat on the solvent polarity (see Table 3) suggests that
this might indeed be the case. Overall, the singlet state decays
of the (H/Zn),M’' arrays can be represented as foll6s.

405 nm 1
_—

(MM’ (MM’ = (M)'M’ @
(MM’ =22 MM - (M) (M) ™ (5)
(MM’ “=22 MM == (M) (M) ™ (6)

M =H2 or Zn and M= P, Ge, or Sn

Finally, the hybrid MM' trimers with M other than zinc were
all found to be nonfluorescent, probably due to the presence of
paramagnetic or heavy metal ions in these systems.

Conclusions

In conclusion, a series ofPG€eY, and SH porphyrin-based,
“axial-bonding”-type hybrid trimers have been readily con-
structed by employing a new “building-block” approach. The
approach is modular in nature, and it involves simple “inorganic”
reactions such as axial bond formation of main group element
containing porphyrins and insertion of metal/metalloid ions into
porphyrin cavities. A facile and predetermined modulation of
the redox and photophysical properties of these soluble arrays
can be achieved simply by substituting the porphyrin cavities
with various metal/metalloid ions either during or after the array-
building process. It should be possible to extend this “building-
block” approach and construct higher, branched-chain oligomers.
It should also be possible to synthesize trimers having one
metalloid porphyrin and at least two different metalloporphyrins
(“truly” hybrid trimers) in their architecture. Currently, our
efforts are directed toward the construction of such giant-sized,
multi-metal/metalloid-containing porphyrin arrays.
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nm can be rationalized in terms of the competing energy transfer
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and electron transfer reactions with the electron transfer pathwayset of data on the UVvisible, ESR, redox, and fluorescence charac-

being predominant in theVPporphyrin arrays (see Figure 8).

In contrast, fluorescence quenching observed upon excitation
of these systems at 405 nm seems primarily due to a PET from
1H,/*Zn to the linked M as neither is the energy transfer from
the axial free-base or zinc(Il) porphyrins to the central porphyrin

(85) Note thaEcr(MTM' ™) is susceptible to changes in the solvent polarity
parameters and can influence bat&(M — M') andAG(*M — M’)
values.

teristics. This material is available free of charge via the Internet at
http://pubs.acs.org.

1C990326C

(86) An enhanced intersystem crossing and/or a weak EET (singlet state
energies of Zh and group 14 or group 15 element containing
porphyrins are close to each other) cannot be entirely ruled out. Further
studies inquiring into the detailed photophysical properties of these
trimers by the application of time-resolved techniques are in progress.



