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The effect on the electrochemical oxidation and reduction potentials of 5,10,15,20-tetrakis(benzo-15-crown-5)-
porphyrin (TCP) and its metal derivatives (MTCP; M = Mg(ll), VO(IV), Co(ll), Ni(ll), Cu(ll), Zn(ll), Pd(Il), Ag(ll))
upon potassium ion induced dimerization of the porphyrins was systematically performed in benzonitrile containing
0.1 M (TBA)CIO, by differential pulse voltammetry technique. The HOMO-LUMO energy level diagram constructed
from the electrochemical data revealed destabilization of the HOMO level and stabilization of the LUMO level upon
dimer formation while such a perturbation was larger for the HOMO level than the LUMO level. The geometry and
electronic structure of a representative ZnTCP and its dimer, K4(ZnTCP),, were evaluated by the ab initio B3LYP
method utilizing a mixed basis set of 3-21G(*) for Zn, K, O, and N and STO-3G for C and H. The inter-porphyrin
ring distance of the dimer calculated from the optimized geometry agreed with the spectroscopically determined
one, and the calculated HOMO and LUMO frontier orbitals revealed delocalization on both of the porphyrins rings.
The metal-metal distances calculated from the triplet ESR spectra of the K* induced porphyrin dimers bearing
paramagnetic metal ions in the cavity followed the trend Cu—Cu < VO-VO < Ag—Ag. However, the spectral shifts
resulting from the exciton coupling of the interacting porphyrin 7z-systems revealed no specific trend with respect
to the metal ion in the porphyrin cavity. Additionally, linear trends in the electrochemically measured HOMO-
LUMO gap and the energy corresponding to the most intense visible band of both MTCP and K,(MTCP), were
observed. A reduced HOMO-LUMO gap predicted for the dimer by B3LYP/(3-21G(*), STO-3G) calculations was
confirmed by the results of optical absorption and electrochemical studies.

Introduction the bacterial photosynthetic reaction center and act as
electrocatalysts for a direct four-electron reduction of di-
oxygen to watef.Several covalently and a few noncovalently
linked porphyrin dimers, varying in their distance and

Self-assembled supramolecular metalloporphyrins have
been the subject of increasing investigation because of their

importance as model compounds to mimic biological func- ™" " . |
tions and as materials for constructing electrocatalytic, ©fientation, have been elegantly designed and studied to

electronic, and optical devicésn this regard, porphyrin gnravel_ the distan'ce and orientation fgctorslof the MO
dimers are one of the most widely studied classes of interacting porphyrin macrocycles on their physicochemical

compounds since they mimic the primary donor entity of (2) (a) The Photosynthetic Reaction Cent&eisenhofer, J., Norris, J.
R., Eds.; Academic Press: San Diego, CA, 1993. (b) El-Kobbani, O.;

* Author to whom correspondence should be addressed. E-mail: Chang, C. H.; Tiede, D.; Norris, J.; Schiffer, Miochemistry1991,
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(1956-2004). Eds.; Academic Press: Burlington, MA, 2000; Vol. 1. (e) Chang, C.
(1) Supramolecular Chemistry: Concepts and PerspestiLehn, J.-M., K.; Abdalmuhdi, I.Angew. Chem., Int. Ed. Endgl984 23, 164. (f)
Ed.; VCH: New York, 1995. (bMolecular SwitchesFeringa, B. L., Deng, Y.; Chang, C. J.; Nocer, D. G. Am. Chem. So200Q 122,
Ed.; Wiley-VCH GmbH: Weinheim, Germany, 2001. (ojroduction 410. (g) Collman, J. P.; Wagenknecht, P. S.; Hutchison, Angew.
of Molecular ElectronicsPetty, M. C., Bryce, M. R., Bloor, D., Eds.; Chem., Int. Ed. Engl1994 33, 1537. (h) D'Souza, F.; Hsieh, Y.-Y.;
Oxford University Press: New York, 1995. (Molecular Electronic- Deviprasad, G. RChem. Communl998 1027. (i) Fukuzumi, S.;
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Chart 1. Structure of 5,10,15,20-Tetrakis(benzo-15-crown-5)porphyrin - cofacial anchoring of the porphyridgrown ether appended
(TCP) and Its Metal Derivatives (MTCP) N-confused porphyrin with enhanced face-to-face dimeriza-
tion ability;® a porphyrin-based peptide receptor by Sirish et
al.;¥% an ion-pair recognizing ditopic zinc porphysicrown
ether conjugaté! a series of crown ether-annulated porphy-
rins serving as ion channels by Murashima et% crown-
expanded porphyrin (sapphyrin) acting as a receptor for
concurrent complexation of both anionic and cationic
substances by Sessler et'dlg novel porphyrin covalently
bonded to a redox-active crown ether by Kurreck and co-
workers* a porphyrin-crown ether based co-receptor
molecule by Hamilton et df Several additional studies have

TCP; M=2H also been performed to visualize physicochemical properties
MTCP: M = Mg(t). VOUV). Co(lh. Nift). Cuft). Zn(l). Pd(h. Ag(lh of the porphyrin-crown ether molecular systerist’
#The numbering of the phenyl and ethoxy protons is shown. Understanding the redox behavior of the cation-induced

crown ether appended porphyrin dimer is important since it
provides information about the relative energies of the highest
occupied molecular orbital (HOMO), and the lowest unoc-

cupied molecular orbital (LUMO), as compared to the

monomer entity. In this regard the only study on the

electrochemistry of cation-induced crown ether porphyrin

dimers reported by Maiya and Krishridnvas restricted to

, ) the anodic electrochemistry because of the utilized solvent
reaction and from ESR and ENDOR studies of the Cu(ll) 514 electrolyte medium. As a result, a complete picture of

e :
and VO(IV) metallated porphyrins® The optical and e (ojative HOMO and LUMO energies of the porphyrin
emission properties of the cation-induced supramolecular yiyers could not be obtained. Since such information is the
dimers were found to be different from those of the |y iy the newly emerging field of organic and electrode
monomeric entities. From these studies and from space-fllll_ng materials, especially for the development of nanodevices
molecular modeling it was concluded that the two porphyrin through self-assembled supramolecular structbi#és,this

rings in the dimer are stacked through a common Symmetry gy, 4y \we have re-investigated the electrochemical behavior
axis no;r_r;al to the planes, with an interplanar distance of of cation induced crown ether porphyrin dimers by choosing
N4'.2 A i . asolvent and electrolyte medium that enables both the anodic
Since the first report on crown ether appended porphyrins 5y cathodic electrochemistry of both the porphyrin mono-
in 19827 different types of crown ether appended porphyrins o5 and dimers to be probed. Here, the free-base porphyrin,
varying in the size and position of the crown ether cavities TCP, and its Mg(ll), VO(IV), Co(ll), Ni(ll), Cu(ll), Zn(ll),

and, in some instance_s, having additional peripheral sgbstit-Pd(”), and Ag(ll) metal derivatives were synthesized and
uents on the porphyrin ring have been elegantly des'gm'ldstudied to visualize the effect of the metal ion in the

and studied by various research grofipSinteresting Sensor v rin cavity. In this metalloporphyrin series, the Pd(ll)
and patalyuc apphcauqns havg also been sought from theseand Ag(ll) crown ether appended porphyrins had not been
studies. Some of the interesting examples of crown ether i sy investigated. Additionally, the structure and
appended porphyrlns.mclude the following: asupramolecular electronic properties of the crown ether zinc porphyrin
cup-and-ball porphyrift Ceo donor—acceptor conjugate re- o ,homer and cation complexation induced zinc porphyrin
ported by Solladie et dl.f_or the study of light-induced  qi\ar were modeled by ab initio B3LYP/(3-21G(*), STO-
electron transfer; a bis(pyridyl) crown-capped porphyrin for 3y methods. The computed parameters were compared with

propertieg® Among the noncovalently linked porphyrin
dimers, the dimers formed by cation {(KNH,*, Cs', B&*)
complexation of 5,10,15,20-tetrakis(benzo-15-crown-5)por-
phyrin (TCP) and their metal derivatives (MTCP), synthe-
sized by Thanabal and Krishnan, are one of the attractive
classes of compounds (Chart*f)The structure of the dimers
were deduced from the stoichiometry of the dimerization

(3) Thanabal, V.; Krishnan, VJ. Am. Chem. Sod 982 104, 3643. (16) (a) Langford, S. J.; Lau, V.-V.; Lee, M. A. P.; Lygris, E.Porphyrins

(4) Thanabal, V.; Krishnan, Mnorg. Chem 1982 21, 3606. Phthalocyanine2002 6, 748. (b) Shinmori, H.; Yasuda, Y.; Osuka,

(5) van Willigen, H.; Chandrashekar, T. B. Am. Chem. Sod986 108 A. Eur. J. Org. Chem2002 7, 1197. (c) Sirish, M.; Chertkov, V. A.;

709. Schneider, H.-JChem—Eur. J. 2002 8, 1181. (d) Duggan, S. A.;
(6) Chandrashekar, T. K.; van Willigen, H.; Ebersole, MPhys. Chem Fallon, G.; Langford, S. J.; Lau, V.-L.; Satchell, J. F.; Paddon-Row,
1985 89, 3453. M. N. J. Org. Chem 2001, 66, 4419. (e) Shinmori, H.; Osuka, A.

(7) Solladie, N.; Walther, M. E.; Gross, M.; Duarte, F.; Teresa, J.; Tetrahedron Lett200Q 41, 8527. (f) Michaudet, L.; Richard, P.;

Bourgogne, C.; Nierengarten, J.-€hem. Commur2003 2412. Boitrel, B. Tetrahedron Lett200Q 41, 8289. (g) Iwata, S.; Suzuki,

(8) Ruzie, C.; Michaudet, L.; Boitrel, Bletrahedron Lett2002 43, 7423. N.; Shirakawa, M.; Tanaka, KSupramolecular Cheni999 11, 135.

(9) Shinmori, H.; Furuta, H.; Osuka, Aetrahedron Lett2002 43, 4881. (17) (a) Diskin-Posner, H.; Krishna Kumar, R.; Goldberdjyéw. J. Chem
(10) Sirish, M.; Schneider, H.-Lhem. Commur999 907. 1999 23, 885. (b) Gunter, M. J.; Jeynes, T. P.; Johnston, J. R.; Turner,
(11) Kim, Y.-H.; Hong, J.-1.Chem. Commur2002 512. P.; Chen ZJ. Chem. Soc., Perkin Trans.1B98 1945. (c) Gibney,
(12) Murashima, T.; Uchihara, Y.; Wakamori, N.; Uno, H.; Ogawa, T.; B. R.; Wang, H.; Kampf, J. W.; Pecoraro, V. L.; Willard, Hhorg.

Ono, N.Tetrahedron Lett1996 37, 3133. Chem 1996 35, 6184. (d) Krishnan, V.; Batova, E. E.; Shafirovich,
(13) Sessler, J. L.; Brucker, E. Aetrahedron Lett1995 36, 1175. V. Y. J. Photochem. Photobiol., 2094 84, 233. (e) Kral, V.; Pankova,
(14) Sun, L.; von Gersdorff, J.; Niethammer, D.; Tian, P.; Kurreck, H. M.; Guenterova, J.; Belohradsky, M.; Anzenbacher, P.,Clrem.

Angew. Chem., Int. Ed. Engl994 33, 2318. Commun 1994 59, 639. (f) Gunter, M. J.; Johnston, M. R.
(15) Hamilton, A.; Lehn, J. M.; Sessler, J. 1. Am. Chem. Sod 986 Tetrahedron Lett1992 33, 1771.

108 5158. (18) Maiya, G. B.; Krishnan, VInorg. Chem 1985 24, 3253.
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Table 1. UV—Visible Absorption Data on Crown Ether Appended Porphyrins and Their Potassium lon Induced Dimers

ionic Soret
radius, band, Q-bands, AVsores AWyisibles
compd Aa nm nm cmt cmt
TCP 429.4 521.4,559.1,
595.4, 654.0
TCP+ K™ 414.0 521.4,569.4, 871 323
602.7, 662.6

MgTCP 0.71 434 569, 610
MgTCP+ K* 419 573,615 854 105
VOTCP 0.67 437.0 553.6, 593.0
VOTCP+ K™ 428.6 564.6, 616.5 452 352
CoTCP 0.72 423.0 534.0
CoTCP+ K+ 411.0 538.5 692 156
NiTCP 0.63 426.0 532.6
NiTCP+ K+ 412.0 539.1 799 227
CuTCP 0.71 426.0 543.5, 583.0
CuTCP+K* 414.5 551.6, 589.0 649 267
ZnTCP 0.74 434.0 561.0, 603.0
ZnTCP+ K+ 417.0 562.1, 602.0 940 36
PdTCP 0.78 426.5 528.0, 563.5
PATCP+ K™ 416.0 535.5,571.0 588 264
AgTCP 0.93 436.5 546.0, 583.5
AgTCP+ K* 426.0 554.0, 593.0 566 266

aFrom ref 23.° Spectral shift calculated for the 559.1 nm of TCP and 594.5 nm of FQP" complex.

that obtained from electrochemical, optical absorption, and

ESR methods.

Experimental Section

The reagents used in the syntheses work were of reagent grad

quality from Aldrich (Milwaukee, WI). Benzonitrile (in sure seal
bottle), potassium tetrakis(4-chlorophenyl)borate (Aldrich), and
tetrabutylammonium perchlorate, (TBA)GJQ-luka), were utilized

for both electrochemical and spectral investigations. The synthese

of TCP and MTCP were carried out according to literature
procedure* with some modifications. All of the compounds were

freshly purified prior to the spectral and electrochemical measure-

ments using chromatography methods.

Syntheses of Crown Ether Appended Free-Base Porphyrin
and Metalloporphyrins. 4'-Formylbenzo-15-crown-5 (1).The title
compound was synthesized according to Hyde & Bhosphoryl
chloride (1.22 mL, 2.042 g, 0.0133 mol) was added Ne
methylformanilide (1.643 mL, 1.8 g, 0.0133 mol), and the resulting

mixture was stirred for 20 min. Benzo-15-crown-5 (1.7 g, 0.00634

mol) was then added, and the mixture was stirred &®€or 4 h.

The resulting dark brown mixture was cooled and extracted in
chloroform. The chloroform was removed under reduced pressure,
and the residual brown oil in ethanol solution (5 mL) was added to

a solution of NaHS®(10 g, 0.96 mol) in a mixture of water (50

mL) and ethanol (40 mL). The resulting solution was warmed and
stirred to obtain the sodium hydrogen sulfite adduct of the product
as a heavy white precipitate. The precipitate was collected and

suspended in a mixture of water (12 mL) and chloroform (6 mL)
at 0°C, and concentrated 30, (12 mL) was added carefully to

the stirred suspension until all the solid had dissolved. The
chloroform layer was separated, the aqueous layer was extracte
with chloroform, and the combined extracts were evaporated under
reduced pressure. The resulting oil was dissolved in a boiling

mixture of 2-propanol and light petroleum. The required product
was crystallized on cooling. Yield~50%.*H NMR in CDCl; (9,
ppm): 9.83 (s, 1H), 7.427.47 (d,d, 1H), 7.38 (d, 1H), 6.94 (d,
1H), 4.23-4.18 (m, 4H), 3.96-3.89 (m, 4H), 3.79-3.74 (m, 4H).

(19) Hyde, E. M.; Shaw, B. L.; ShepherdJ.. Chem. Soc., Dalton Trans
1978 1696.

5,10,15,20-Tetrakis(benzo-15-crown-5)porphyrin, TCP (2).
This was synthesized according to Thanabal and Krishnéth
some modifications. A mixture of 4ormylbenzo-15-crown-5 (600
mg, 2.1 mmol) and pyrrole (166.9 mg, 2.1 mmol) in refluxing

é)ropionic acid was refluxed for 3 h. The crude product was purified

on a basic alumina column with chloroform as eluent. Yiel8%.
IH NMR in CDCl; (6, ppm): 8.88 (s, 8Hj-pyrrole-H), 7.78-
7.68 (m, 8H, a,b-phenyl-H), 7.2 (d, 4H, c-phenyl-H), 44638
(m, 8H, 1 ether-H), 4.34.24 (m, 8H, 1ether-H), 4.13-4.06 (m,

S8H, 2 ether-H), 3.983.93 (m, 8H, 2ether-H), 3.92-3.82 (m, 32H,

3,3,4,4 ether-H),—2.78 (s, br, 2H, imino-H). See Table 1 for BV
vis data in benzonitrile.

ZnTCP (3). The free-base porphyri@ (20 mg, 0.015 mmol)

was dissolved in CHGK10 mL), a saturated solution of zinc acetate
in methanol was added to the solution, and the resulting mixture
was refluxed for 2 h. The course of the reaction was followed
spectrophotometrically by monitoring the disappearance of the 521.5
nm band of TCP. At the end, the reaction mixture was washed
with water and dried over anhydrous J$&,. Chromatography on
basic alumina column using CHLClas eluent gave the title
compound. Yield: 18 mg, 0.013 mmol, 90%1 NMR in CDClz
(6, ppm): 8.96 (s, 8H3-pyrrole-H), 7.74-7.66 (m, 8H, a,b-phenyl-
H), 7.12 (d, 4H, c-phenyl-H), 4.324.22 (m, 8H, 1 ether-H), 4.13
3.98 (m, 8H, 1ether-H), 3.92-3.89 (m, 8H, 2 ether-H), 3.74
3.38 (m, 40H, 23,3,4,4 ether-H). See Table 1 for UWvis data
in benzonitrile.

NiTCP (4). This compound was prepared by reactgvith
nickel(ll) acetate according to the general procedure outlined above
for ZnTCP(2). Yield: ~95%.H NMR in CDCl; (6, ppm): 8.78
(s, 8H, p-pyrrole-H), 7.3-7.21 (m, 8H, a,b-phenyl-H), 7-27.12

G(m, 4H, c-phenyl-H), 4.424.36 (m, 8H, 1 ether-H), 4.244.18

(m, 8H, 1 ether-H), 4.+4.05 (m, 8H, 2 ether-H), 3.973.91 (m,
8H, 2 ether-H), 3.9-3.8 (m, 32H, 3,34,4 ether-H). U\V-vis in
benzonitrile §max, NmM): 426 and 532.5.

PdTCP (5). This compound was prepared by reactidgvith
palladium(ll) acetate according to the general procedure outlined
above for ZnTCK2) followed by chromatographic purification on
basic alumina column. Yield:~70%. 'H NMR in CDCl; (o,
ppm): 8.85 (s, 8HpB-pyrrole-H), 7.74-7.64 (m, 8H, a,b-phenyl-
H), 7.21(d, 4H, c-phenyl-H), 4.474.4 (m, 8H, 1 ether-H), 4.27
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4.21 (m, 8H, 1ether-H), 4.144.07 (m, 8H, 2 ether-H), 3.98
3.93 (m, 8H, 2ether-H), 3.92 (m, 32H, 3,3,4 ether-H). See Table
1 for UV—vis data in benzonitrile.

COoTCP (6). This compound was prepared by reactihgvith
cobalt(Il) acetate followed by chromatographic separation on a basic
alumina column using CHglas eluent. Yield:~90%.'H NMR
in CDCl; (9, ppm): 16.5-15.6 (s, br, 8Hj-pyrrole-H), 13.2-12.4
(m, 8H, a,b-phenyl-H), 9.4 (s, 4H, c-phenyl-H), 55652 (m, 8H,

1 ether-H), 5.55.6 (m, 8H, 1ether-H), 5.6-4.56 (m, 8H, 2 ether-
H), 4.52-4.15 (m, m, 40H, 23,3,4,4 ether-H). See Table 1 for
UV —vis data in benzonitrile.

AgTCP (7). This compound was prepared from porphy2iand
silver(ll) acetate according to the procedure outlined above for ' 850
ZnTCP (2). Yield: ~80%. See Table 1 for U¥vis data in Wavelength (nm)
benzonitrile. ' ' ) .. N

CuTCP (8). This compound was prepared from porphyziand Eg;éﬁzl(;niﬁﬁ:cgf :L?anpigﬁg;)ae?;t(gr:gTCP and (1) AgTGPK complex
copper(ll) acetate according to the procedure outlined above for
ZnTCP (2). Yield: ~85%. See Table 1 for UWvis data in this solvent provides good spectral coverage {2BD00 nm)
benzonitrile. and a good potential windowH2 to —2 V) to probe both

VOTCP (9). This compound was prepared by refluxing VOSO  anodic and cathodic electrochemistry and forms a fairly good
and porphyrin2 in DMF under N for 30 h? The progress of the glass matrix at low temperatures for ESR measurements.
reaction was followed spectrophotometrically. The metalated Additionally, the investigated porphyrins and the potassium
derivative was purified by using a basic alumina column. Yield: salt utilized to induce dimerization of the crown ether
~80%. See Table 1 for UVvis data in benzonitrile. . . .

MgTCP (10). This was prepared according to a general porphyn_ns, potassmm tetrakls(4-chIorophenyl_)borate,_are
procedure developed by Lindsey and Wood#8fdr Mg porphyrin ;olublg in this solvent. Hence, al! of the phyS|c_:ochem|caI
synthesis. A sample of 10 mg (0.00727 mmol) of TCP was Investigations could be performed in one convenient solvent/
dissolved in 10 mL of CCl,. Then 0.0405 mL (0.2908 mmol) of ~ €lectrolyte medium.
triethylamine was added followed by 37.55 mg (0.1454 mmol) of UV —Visible Spectral Studies.The optical absorption
MgBr,-O(Et). The mixture was stirred for 20 min at room  spectra of the synthesized crown ether porphyrin and its metal
temperature. The course of the reaction was monitored by absorptionderivatives exhibited the characteristic Soret and visible
spectroscopy. The mixture was diluted with 20 mL of £H, bands. Addition of potassium tetrakis(4-chlorophenyl)borate
washed with 5% NaHC@and dried over anhydrous b&0;, and induced dimerization of the crown ether porphyrins, accord-
the filtrate was evaporated. Chromatography on basic aluminaing to eq 1, revealed by the red shifted visible bands and
column with CHC} as eluent yielded residual TCP. Elution with blue shifted Soret band as a result of exciton coupting
ethyl acetate methanol (95:5) yielded a greenish pink fraction of _. . )

Figure 1 shows the representative spectral changes observed

the desired compound. Yield~80%. 'H NMR in CDCl; (9, . .
ppm): 8.96 (s, 8Hp-pyrrole-H), 7.74-7.55 (m, 8H, phenyl-H) in the case of AQTCP in the absence and presence of added

Absorbance

7.12 (d, 4H, phenyl-H), 454.3 (m, 8H, ether-H), 4.254.0 (m, potassium salt, while Table 1 lists the optical data for all of
8H, ether-H), 3.953.8 (m, 8H, ether-H), 3:83.6 (m, 40H, ether- the investigated monomers and potassium ion induced
H). See Table 1 for UWvis data in benzonitrile. dimers. The dimerization-induced spectral shift in"érof

Instrumentation. The UV—visible spectral measurements were the Soret, the most intense visible band, and the radii of the
carried out with a Shimadzu model 1600 BVisible spectropho- metal ion in the porphyrin cavity are also listed in Table 1.
tometer. The!H NMR studies were carried out on a Varian 400 |t may be mentioned here that the binding constat,

MHz spectrometer. Tetramethylsilane (TMS) was used as an reported earlier for the dimerization reaction wa$0?? L5
internal standard. Cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) were recorded on a EG&G model 263A (20) Lindsey, J. S.; Woodford, J. Nnorg. Chem 1995 34, 1063.
potentiostat/galvanostat using a three-electrode system. A platinum(21) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
button or glassy carbon electrode was used as the working electrode. M- A Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,
) . K. M.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone,
A platinum wire served as the counter electrode, and Ag/AgCl or V.: Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G.
Ag/AgT was used as the reference electrodes. A ferrocene/ A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.;
ferrocenium redox couple was used as an internal standard for the ~ Hasegawa, J.; Ishida, M.; Makajima, T.; Honda, Y.; Kitao, O.; Makal,
measured redox potentials. All the solutions were purged prior to zdaKmlg?%.;Mjérlghq?l(lé,KJr.];O)c(s'an'qri}t:rg.c;hé?pa{tgér?ﬁ: g.roéls;’g]éz?,'e’y’
electrochemical measurements using nitrogen gas. The ESR spectra  O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. E.; Ayala, P.

were recorded on a Bruker X-band spectrometer at 120 K. Y.; Morokuma, K.; Voth, G. A.; Salvador, P.; Dammenberg, J. J.;
Zakrzewski, V. G.; Kapprich, S.; Daniels, A. D.; Strain, M. C.; Farks,

The compqtatlonal czlallculatlons were performgd with the GAUSS- 0.: Malick, K. D. Rabuck, A. D.. Raghavachari, K.; Foresman, J.
IAN 03 (revision B-04¥* software package on high-speed comput- B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, D. J.; Ciosloski, J.;
ers. The graphics of HOMO and LUMO coefficients were generated Stefanoy, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
with the help of GaussView-03 software. Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.;

Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
. . W.; Wong, M. W.; Gonzalez, C.; Pople, J. Saussian 03revision
Results and Discussion B-04; Gaussian, Inc.: Pittsburgh, PA, 2003.

. . - (22) (a) Kasha, M.; Rawls, H. R.; EI-Bayoumi, M. Rure Appl. Chem
In this study, we have utilized benzonitrile as the solvent 1965 11, 371. (b) Ribo J. M.: Bofill, J. M.. Crusats, J.. Rubires, R.

of choice for both spectral and electrochemical studies since  Chem—Eur. J. 2001, 7, 2733.
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Figure 2. Plot of dimerization-induced spectral shifty, cm™2, vs ionic
radii, A, of the central metal ion of the investigated crown ether appended
porphyrins for the Soret) and the most intense visibl@®@) bands.

-0.320 eV -0.320 eV
mol~534 indicating very stable supramolecular complex
formation. ,7
2P+ 4K" — (KN),(P), 1)
An examination of the data in Table 1 suggests that the #: ¥, %
observed blue shift of the Soret band varies between 454  HoMO h( X oMo
and 939 cmt! and compares with a 123817 cn?! red shift -3.332eV -3.472 eV

of the most intense visible band (excluding free-base TCP) Figure 3. (a) Ab initio B3LYP/(3-21G(*), STO-3G) optimized structure
i ; i of ZnTCP. (b) B3LYP/(3-21G(*), STO-3G) calculated coefficients of the

of Fhe myes_ngate_Q series Of. compounqls_,. Aplot of the spectral ZnTCP frontier LUMO, LUMO+1, HOMO, and HOMO-1 orbitals.

shift vs ionic radii resulted in no specific trends and yielded

an almost horizontal line (Figure 2) suggesting & minimum , ;yational method has also predicted the geometry of the
influence on the spectral shifts. These results suggest thatgejt 4ssembled supramolecules formed either by coordination
to a large extent, the spectral shifts are independent of thebond, hydrogen bond, or complimentary base-pairing in

metal ion in the porphyrin cavity and more likely are oious studied The presently investigated cation-induced
governed by the inter-ring distance between the two interact- ..own ether appended porphyrin dimerization presents

ing porphyrinzz-macrocycles which in turn is controlled by 5 qher interesting example to verify the validity of this low-
the four potassiumbis(crown ether) complexes (vide infra).  |ayel ab initio computational procedure to predict the

_ Ab Initio DFT Computational Studies. To gain insight  goometry and electronic structure of large supramolecular
into the geometry and electronic structure of MTCP and complexes investigated here.

K(MTCP),, computational studies were performed on a Figure 3 shows the optimized structure of the ZnTCP
representative Z.nTCP and its cgtion-inquced dimer, monomer and the four Gouterman’s frontieforbitals. In
K“(ZnTC.P)Z' by using th? B3LYP densmifunctlonal method the present calculations, the porphyrin monomer and dimer
F\IDaFtT))mV!t:n?j rg$<gd3léa(s)|§ ée;r?:; iﬁc?n(]s) (I)Fsﬁ?)’u'lfj’ t())é r?g'ga d were optimized to a stationary point on the Be@ppen-

. . . . "
here that the (*) portion of the 3-21G(*) basis set nomen- heimer potential energy surface at the B3LYP/(3-21G(*),
clature is indicative of the fact that d type polarizing functions ;3) shannon, R. Dacta Crystallogr 1976 A32, 751.
are not placed on period | atoms. Thus, in the investigated (24) (a) D'Souza, F.; Zandler, M. E.; Deviprasad, G. R.; Kutner, J.
monomer and dimer, only zinc and potassium ions have the ~ EMWs. Chem. lis%ﬂalsgﬁ qser. (Abr)kg’@oﬁz_a,':uﬁigafgdﬁr} |t'\g',JcE>';

d type polarizing functions. DFT methods were chosen over  phys. Chem. /2002 106, 649. (c) Zandler, M. E.: Smith. P. M.;
the Hartree-Fock (HF) or semiempirical AM1 or PM3 Fujitsuka, M.; Ito, O.; D’Souza, K. Org. Chem2002 67, 9122. (d)

. . Marczak, R.; Hoang, V. T.; Noworyta, K.; Zandler, M. E.; Kutner,
(PM5) methods since recent studies performed by us on v p'Souza, F.J. Mater. Chem2002 12, 2123. () D'Souza, F.;

several porphyrin and fullerene bearing molecular and Deviprazad.k G. R.; Zandler, I\I/I E IHoang, V. T Iﬁlykov, A
_ VanStipdonk, M.; Perera, A.; El-Khouly, M. E.; Fujitsuka, M.; Ito.
supramolecular systems have revealed that the BBLYP_/3 0. J. Phys. Chem. 2002 106 3243. (f) D'Souza, F.: Deviprasad,
21G(*) method predicts both geometry and electronic G. R.; Zandler, M. E.; El-Khouly, M. E.; Fujitsuka, M.; Ito. Q.
structure better than other methddslsing this method, we Phys. Chem. 2003 107, 4801. (g) El-Khouly, M. E.; Rogers, L.
M.; Zandler, M. E.; Suresh, G.; Fujitsuka, M.; Ito, O.; D'Souza, F.
successfully correlated the computed HOMO and LUMO of ChemPhysCher2003 4, 474. (h) D'Souza, F.; Smith, P. M.; Zandler,

the molecular/supramolecular systems to the sequence of the gﬂdoi-:lhgg%asr;)g ?’)Lb; étou, MF Arsaki,_tp](.;F!toMOé ﬁré\. Csherl\r}l. (S:oct
. . . (! 'Souza, F.; Smith, P. M.; Gadde, S.; Mc arty,
site of electron transfer as determined by electrochemical A, L. Kullman, M. J.: Zandler, M. E. Itou. M.. Araki, ¥ - Ito, O,

and spectroelectrochemical methods. Additionally, this com- Phys. Chem. 2004 108 11333.
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STO-3G) level. No symmetry was imposed. Optimization

at the low level was needed in this study because of the large

size of the investigated compounds exceeded the orbital
limitation of the GAUSSIAN-03 (revision B-04) program
used on our Windows PCs. In the optimized structure, the
porphyrin ring of the ZnTCP monomer was almost flat with
the zinc ion at the center of the ring while the four
15-crown-5 entities were distorted due to the nonlinear
geometry of the ethylene oxide groups (Figure 3a). The
HOMO and HOMO-1 of the porphyrin ring were@and

ay, type, respectively (unddd4, geometry of the porphyrin
ring); that is, for the HOMO the majority of the orbital
coefficients were on the four nitrogens anmtksocarbons
while, in the HOMO-1, the orbital coefficients were on the
o- andf-pyrrole carbon atoms of the porphyrin ring (Figure
3b)2> The HOMO was also extended to some extent on the
benzo-15-crown-5 entities. The LUMO and LUMQ were
degenerate orbitals, in which the majority of the orbital
coefficients were on the porphyrim-system. The B3LYP/
(3-21G(*), STO-3G) calculated HOMOGLUMO energy gap
was found to be 3.025 eV.

The tube and space-filling views of the optimized structure
of the potassium cation induced ZnTCP dimey(Z0TCP),
are shown in Figure 4. In this structure, the two porphyrin
rings are stacked with a ZrZn distance of 3.9 A and inter-
ring N—N distance of 4.2 A. The two porphyrin rings lying
on top of each other were found to be rotated with respect
to one another with NZn—Zn—N dihedral angle of 8.9
Earlier, a 16-45° rotation was envisioned by a CPK space-
filling model for a necessary accommodation of the cations
in the lateral positiot. The structure of the potassium ion
complexed bis(benzo-15-crown-5 entities were found to be
close to that of the structure of potassium bis benzo-15-
crown-5) complex reported in the literatli#®That is, the
non-coplanar 15-crown-5 entities become almost coplanar
upon binding to potassium. The inter-ring distance between
the two crown ether entities was found to be 3.5 A and
compares with a value of 3.4 A found in the crystal structure
of a potassium bis(benzo-15-crown-5) compiéx.

Interestingly, the calculated HOMO'’s and LUMOQO's for
the cation-induced dimer were attorbitals and degenerate
(Figure 4b,c). As predicted for the closely interacting
m-systems/ the orbital coefficients were nearly equally
localized over both of the porphyrin rings. Such a prediction
of delocalization of the frontier orbitals on both of the
porphyrin macrocycles is an important observation for
understanding the electrochemical behavior of the cation-
induced MTCP dimers (vide infra). The B3LYP/(3-21G(*),
STO-3G) calculated HOMOGLUMO energy gap for
K4(ZnTCP) was found to be 3.007 eV.
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(a) Tube and space-filling models of the ab initio B3LYP/(3-
21G(*), STO-3G) optimized structure of potassium ion induced ZnTCP
dimer, Ky(ZnTCP}. (b) and (c) represent B3LYP/(3-21G(*), STO-3G)
coefficients of the frontier LUMO, LUMG-1, LUMO+2, LUMO+3,
HOMO, HOMO—1, HOMO-2, and HOMG-3 orbitals of the dimer.

Figure 4.

ESR Studies ESR spectroscopy has been widely utilized
for characterizing paramagnetic metalloporphyrins, porphyrin
m-cation, ands-anion radical specie®. The existence of
metal-metal interactions between the two paramagnetic
centers of the porphyrin dimers and aggregates has been
studied by using this technique. Earlier, the monomers and
cation-induced dimer species of CuTCP and VOTCP were
characterized by ESR and ENDOR techniqtiés:rom these
studies, the C4#Cu and V-V distances measured were
found to be~4.2 and~4.7 A, respectively. The greater
distance in the VOTCP dimer was attributed to the displace-
ment of V from the plane of the porphyrin by0.3 A as
revealed by the X-ray structural studies of vanadyl tetraphe-
nylporphyrin?® In this study, we have characterized the newly
synthesized paramagnetic complex, AQTCP, and its potas-
sium ion induced dimer by ESR technique. For comparison

(25) Gouterman, MThe Porphyrins Dolphin, D., Ed.; Academic Press:
London, 1978; Vol Ill, pp +165.

(26) Mallinson, P. R.; Trutter, M. Rl. Chem. Soc., Perkin Trans1872
1818.

(27) (a) Foresman, J. B.; Frisch, Exploring Chemistry with Electronic
Structure MethodsGaussian Inc.: Pittsburgh, PA, 1993. (b) Hehre,
W. J.; Shusterman, A. J.; Nelson, J. Ehe Molecular Modeling
Workbook for Organic ChemistryWavefunction, Inc.: Irvine, CA,
1998.
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(28) (a) Manoharan, P. T.; Rogers, M. T. lectron Spin Resonance of
Metal ComplexesYen, T. F., Ed.; Plenum Press: New York, 1969.
(b) Subramanian, J. IRorphyrins and MetalloporphyrinsSmith, K.
M., Ed.; Elsevier: Amsterdam, 1975; Chapter 13. (c) Fajer, J.; Davis,
M. S. The Porphyrins Dolphin, D., Ed.; Academic Press: London,
1978; Vol. IV, Chapter 4. (d) Sato, M.; Kwan, Bull. Chem. Soc.
Jpn 1974 47, 1353. (e) Gale, R.; McCaffery, A. J.; Rowe, M. D.
Am. Chem. Sod 961 83, 1607.

(29) Chasteen, N. D.; Belford, R. Ilnorg. Chem 197Q 1, 169.



Metalloporphyrin Dimers from Cation Complexation
f structures were observed. The calculage@lues were close
(a) wﬂ to the monomer, suggesting the structure of the dimer is
—_ \J ‘ similar to that of the monomer. To our knowledge this is
Uu the first triplet EPR spectrum of a silver porphyrin dimer.

The measured zero field splitting parameter,was found

to be 256 G for K(AgTCP), which was lower than that

obtained for either of WCuTCP) (D = 387 G) or
PR S T T T K4(VOTCP) (D = 301 G) under similar experimental

2850 3000 3150 3300 3450 3600 conditions. TheD values were utilized to evaluate the
distance between the two interacting paramagnetic metal ions
b) according to eq 2°

R=[3/4g?6%(1 — co$ 6/D)]** ~ (0.655%D)**  (2)

The measured MM distances for (CuTCP), K4(VOTCP),
and Ky(AgTCP), were found to be~4.2, ~4.4, and~4.8
A, respectively (Table 2). A higher distance between the
L interacting Ag-Ag ions is conceivable since X-ray crystal-

2800 3000 3200 3400 3600 lographic studie® of Ag porphyrin have shown that the Ag
Magnetic Field, G ion is out of the plane of the porphyrin ring. In this context
Figure 5. ESR spectra of (a) AgTCP and (b) AgTGPK* complex in it may be mentioned that the Cu in Cu porphyrin is almost
benzonitrile at 120 K. at the center of the ring while the V in VO porphyrin is out

of plane by~0.3 A and, hence, the trend in the-\NY
distances. It is interesting to note that the optical absorption
spectral studies revealed no specific trends in their spectral
shifts with respect to the metal ion radius while the-M
distances measured from ESR were found to be sensitive to
the metal ions. As pointed out earlier, in the dimers held by
spins ( = Y,) and with the four nitrogens of the porphyrin fqur potassium bis(15.-crown-5) complexe.s,.the inter-ring
ring. Theg values were calculated according to literature Q|stance and the resulting spectral shifts (originated from the

methods® The spectral behavior for CUTCP and VOTCP ring ——o transitions) are fairly constant, and the influence
were found to be similar to that reported earlier in a toluene ©f the central metal ion in the porphyrin cavity is minimum.

matrix3-6 That is, they displayed two sets of spectral features Electrochemical Studies.The electrochemical behavior
Corresponding to the para”el and perpendicular a"gnment of the MTCPs and their cation-induced dimers was inves-
of the metalloporphyrin with an axial symmetry (see Sup- tigated using both cyclic voltammetry (CV) and differential
porting Information for spectra). Trgand nuclear hyperfine ~ pulse voltammetry (DPV). The peak currents and peak
constants calculated according to literature metkodse pOtentials were found to be better defined in DPV than in
given in Table 2 and were found to be not significantly CV experiments. Hence, in the present discussions the DPV
different from the literature valugs® results are utilized. Figure 6 shows representative DPVs for
The ESR spectrum of XAgTCP), obtained by the the monomer and potassium cation induced dimers in
addition of potassium tetrakis(4-chlorophenyl)borate to the benzonitrile, 0.1 M (TBA)CIQ. The peak potentials and the
AgTCP benzonitrile solution is shown in Figure 5b while €lectrochemically calculated HOME&LUMO gaps, that is,
the spectra of KKCUTCP) and K,(VOTCPY), are shown in the potential difference between the first oxidation and
the Supporting Information. The spectral features for all of reduction, are given in Table 3.
the dimers were characteristic of a triplet state with an axial A large irreversible anodic wave was observed for all of
symmetry. Half-field signals corresponding to thés = the investigated MTCPs upon scanning the potential beyond
+2 transitions were also observed. In the case AT CP), the first oxidation, presumably due to the oxidation of the
the high-field of the parallel component was superimposed crown ether entities. Independent experiments performed on
on that of the perpendicular components. No hyperfine benzo-15-crown-5 also revealed such an irreversible anodic

purposes, the CuTCP and VOTCP and their dimers in
benzonitrile solvent were also studied.

Figure 5a exhibits the ESR spectrum of AgTCP in
benzonitrile at 120 K. The ESR spectrum of AgTCP
exhibited splitting of the hyperfine lines due to the interaction
of the unpaired electron with th€7Ag and °°Ag nuclear

Table 2. ESR Data for MTCP and XMTCP), (M = Cu, VO, Ag) in Benzonitrile at 120 K

104AM, 104AM,
compd o an cmt cmt D,G R A

CuTCP 2.157 2.004 201 32
K4(CuTCP) 2.153 1.998 98 387 4.24
VOTCP 1.990 1.993 168 60
K4(VOTCP), 1.977 85 301 4.38
AgTCP 2.063 1.995
K4(AgTCP) 2.074 2.008 256 4.78
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Figure 6. Differential pulse voltammograms ofICP, CoTCP, CuTCP, and ZnTCRQ.5 mM, red line) and their potassium cation induced dimers (blue
line) in benzonitrile, 0.1 M (TBA)CIQ. The concentration of potassium tetrakis(4-chlorophenylborate) used to induce dimerizatiod@asV. Scan rate
= 5 mV/s, pulse width= 0.25 s, and pulse height 0.025 V.

wave. Therefore, it was only possible to monitor the first approximately half of that recorded for the MTCP monomers.
oxidation process. Control experiments suggested that thewhen the the potential was scanned further in the anodic
first oxidation is a reversible one-electron process, except direction, an additional wave just before the large irreversible
for CoTCP, where an irreversible metal centered”o  anodic wave was observed. Interestingly, the currents for
process was observed by both DPV and CV. Scanning thethe second waves were similar in magnitude to that of the
potential on the cathodic side exhibited one or two reversible first oxidation. That is, splitting of the oxidation waves were
reductions for all of the studied MTCPs. The peak potentials observed for all of the dimers, a result that is expected for
of the first oxidation and the first reduction were utilized to two interacting porphyrin macrocycf@sand as predicted
establish the HOM©LUMO energy level diagram in Figure  earlier from the frontier HOMO and LUMO orbital calcula-

7. tions where extensive delocalization of the orbitals were
Addition of potassium ions to the MTCP solution revealed observed on both the porphyrin rings. The potential differ-
interesting observations. Except for CoTCP, all of the MTCP ence between these two peaks is indicative of the extent of
dimers revealed a cathodic shift and the currents wereinteraction between the porphyrin rings in the dimer. In the
absence of such interactions one would expect only a single

(30) (a) Hoard, J. L. IfPorphyrins and MetalloporphyrinsSmith, K. M.,
Ed.; Elsevier: Amsterdam, 1975; Chapter 8. (b) Molinaro, F. S.; Ibers, (31) Shultz, D. A.; Lee, H.; Kumer, R. K.; Gwaltney, K. £.0rg. Chem
J. A.Inorg. Chem 1976 15, 2279. 1999 64, 9124.
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Table 3. Redox Potentials (V) Determined from Differential Pulse Voltamnfetoy the Crown Ether Appended Porphyrins and Their Potassium lon
Induced Dimers in Benzonitrile, 0.1 M (TBA)CIKO

ondn_ Eredn,
compd 2nd oxdn 1st oxdn 1stredn 2nd redn \%
TCP 0.264 —1.822 —2.20 2.086
TCP+ K+ 0.155 —1.869 —2.13 2.024
MgTCP 0.123 —1.923 —2.11 2.046
MgTCP+ K* 0.667 0.144 —1.892 —2.072 2.036
VOTCP 0.557 —1.58 —1.776 2.137
VOTCP+ K* 0.391 —1.542 —1.731 1.933
CoTCP —0.218 —1.338 b
CoTCP+ K+ —0.02 —1.381 —1.784 b
NiTCP 0.555 —1.693 2.248
NiTCP + K+ 0.398 0.265 —1.801 —2.037 2.066
CuTCP 0.427 —1.744 2171
CuTCP+ K* 0.588 0.335 —1.790 —2.043 2.125
ZnTCP 0.253 —1.802 2.055
ZnTCP+ K™ 0.294 0.184 —1.847 —2.069 2.031
PdTCP 0.607 —1.684 2.291
PATCP+ K™ 0.419 —1.789 —2.080 2.208
AgTCP 0.038 —1.447 —1.640 b
AgTCP+ K+ 0.149 0.008 —1.484 —1.740 b
aScan rate= 5 mV/s, pulse width= 0.25 s, and pulse heighkt 0.025 V. Metal-centered oxidation or reduction process.
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Figure 7. Electrochemically measured HOMO and LUMO energy levels  Figyre 8. Plot of Awys, cm~? (for the most intense visible band), vs
of the monomer, MTCP (red line), and dimer,(KITCP), (blue line), crown electrochemically measured HOMQUMO gap asEox — Ereq for the
ether appended porphyrins. #Hz, Mg, VO, Co, Ni, Cu, Zn, Pd, and Ag.  investigated series of monomer, MTCP (red line), and dime(\RCP),
(blue line), porphyrins.
wave corresponding to the oxidation process of the dimer.
It may be mentioned here that reduced peak currents for the
dimers might also occur due to the lower diffusion coefficient
of the dimers; however, such an effect would not reduce the
current to half the initial value. In the strongly interacting

dimers, during the oxidation or reduction process, only half N
of the molecule, that is, one of the porphyrin rings of the trends for both the plots were observed indicating a good

dimer, is expected to undergo an initial electrochemical 29reéement of the energies between the two measurements
process followed by the second porphyrin ring. As shown ©f the porphyrin monomers and dimers. It may be mentioned
in Figure 6, this trend also follows for the reduction process here that the B3LYP/(3-21G(¥), STO-3G) computed HOMO
of all of the MTCPs. A split reduction wave was observed LUMO gap of ZnTCP and {ZnTCP) was 3.025 and 3.007
for all of the investigated metalloporphyrin dimers (Table €V, respectively, which compared with the electrochemically
3). measured energy gap of 2.055 and 2.031 V, respectively. It
Figure 7 shows the HOMOLUMO energy level diagram ~ May be mentioned here that a time-dependent DFT (TD
constructed using the electrochemical data for both mono- DFT) calculation at the B3LYP/(3-21G(*), STO-3G) level
mers and dimers. It is clear from the results that the HOMO Of the singlet-singlet transition of the monomer yielded a
of the porphyrin dimer is destabilized while the LUMO is Vvalue of ~2.40 eV, in much better agreement with the
stabilized, and such a perturbation is more for the HOMO observed electrochemical gap of 2.055 V. The net change
energy level than for the LUMO energy level. The overall in energy between the ZnTCP and(KnTCP) was 0.015
effect of this is a reduced HOMELUMO gap and subse- eV by computational calculations which agreed fairly well

guent red-shifted Q-bands. This effect is illustrated in Figure
8 in which the energy of the most intense visible band is
plotted against the electrochemically measured HGMO

LUMO gap for both the monomers and the dimers. Linear
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with the electrochemically measured value of 0.024 V. A interaction between the two paramagnetic centers. The

reduced HOMG-LUMO gap for the dimer was predicted metal-metal distances calculated from ESR method followed

by the computational calculations, and this prediction was the trend Ct-Cu < VO—VO < Ag—Ag. Good correlations

confirmed by the experimental results obtained from the between the electrochemically measured HOM@MO

optical absorption and electrochemical studies. gap and energy corresponding to the most intense visible
Summary. 5,10,15,20-Tetrakis(benzo-15-crown-5)porphy- band of both MTCP and XMTCP), were observed.

rin (TCP) and a series of metal derivatives (MTCP;=M
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