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The 4,6-bis(10-mesityl-5,15-di-p-tolylporpyrinyl)dibenzothiophene (H,DPSN) free base was obtained in five steps
from commercially available materials. The metalation of DPSN?~ with zinc(1l), copper(ll), and palladium(ll) led to
three new homobimetallic systems, (Zn),DPSN, (Cu),DPSN, and (Pd),DPSN, respectively. The cofacial structures
of these molecules offer the possibility of having dioxygen molecules inside the cavity for a period of time, allowing
dynamic (collisional) phosphorescence quenching to be more efficient. The bimolecular excited-state deactivation
rate constant for deactivation by dioxygen (ko: (Pd),DPB, 2.98 x 10°%; (Pd),DPSN, 3.99 x 10% (Pd),DPX, 6.94 x
10%; (Pd)TPP, 8.95 x 10% (Pd),DPS, 8.95 x 10° M~ s™1) of (Pd),DPSN, which exhibits an intense phosphorescence
at 699 nm, was compared to those observed for (Pd)TPP, (Pd),DPS, (Pd),DPX, and (Pd),DPB (TPP?~ = tetra-
phenylporphyrin dianion, DPS*~ = 4,6-his[5-(2,8,13,17-tetraethyl-3,7,12,18-tetramethylporphyrinyl)]dibenzothiophene
tetraanion, DPX*~ = 4,5-his[5-(2,8,13,17-tetraethyl-3,7,12,18-tetramethylporphyrinyl)]-9,9-dimethylxanthene tetraanion,
and DPB*~ = 1,8-his[5-(2,8,13,17-tetraethyl-3,7,12,18-tetramethylporphyrinyl)|biphenylene tetraanion). These collision-
induced deactivation data were interpreted by estimating a series of physical parameters such as the surface area
and bisporphyrin radii, the diffusion coefficient of the bismacrocycles, and the theoretical deactivation efficiency for
the five compounds addressing the role of steric hindrance of the macrocycles on each other and the aryl groups
at the meso positions. For sensing purposes, (Pd),DPX is characterized by a Stern—Volmer constant ksy of 2.91
x 108 M1, placing the lower detection limit for [O,] in solution at 0.58 ppm, which is better than that for (Pd)TPP
(ksy = 2.31 x 108 M~%; lower detection limit of 0.73 ppm), the classically used monoporphyrin complex.

Introduction quently, Chang and collaborators have developed the “Pac-
man” concept, in which the two porphyrin rings are held
together by a rigid spacer such as anthracenyl or biphenylenyl
groups®~1° Thereafter, new rigid spacers such as DPO, DPX,

The chemistry of cofacial bisporphyrins is currently a topic
of great interest, particularly because of their numerous
applications in catalysis and their photophysical propetties.
The first bisporphyrin systems maintained in a face-to-face (3) Coliman, J. P Elliot, C. M.; Halbert, T. R.: Tovrog, B. Boc. Natl.
configuration by flexible chains were reported by Collman Acad. Sci. U.S.A1977, 74, 18.

; s _ (4) Collman, J. P.; Chong, A. O.; Jameson, G. B.; Oakley, R. T.; Rose,
and their collaborators to mimic hemoprotefné.Subse E.. Schmittou, E. R.: Ibers, J. Al Am, Chem. S0d981 103 516.

(5) Collman, J. P.; Anson, F. C.; Barnes, C. E.; Bencosme, C. S.; Geiger,
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M., Guilard, R., Eds.; Academic Press: San Diego, 2003; Vol. 18, p (10) Eaton, S. S.; Eaton, G. R.; Chang, C. X.Am. Chem. Sod 985
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Scheme 1 led us to investigate bismacrocycles, because the size of the
cavity formed by the two macrocycles and the spacer allows
small molecules to interact with the metal atoms in an endo

O position?3-26 Taking advantage of a recent work by Lindsey
and collaborators for the synthesis of meso-substituted

X Y porphyrinst16:27.28 e have synthesized a new bisporphyrin
free base, 4,6-bis(10-mesityl-5,15qtolylporphyrinyl)-

O dibenzothiophene, ¥DPSN, in five steps starting from

commercially available materials, along with three homo-
bimetallic complexes, including (PA)PSN. The photo-
=-, Y =S dibenzothiophen ; (Pd),DPS physical properties of (Pg)PSN and the bimolecular
§:S'\ﬁej’_i(éﬁé:;git:‘{g:)’;g‘gg; (Pd)2DPX excited-state deactivation rate constant by oxydenare
compared to those of four palladium(ll) mono- and bispor-
phyrin systems. The data are analyzed using a theoretical
approach, which consists of evaluating the quenching ef-
ficiency using an estimation of the efficient surface of the
chromophores for @interactions.

Mes

Experimental Section

Mes Materials. Unless otherwise stated, all reagents and solvents were
2 3 Tof used as received. 1,3-Benzoxathiolium tetrafluorobétagand
5-mesityldipyrromethar# 7 were synthesized according to litera-
(M),DPSN; M = H, (6), Zn (8), Cu (9), Pd (10) ture methods. 2-MeTHFX(99%, anhydrous and under inert gas),
DDQ (2,3-dichloro-5,6-dicyan@-benzoquinone), and TMEDA
CeHs (tetramethylethylenediamine) were purchased from Aldrich. HQO
(yellow) was purchased from Janssen Chimica. Chromatographic
purification of all compounds was performed with neutral alumina
(Merck; usually Brockmann Grade lll, i.e., deactivated with 6%
water) and silica gel (Merck; 70120 mm), and was monitored by
thin-layer chromatography (Merck 60 F254 silica gel precoated
sheets, 0.2 mm thick) and UWis spectroscopy.
Molecular Modeling. Connolly areas were calculated using
Chem3D Ultra 8.0 software. The procedure consisted of computing
Tol = @ Mes = a minimum energy structure at the MM2 level, followed by a second
minimization using Gaussian 98 Semiempirical AM1 computation.
Connolly area® were obtained with ChemPropStd job. The radius
and DPS led to easier routes of synthesis (Schem& #). r(2-MeTHF) was calculated using the Connolly molecular area of
These spacers allowed researchers to vary the intermacro2-MeTHF with probe radius set to 0.
cycle Gness—Cmeso distance and the interplanar angle. Ac- Apparatus. 'H NMR spectra were recorded on a Bru_ker DRX-
cording to a 14-step synthesis and an overall yield of about 200 AVANCE spectrometer at the Centre de Specttoimé/o-
0.3%, the synthesis of the free basgDIRS, for instance, (17) Harriman, A Platinum Met. Re. 199Q 34, 181.
still has room for improvemeri:*® In addition, very little (18) Sinaasappel, M.; Ince, Q. Appl. Physiol 1996 81, 2297.
research has been devoted to the synthesis of meso!*?) Demas. J. N DeGraff, B. A; Coleman, P./hal. Chem1999 71,
substituted bisporphyrins. Recent works led to very original (20) Bolze, F.; Gros, C. P.; Harvey, P. D.; Guilard, R.Porphyrins
synthetic procedures that vary the nature of the bridge and Féhlgl:‘gf’%"f‘rggfp%g,?i}] s’P?]?ﬁélocyanin 002 6, 268,
the porphyrin meso substituerits. (22) Mei, E.; Vinogradov, S.; Hochstrasser, R. JAm. Chem. So2003
Slmllarly,. th.e StUdy of palladlum(ll) mon0p0rphyrms has. (23) Il_iaMless%Q\? L’Her, M.; Collman, J. P.; Hendricks, N. H.; McElvee-
shown their intense phosphorescence and their potential™™ \white. 1 3. Am. Chem. Sod.986 108 533.
application for oxygen sensing at the parts per million (24) Coliman, J. P.; Hutchison, J. E.; Lopez, M. A; Tabard, A.; Guilard,

level 21722 |n this respect, the quest for more efficient sensors R.; Seok, W. K.; Ibers, J. A.; L'Her, MJ. Am. Chem. S0d992

CeHs CeHs

CeHs
(Pd)TPP

114, 9869.
(25) Collman, J. P.; Wagenknecht, P. S.; Hutchison, Arigew. Chem.,

(11) Chang, C. J.; Deng, Y.; Heyduk, A. F.; Chang, C. K.; Nocera, D. G. Int. Ed. 1994 33, 1537.

Inorg. Chem.200Q 39, 959. (26) Guilard, R.; Brantg S.; Tabard, A.; Bouhmaida, N.; Lecomte, C.;
(12) Deng, Y.; Chang, C. J.; Nocera, D. 6.Am. Chem. So00Q 122, Richard, P.; Latour, J. MJ. Am. Chem. S0d.994 116, 10202.

410. (27) Rao, P. D.; Dhanalekshmi, S.; Littler, B. J.; Lindsey, JJSOrg.
(13) Bolze, F.; Gros, C. P.; Drouin, M.; Espinosa, E.; Harvey, P. D.; Guilard, Chem.200Q 65, 7323.

R. J. Organomet. Chen2002 643-644, 89. (28) Tamaru, S.-i.; Yu, L.; Youngblood, W. J.; Muthukumaran, K;
(14) Chng, L. L.; Chang, C. J.; Nocera, D. @&.Org. Chem2003 68, Taniguchi, M.; Lindsey, J. S1. Org. Chem2004 69, 7665.

4075. (29) Barbero, M.; Cadamuro, S.; Degani, |.; Fochi, R.; Gatti, A.; Regondi,
(15) Faure, S.; Stern, C.; Guilard, R.; Harvey, P.JDAm. Chem. Soc. V. Synthesis1986 1074.

2004 126, 1253. (30) Littler, B. J.; Miller, M. A.; Hung, C.-H.; Wagner, R. W.; O’Shea, D.
(16) Barbe, J.-M.; Stern, C.; Pacholska, E.; Espinosa, E.; Guilard, R. F.; Boyle, P. D.; Lindsey, J. SI. Org. Chem1999 64, 1391.

Porphyrins Phthalocyanine8004 8, 301. (31) Connolly, M. L.J. Mol. Graphics1993 11, 139.
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léculaire de I'Universitade Bourgogne. All chemical shifte) and
coupling constantsJf are given in parts per million and hertz,
respectively. ThéH NMR assignments for the spacers refer to the

Faure et al.

4,6-Bis[(2,2-dipyrryl)methyl]dibenzothiophene (3). A solution
of 2 (9 g, 37 mmol) and pyrrole (208 mL, 80 equiv) was degassed
with Ar for 30 min until BR*OEt, (0.92 mL, 0.2 eq) was added.

numbering in Scheme 1. Microanalyses were performed at the The reaction mixture was stirred for 1 h, quenched with 0.1 M

Universitede Bourgogne on a Fisons EA 1108 CHNS instrument.
UV —vis spectra were recorded on a Varian Cary 50 spectropho-

NaOH, and extracted with Gi€l,. The combined organic layers
were washed with water and dried over MgS@nd the solvent

tometer. Mass spectra were obtained in a linear mode with a Brukerwas removed to afford a white solid. After the addition of {CH,

Proflex Il MALDI-TOF mass spectrometer using dithranol as
matrix, and with a Kratos Concept 32 S spectrometer in EI mode.

the resulting solution was poured into cold pentane; the derivative
3was collected by filtration as a white solid and dried under vacuum

The EPR spectrum was recorded in solution on a Bruker ESP 300(16 g, yield 89%)."H NMR (CDCl): ¢ 8.05 (d,J = 7.6, 2H,

spectrometer at the X-band (9.6 GHz), from the Centre de
Spectromtrie Moléculaire de I'Universitede Bourgogne, equipped

with a double cavity and a liquid nitrogen cooling accessory. The
EPR spectrum was referenced to 2,2-diphenyl-1-picrylhydrazyl
(DPPH) @ = 2.0036). The IR spectrum was obtained on a Bruker

H—Cs_7, or H—Cy_g), 7.97 (s, 4H, H-N), 7.40 (t,J = 7.6, 2H,
H_szg), 7.20 (d,J =7.6, 2H, H—C377, or H_leg), 6.68 (d, 4H,
Ho), 6.15 (t, 4H, H), 6.00 (d, 4H, H), 5.74 (S, 2H, khesy. 13C
NMR (CDCl): 6 126.7 and 125.6 (£7 or C;—g), 120.9 (G_g),
117.9 (G), 108.9 (G), 108.2 (G), 43.6 (Gnesd. MS (MALDI-

Vector 22 FTIR spectrophotometer equipped with a high-pressure TOF): m/z 472 (M"), 471 calcd for GoH24N4S. Anal. Calcd for

Diamond ATR system.

C3oH24N4S0.2H,0: C, 75.66; H, 5.16; N, 11.77; S: 6.73. Found:

Emission and excitation spectra were obtained by using a doubleC, 75.40; H, 5.56; N, 12.14; S: 6.43.

monochromator Fluorolog 2 instrument from Spex. Fluorescence
lifetimes were measured on a Timemaster model TM-3/2003

4,6-Bis[(2,2-bis(1-(p-tolyl)-1,3-benzoxathiolyl)pyrryl)methyl]-
dibenzothiophene (4).To a solution of3 (2 g, 4.2 mmol) in

apparatus from PTI. The source was a nitrogen laser equipped withacetonitrile (360 mL) and pyridine (1.4 mL) was addeg2e(lyl)-

a high-resolution dye laser (fwhm 1500 ps), and the fluorescence
lifetimes were obtained from deconvolution and distribution lifetime
analysis®? All of the samples were prepared under an inert
atmosphere (in a gloveboR(O,) < 1—-3 ppm) by dissolution of
the different compounds in 2-MeTHF in 1 émuartz cells equipped
with a septum (298 K) or in standard 5 mm NMR tubes (77 K).
Three different measurements (i.e., different solutions) were
performed for each photophysical data type (quantum yields and

1,3-benzoxathiolium tetrafluoroborate (5.27 g, 0.17 mmol). The
reaction mixture was stirred for 30 min at room temperature, and
then diluted with ethyl acetate (400 mL). The combined organic
layers were washed with water and dried over MgSahd the
solvent was removed to obtain 2.8 g of a dark solid.
4,6-bis[(2,2-bis(1-(p-methylbenzoyl)pyrryl))methyl]diben-
zothiophene (5).HBF; (34% in water, 6 mL) was added to a
solution of4 (2.8 g, 2 mmol) in THF (260 mL) containing HgO

lifetimes). The sample concentrations were chosen to obtain an(1 .8 g, 8.4 mmol). The reaction mixture was stirred for 1.5 h at
absorbance of about 0.05. Each absorbance value was measureghom temperature, and diluted with ethyl acetate (400 mL). The
five times to gain better accuracy for determining the quantum compined organic layers were washed with K1 (10% in water), 0.1

yields. The quantum yield of HPP @ = 0.11) was used as a
reference for the quantum yields measured at 298 R. The
quantum yield of HTPP @ = 0.11) was also used as a reference
for the quantum yields measured at 77 K, which itself was obtained
using (Pd)TPP® = 0.17; 77 K; MCH= methylcyclohexane) as
a referencé®s37

4,6-Diformyldibenzothiophene (2). 2was synthesized using a
modified literature methoéf A solution of n-BuLi (166 mL, 2.5
M in heptane, 0.415 mol) in heptane was added dropwise to a
solution of1 (30 g, 0.163 mol) in heptane (1.2 L) and TMEDA
(80 mL) under Ar over a period of 30 min. The reaction mixture
was heated, and was stirred under reflux (@) for 15 min. After
the mixture was cooled in an ice bath, DMF (82 mL) was added,
and the reaction mixture was stirred for 30 min at room temperature.
The resulting solution was poured into cold water (6 L), and was
stirred for an additional 2 h. A yellow solid was collected by
filtration and dried under vacuum. Recrystallization in toluene
afforded pure2 (31 g, yield 79%) as a light yellow solidH NMR
(DMSO): 6 10.58 (s, 2H, CHO), 9.10 (dl = 7.3, 2H, H-C5_7,
or H—C;_g), 8.55 (d,J = 7.3, 2H, H-C3_7, or H—C;_g), 8.11 (m,
J=17.3, 2H, H-C,_g).

(32) Valeur, B.Molecular Fluorescence: Principles and Applications
Wiley-VCH: Weinheim, Germany, 2002.

(33) Strachan, J.-P.; Gentemann, S.; Seth, J.; Kalsbeck, W. A.; Lindsey, J.

S.; Holten, D.; Bocian, D. FJ. Am. Chem. Sod.997 119 11191.

(34) Gouterman, M. InThe Porphyrins Dolphin, D., Ed.; Academic
Press: New York, 1978; Vol. lll, p 1.

(35) Seybold, P. G.; Gouterman, M. Mol. Spectrosc1969 31, 1.

(36) Harriman, A.J. Chem. Soc., Faraday Trans.1®81, 77, 1281.

(37) Murov, S. L.; Carmichael, |.; Hug, G. Handbook of Photochemistry
2nd ed.; Marcel Dekker: New York, 1993.

(38) Kadish, K. M.; Burdet, F.;"¥éme, F.; Barbe, J.-M.; Ou, Z.; Shao, J.;
Guilard, R.J. Organomet. Chen2002 652, 69.
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M NaOH, and water, and then dried over MgS@emoval of the
solvent under vacuum gave a light red solid, which was dissolved
in CH,CI,/NEt;3 (99:1), and filtered through a pad of silica (&El,).
The second collected derivative was the tetra-acyl compound
(CH.CI, with 1% MeOH). Removal of the solvent followed by a
recrystallization in CHCl,/heptane afforded an orange solid (1.2
g, 63%).'H NMR (CDCl): ¢ 11.08 (s, 4H, H-N), 8.13 (d,J =
7.5, 2H, H-Cs_7, or H—C;_g), 7.67 (d,J= 7.5, 8H, tolyl), 7.49 (t,
J =175, 2H, H-C,_g), 7.13 (m, 10H, H-tolyl, and HCs_7 or
H—C, ), 6.61 (M, 4H, H), 6.06 (M, 6H, H, and Hxesd, 2.34 (s,
12H, CHs-tolyl). MS (MALDI-TOF): m/z 945 (M"), 944 calcd
for CeoHagN4O4S. Anal. Caled for H4gN404S0.2H,0: C, 78.49;
H, 5.14; N, 5.90; S, 3.38. Found: C, 78.23; H, 5.26; N, 6.07; S,
3.23. IR: vc—o 1598 cntl.
4,6-Bis(10-mesityl-5,15-dp-tolylporphyrinyl)dibenzothio-
phene (6). Procedure AA solution of ethylmagnesium bromide
(1 Min THF, 25.2 mL, 10 equiv) was added dropwise to a solution
of 3 (1.2 g, 2.8 mmol) in dry toluene (100 mL) under Ar placed in
a cold bath of water. The reaction mixture was stirred for 30 min
at room temperature, and a solutionpsfoluoy! chloride (1.7 mL,
5 equiv) in 13 mL of toluene was added dropwise. The reaction
mixture was stirred for an additional 10 min and, after being
quenched with aq NI, was extracted with ethyl acetate. The
combined organic layers were washed with water and dried over
MgSQ,, and the solvent was removed under vacuum to afford a
red oil. Column chromatography (silica, @El,/methanol 96:4 with
NEts) afforded a mixture of acylated products. &H, was added,
and the mixture was poured into cold pentane. A solid was collected
by filtration. The solid (1 g), a mixture of acylated compounds as
shown by mass spectroscopy, was then dissolved in dry THF (85
mL) and dry MeOH (15 mL), and was stirred under Ar before
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NaBH; (3 g, 80 equiv) was added step by step over 50 min. The 12H, CHs-tolyl), 2.51 (s, 6H, CH-mesityl), 1.71 (s, 6H, CH
reaction was monitored by IR spectrometry using as a marker the mesityl), 1.30 (s, 6H, Ckimesityl). MS (LSIMS): m/z 1520 (M'),
1598 cn! vc—o band. The reaction mixture was poured into a 1520 calcd for GgH7oNgSZnp. UV—vis (CHClp) A (nm) (€ 1073
saturated solution of NkCI in water, and extracted with GEl. M-t cm™1): 417 Soret (618), 551 (29), 591 (7). Anal. Calcd for
The combined organic layers were washed with water and dried CogH72NgSZn,: C, 77.21; H, 4.76; N, 7.35; S, 2.10. Found: C,
over MgSQ, and the solvent was removed to afford a pale yellow 77.35; H, 4.52; N, 7.59; S, 1.86.

solid. Acetonitrile (850 mL) was added with mesityldipyrromethane  4,6-Bis(palladium(ll)-10-mesityl-5,15-dip-tolylporphyrinyl)-
(0.615 g), and after the reaction mixture was degassed in the darkdibenzothiophene (9).Under Ar, 6 (40 mg, 0.03 mmol) was
with Ar for 5 min, TFA was added. The reaction mixture was stirred dissolved in benzonitrile (15 mL), and Pd@20 mg, 3 equiv) was
for 3 min before we added DDQ (1.42 g, 5.4 mmol) and Nt added. The mixture was stirred under reflux for 15 min. Removal
mL). The mixture was stirred for an additional 1 h, and was filtered of the solvent under vacuum gave a purple solid, which was
through a pad of alumina (eluted with @El,) until the eluent was redissolved in CKCl, (1% NE&) and filtered through a pad of silica
no longer dark. Removal of the solvent afforded a dark solid, which (CH,Cl;). The first band was collected, and the solvent was
was redissolved in CiLl/heptane/NEt (40:59:1) and filtered evaporated. The resulting solid was recrystallized inClHMeOH,
through a pad of silica (C¥Cl,). Removal of the solvent under and afforded an orange solid (28 mg, yield 61%H NMR
vacuum followed by recrystallization in GBl,/heptane afforded (CDCly): 6 8.75 (d,J = 8, 2H, H-spacer), 8.49 (s, 8H,3H 8.47

a purple solid (73 mg, yield 4%). (d,J=4.3, 4H, H), 8.33 (d,J = 4.3, 4H, H)), 8.16 (d,J = 8, 2H,
Procedure B.A solution of5 (1 g, 1.05 mmol) in dry THF (85 H-spacer), 7.93 (tJ = 8, 2H, H-spacer), 7.75 (dl = 7.5, 4H,
mL) and dry MeOH (15 mL) was stirred under Ar. NaBk8 g, H-tolyl), 7.65 (d,J = 7.5, 4H, H-tolyl), 7.45 (d,J = 7.5, 4H,

0.085 mol, 80 equiv) was added step by step over 50 min. The H-tolyl), 7.32 (d,J = 7.5, 4H, H-tolyl), 7.13 (s, 2H, H-mesityl),
reaction was monitored by IR spectrometry using as a marker the 7.02 (s, 2H, H-mesityl), 2.59 (s, 12H, Gitblyl), 2.49 (s, 6H, Ch-
1598 cnT! ve—o band. The reaction mixture was poured into an Mesityl), 1.74 (s, 6H, Ckimesityl), 1.21 (s, 6H, Ckimesityl).**C
aqueous saturated solution of M, and extracted with C4Cl.. NMR (CDCl) (CH, CH,, CH; only): ¢ 134.5 and 133 (CH-tolyl),
The combined organic layers were washed with water and dried 132.5, 121.5, and 124 (CH-spacer), 131.5 and 131.74@igFrole),
over MgSQ, and the solvent was removed to afford a pale yellow 129.5 (2 signals, Ctf-pyrrole), 127.9 and 127.7 (2 signals, CH-
solid. Acetonitrile (850 mL) was added with(0.615 g), and the ~ mesityl), 21.5 and 21.8 (Cimesityl), 22 (CH-tolyl), 120-142
reaction mixture was degassed in the dark with Ar for 5 min before (7 signals). MS (MALDI-TOF): m/z 1604 (M"), 1605 calcd for
adding TFA (1.96 mL). The reaction mixture was stirred for 3 min, CosH72NsP®hS. UV—vis (CH,Clo) 4 (nm) (€ 103 M~ cm™?): 412
and DDQ (1.42 g, 5.4 mmol) and NEt6 mL) were added. The ~ Soret (481), 524 (51), 555 (7). Anal. Calcd fogg7:NgP@S: C,
reaction mixture was stirred for an additional 1 h, and filtered 73.26;H,4.52; N, 6.98; S, 2.00. Found: C, 73.01; H, 4.20; N, 7.20;
through a pad of alumina (eluted with @El,) until the eluentwas S, 2.30.
no longer dark. Removal of the solvent afforded a dark solid, which ~ 4,6-Bis(copper(1l)-10-mesityl-5,15-dip-tolylporphyrinyl)diben-
was redissolved in CiTl/heptane/NEt (40:59:1) and filtered ~ zothiophene (10).Under Ar,6 (30 mg, 0.02 mmol), KCO; (100
through a pad of silica (C¥Cl,). Removal of the solvent under ~ Mg), and Cu(OAgYH,O were dissolved in 20 mL of CHgMeOH
vacuum followed by recrystallization in GBl,/heptane afforded (80:20). The mixture was stirred under reflux for 15 min. Removal
a purple solid (50 mg, vield 3.4%)H NMR (CDClL): 6 8.75 (d, of the solvent under vacuum gave a purple solid, which was
J =8, 2H, H-spacer), 8.55 (d,= 5.3, 4H, H), 8.45 (d,J = 5.3, redissolved in ChCl,, washed with water, and dried over MgSO
4H, Hy), 8.41 (d,J = 4.3, 4H, H), 8.35 (d,J = 4.3, 4H, H), 8.11 The solvent was removed. Recrystallization in CH/MeOH
(d’ J=28, 2H, H_spacer)’ 7.92 (ﬂ =8, 2H, H_spac:e.r)l 7.66 (d], afforded a purple solid (32 mg, yleld 100%) MS (MALD|-TOF)I
= 6.4, 4H, H-tolyl), 7.43 (dJ = 6.4, 4H, H-tolyl), 7.18 (dJ = m/z 1519 (M), 1518 calcd for GgH7,CuNgS. UV—vis (CHCIy)
6.4, 4H, H-tolyl), 7.12 (s, 2H, H-mesityl), 7.05 (s, 2H, H-mesityl), 4 (nm) (€ 102 M~* cm™%): 410 Soret (409.0), 540 (17.2), 577
7.01 (d, 4H, H-tolyl), 2.49 (s, 6H, CiHmesityl), 2.47 (s, 12H, CH (2.5). Anal. Calcd for GgH7:CwNgS: C, 77.40; H, 4.77; N, 7.37,
tolyl), 1.69 (s, 6H, CH-mesityl), 1.36 (s, 6H, Ckmesityl),—3.11 S, 2.11. Found: C, 77.67; H, 5.02; N, 7.07; S, 2.01.
(s, 4H, N-H). MS (MALDI-TOF): m/z 1397 (M), 1397 calcd
for CogH7eNgS. UV—vis (CH,Clp) A (nm) (€ 103 M~1cm™1): 416
Soret (560), 517 (30), 547 (11), 591 (11), 646 (10). Anal. Calcd  Syntheses The syntheses of cofacial meso-substituted
for CegH7eNsS-0.3H,0: C, 83.88; H, 5.50; N, 7.99; S, 2.29.  bisporphyrins have already been described. Three routes of
Found: C, 83.63; H, 5.74; N, 8.29; S,1.86. Synthesis are possib|e_
4,6-Bis(zinc(l1)-10-mesityl-5,15-dip-tolylporphyrinyl)diben- One approach consists of the monoprotection of the
zothiophene (8).Under Ar, 6 (30 mg, 0.02 mmol) was dissolved  corresponding bisaldehyde spacer, allowing the construction
in CH,Cl2 (15 mL) and NE{ (0.5 mL), and a saturated solution of  of 4 first porphyrin macrocycle, according to Lindsey’s
zinc acetate in MeOH_(l mL) was added. The mixture was stirred proceduré. This step is followed by the deprotection and
u;d:rareﬂl:xléoro}.g mlg..csergovrael d(.)f g}eezo.lxﬂuggek\éacuum construction of the second ring as developed by Collman
gave a purple Sold, which was redissoved | (1% NE®) and co-worker® 42 and other group® The drawbacks are

and filtered through a pad of silica (GEI,). The first band was . ? .
collected, and the solvent was evaporated. Recrystallization in the extra protection/deprotection steps and the purification

CH,Cl,/MeOH afforded a purple solid (29 mg, yield 88%) NMR of the monoaldehyde intermediates. .
(CDCl): 6 8.79 (d,J = 7.5, 2H, H-spacer), 8.64 (d,= 4.3, 4H, A second strategy was developed independently by Therien
Hg), 8.62 (d,J = 4.3, 4H, H;), 8.60 (d,J = 4.3, 4H, H;), 8.47 (d, and co-worker¥45 and by Kobuke and co-workef%and
J=43, 4H, K), 8.19 (d,J = 7.5, 2H, H-spacer), 7.96 (§,= 8,

Results and Discussion

2H, H-Spacer), 7.85 (dJ — 75’ 4H, H-t0|y|), 7.70 (d,-] — 75’ (39) fgoglgqgg‘i]ggel TyVO”, D. A, Chng, L. L.; Fish, H. T. Org. Chem.
4H, H-tolyl), 7.39 (d,J = 7.5, 4H, H-tolyl), 7.36 (dJ = 7.5, 4H, (40) Collman, J. P.; Chng, L. L.; Tyvoll, D. Alnorg. Chem.1995 34,
H-tolyl), 7.14 (s, 2H, H-mesityl), 7.06 (s, 2H, H-mesityl), 2.63 (s, 1311.
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consists of the formation of a linear porphyrigpacer

porphyrin triad, in which the spacer can be chemically altered

in a way that leads to a cofacial arrangement.
The last method is the direct coupling between a func-

tionalized spacer and two appropriately substituted porphyrin
macrocycles. Examples of such strategies are those using

the Sonogashira couplirtd.>° Similarly, the Suzuki coupling
was employed by Nocera and co-workéfsr this purpose.

Faure et al.

Scheme 2
N
9 oo )
S
1

BuL| DMF excess

Yield 79% BF3¢OEt

CHO  Yield 89%

Attempts to synthesize the desired products using simplerprior use. Two routes for the synthesis of bisporphygin
procedures and requiring fewer steps were made. The direc{HsDPSN) starting fron8 have been investigated (Scheme
reaction between pyrrole, monoaldehyde, and dialdehyde3). The first one, called A, consists of reactBigith EtMgBr
spacer, as previously attempted by Collman and co-workers,to replace thex H's on the pyrrole residues, which can be

was not successfi!. The condensation of 4,6-bis[(2;2
dipyrryl)methyl]dibenzothiophena with dialdehyde phen-

functionalized by tolylcarbonyl grougg?-6-62Unfortunately,
the target intermediatg® has not been isolated in pure form.

yldipyrromethane did not lead to the targeted product, despite The solid, a mixture of acylated compounds obtained after
the use of various experimental conditions as previously reaction of bisdipyrromethar@with p-toluoyl chloride, is

reported in the literatur®:5* The coupling betweeB and

reduced by NaBkland reacted with mesityl-dipyrromethane

diacetylate phenyldipyrromethane as already described for7. Subsequently, oxidation of the macrocycle ring is obtained

the syntheses of monoporphyrins was also not succéssfai®®
Presumably, the H in the-position of the pyrrole NH's
may be not reactive enough in compousd

by adding DDQ. HDPSN 6 was isolated, and purified by
column chromatograph¥.? The second route (B), developed
by Barbero and co-workef82® involves the use of a

On the basis of previous procedures reported by Lindsey benzoxathiol compound to generate the intermediatéhich

and co-workers for mono- and multiporphyrin systeé<1.62

we report the procedure leading to the desired meso-

substituted bisporphyriré, H;DPSN. The highly stable
compound3 is prepared in a high yield from the condensa-
tion of four pyrrolic units onto the dibenzothiophene spacer
2 using BR-OEt, as a catalyst (Scheme 2). Experimental
conditions show that the use of higher-purity diformyl
compound2 allows the synthesis d@3 without chromatog-
raphy. However? is purified by recrystallization in toluene

(41) Collman, J. P.; Fish, H. T.; Wagenknecht, P. S.; Tyvoll, D. A.; Chng,
L.-L.; Eberspacher, T. A.; Brauman, J. |.; Bacon, J. W.; Pignolet, L.
H. Inorg. Chem.1996 35, 6746.

(42) Hutchison, J. E.; Postlethwaite, T. A.; Chen, C. H.; Hathcock, K. W.;
Ingram, R. S.; Ou, W.; Linton, R. W.; Murray, R. W.; Tyvoll, D. A;;
Chng, L. L.; Collman, J. PLangmuir1997, 13, 2143.

(43) Meier, H.; Kobuke, Y.; Kugimiya, S.-I. Chem. Soc., Chem. Commun.
1989 923.

(44) Fletcher, J. T.; Therien, M. J. Am. Chem. So2002 124, 4298.

(45) Fletcher, J. T.; Therien, M. lhorg. Chem 2002 41, 331.

(46) Tomohiro, Y.; Satake, A.; Kobuke, ¥. Org. Chem2001, 66, 8442.

(47) Solladie N.; Gross, M.Tetrahedron Lett1999 40, 3359.

(48) Kubo, Y.; Murai, Y.; Yamanaka, J.-i.; Tokita, S.; Ishimaru, Y.
Tetrahedron Lett1999 40, 6019.

(49) Brettar, J.; Gisselbrecht, J.-P.; Gross, M.; SolladieChem. Commun.
2001, 733.

(50) Jokic, D.; Asfari, Z.; Weiss, Drg. Lett.2002 4, 2129.

(51) Lee, C. H.; Lindsey, J. Setrahedron1994 50, 11427.

(52) Li, F. R.; Yang, K. X.; Tyhonas, J. S.; MacCrum, K. A.; Lindsey, J.
S. Tetrahedron1997, 53, 12339.

(53) Littler, B. J.; Ciringh, Y.; Lindsey, J. S. Org. Chem1999 64, 2864.

(54) Geier, G. R.; Riggs, J. A; Lindsey, J.BPorphyrins Phthalocyanines
2001 5, 681.

(55) Geier, G.R;

(56) Geier, G.R;;

(57) Geier, G.R;;
22001, 701.

(58) Geier, G.R;;
22001, 712.

(59) Burrell, A. K.; Officer, D. L.; Plieger, P. G.; Reid, D. C. V\@hem.
Rev. 2001, 101, 2751.

(60) Geier, G. R.; Callinan, J. B.; Rao, P. D.; Lindsey, JJ.orphyrins
Phthalocyanine2001, 5, 810.

(61) Lee, C.-H.; Li, F.; lwamoto, K.; Dadok, J.; Bothner-By, A. A.; Lindsey,
J. S.Tetrahedron1995 51, 11645.

(62) Cho, W.-S.; Kim, H.-J.; Littler, B. J.; Miller, M. A,; Lee, C.-H,;
Lindsey, J. SJ. Org. Chem1999 64, 7890.

Lindsey, J. 8. Chem. Soc., Perkin Trans2P01, 677.
Lindsey, J. 8. Chem. Soc., Perkin Trans2D01, 687.
Littler, B. J.; Lindsey, J. $.Chem. Soc., Perkin Trans.

Littler, B. J.; Lindsey, J. $.Chem. Soc., Perkin Trans.
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was not isolated from the reaction mixture. This derivative
was converted int® by reactingd with HgO. Fortunately,

5 was isolated and purified by column chromatography. The
reduction by NaBH followed by condensation with dipyr-
romethane7 and oxidation by DDQ led to the desired
bisporphyrin6. Both routes give an overall yield of=31%

from 3, and about 1.4% from the commercially available
starting materials (five steps). This yield is higher than that
reported fors-substituted HDPS (0.3%).6 which utilizes a
14-step procedure. The use of acylated bisdipyrromethane
intermediates represents a significant advance in the prepara-
tion of cofacial bisporphyrin systems.

The metalation step proceeds as described in the literature,
and involves the direct complexation with the desired
cation1911.64655cheme 4 exhibits the one-step syntheses of
three metal complexes @&, leading to product8 ((Zn),-
DPSN),9 ((PdLDPSN), and10 ((CuxDPSN), which were
obtained in good yields. Compoudvas synthesized with
the aim of X-ray characterization. Unfortunately, all attempts
to grow suitable crystals for X-ray analysis stubbornly failed.
Compound, which exhibits strong phosphorescence proper-
ties (see below) was also prepared. Compod@dwas
investigated because the €Qu distance is easily determined
by EPR methods. Unfortunately, no evidence for Cufll)
Cu(ll) interaction at half-field transition has been detected
by EPR. This absence of signal led us to conclude that the
Cu—Cu distance is greater than-8 A.° Table 1 compares
H NMR for the N—H protons for various cofacial bispor-
phyrin systems# For H,DPSN®, theo value resembles that
of other “open” bisporphyrin for which the {ess—Cmeso
distance is 6.3 A (or greater). Comparison of thealues

(63) Barbero, M.; Cadamuro, S.; Degani, |.; Flochi, R.; Gatti, A.; Regondi,
V. J. Org. Chem1988 53, 2245.

(64) Loh, Z.-H.; Miller, S. E.; Chang, C. J.; Carpenter, S. D.; Nocera, D.
G. J. Phys. Chem. /002 106, 11700.

(65) Faure, S.; Stern, C.; Espinosa, E.; Douville, J.; Guilard, R.; Harvey,
P. D.Chem—Eur. J. 2005 11, 3469.



Meso-Substituted Bisporphyrins

Scheme 3
1) EtMgBr
Tol
2 ¢l A ©
J—Tol
o Mes
3) NaBH,, (THF:MeOH 30%)
S Tol Tol
Mes
T o W SN2
NHHN
5)DDQ, NEt; 7 Tol
6 Yield 3-4%
S 1) NaBH, (THF:MeOH 30%)
2\ e}
-0 =
B (o) 2) TFA, \ >
Pyridine \_NHHN-7Z
3)DDQ, NEt; 7
Hg(I)O, HBF,
5
Scheme 4
Tol
CH,Cly, NEt3 O m Mes
Zn(CH3COO0), reflux
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S e S e
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6 Benzonitrile 8  Yield 88%

PdCly, reflux
CHCI3/MeOH, K,CO3
Cu(CH3C00), H20, reflux

Tol

Mes

;

Tol Tol

LK)

Mes

/

Tol
10  Yield 100% 9 Yield 61%

Table 1. Chness—CmesoDistances and Chemical Shifts of-f Protons for Cofacial Free Base Bisporphyrins

DPB DPX DPA DPO DPS DPXN DPSN DPON
d(Crmeso—Crmesd (A) 3.80 4.32 4.94 5.53 6.3
6° -7.6 —6.42,—6.80 —-4.98 —-3.8,-3.91 —3.68-3.75 -3.30 -3.11 —-3.07
ref 9,13 11, 67 8,68 12,13, 67 69 14 14

aDPXN: 4,5-bis[5-(10,15,20-trimesitylporphyrinyl)]-2,7-thst-butyl-9,9-dimethylxanthen®.DPON: 4,6-bis[5-(10,15,20-trimesitylporphyrinyl)]diben-
zofuran.¢H NMR in CDCls.

of H.DPXN (0 = —3.30) to those of EDPX (0 = —6.42 for weakly or noninteracting meso-substituted porphyrins in

and—6.80) clearly shows that the use of bulky substituents a face-to-face configuration (i.e., no excitonic couplifty).

at the meso position induces a larger cavity size. Table 2 compares the UWis data between meso- and
Photophysical Data.Figure 1 and Figure 2 exhibit the [(-substituted mono- and bisporphyrins,(HPP vs HDPSN,

absorption spectra @, and8—10. The Soret band foB is H.P vs HDPB, H,DPS, and HDPX), and shows that the

strong and narrowlgax = 416 nm), which is characteristic ~ Soret band for meso-substituted macrocycles is more intense
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Figure 1. Absorption spectra of DPSN, (Zn}DPSN, (Pd)DPSN, and
(Cu)DPSN in CHCI; at 298 K.
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Figure 2. Absorption spectra of DPSN, (Zn}DPSN, (Pd)DPSN, and

(Cu)x:DPSN in 2-MeTHF

at 77 K.

Table 2. UV—Vis Absorption Data in CKCl, at 298 K

Amax(NM) (€ x 103M~1cm™1)

Soret

compound region Q-bands
H,DPSN 416 (556) 513(28) 551 (9) 591 (9) 646 (7)
(Zn),DPSN 417 (619) 552 (29) 594 (6)
(PdyDPSN 412 (482) 524 (50) 555 (7)
(Cu,DPSN 411 (408) 540 (17)
H,TPP52 515 (19.8)
(Zn)TPR43% 425 550 (23.3) 589
(Pd)TPP42 418 524 554
(Cu)TPP*2 416 539 578
HoP° 402 (154) 502 (15) 532(8) 578 (6) 626 (4)
(zn)P 410 (270) 540 (18) 576 (11)
(Pd)P 398 (180) 504 (16) 538 (43.2)
H,DPS 398 (309.9) 502 (29.6) 536 (15.0) 570 (14.2) 622 (6.8)
(Zn),DPS 402 (473.6) 536 (32) 572 (29)
(PdRDPS® 394 (256.9) 516 (23.5) 548 (50.5) 610 (0.29)

aln CgHs. P P2~ = 5-phenyl-2,8,13,17-tetraethyl-3,7,12,18-tetrameth-

ylporphyrin dianion.

and red-shifted than that observed for {hespecies. The

phosphorescence of the (Pd)P monoporphyrid~ (B
5-phenyl-2,8,13,17-tetraethyl-3,7,12,18-tetramethylporphy- (69) From molecular modeling MOPAC (AM1).
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rin dianion) was too small to be measured at 29% Khe
emission spectra and photophysical data for the investigated
compounds are presented in Figure 3 and Table 3, respec-
tively. The emission maxima are similar for the mono- and
bisporphyrins in all meso-substituted systems. At 298 K, the
Or values for the bisporphyrins are smaller compared to
those of HTPP. Moreover, the®p values for the PH
chromophore in (PdPPSN is smaller than that observed
for (Pd)TPP. At 77 K,®p's are expectedly larger for all
molecules, but the meso-substituted systems exhibit a larger
increase in®p going from 298 to 77 K.

Bimolecular Excited-State Quenching by OxygenThe
ko values for five dipalladium bisporphyrins from this work
and the literature are compared. Figure 4 exhibits the graphs
of ®%®p as a function of the diffusion time of On the
solution, where ®s’ and ®p are the phosphorescence
guantum yields in the absence and presence of oxygen,
respectively, for (P§DPS, (PDPX, (Pd}DPB, (Pd)DPSN,
and (Pd)TPP. This graph is similar to Steiviolmer plots.
[O2] is determined using (Pd)TPP as a standabg’{®p*"
= 4850, [OQlgissoved = 2.1 x 1072 M under B, = 0.21
atn?93%, allowing for the determination déy according to

@,
3 = 11 kgtelOz] = 1+ ks\[O] (1)

where ksy is the Stera-Volmer constant andp is the
phosphorescence lifetime (see Table 4). Comparison of the
data can be made according to Table 5. {P&8X and
(PdyDPB are the most and least sensitive to oxygen,
respectively, (i.e., largest and smallest obsekgd/alues).
ksv depends on botkg andzp (eq 1). In a previous papét,
it was demonstrated thag is a function of the Gess—Crmeso
distance. As this distance decreasgsgecreasesrf. Hs-
DPX > H4DPB), witnessing the presence of excited-state
deactivation due to internal conversion processes promoted
by intermacrocycle collisions or interactions. The incorpora-
tion of bulky tolyl and mesityl groups at meso positions
should greatly reduce these interactions. IndesPd)-
DPSN) > 7p((Pd:DPS), and in fact, the former bismacro-
cycle exhibits the largest of the series. On the other hand,
ko is small and just larger than that measured for {BEB,
which is the bismacrocycle that exhibits the smallest cavity.
A qualitative analysis of theg data is given below.
Theoretically, ko arising from a collisional bimolecular
process (dynamic quenching) is defined as

ko = Toko )

wherefg is the quenching efficiency ankh the diffusion-

controlled bimolecular rate constant assuming that all col-
lisions lead to excited-state deactivation. The fact that the
absorption spectra are not modified by the presence,of O
in solution confirmed that the observed phosphorescence

(66) Lakowicz, J. RPrinciples of Fluorescence Spectroscopyd ed.;
Kluwer Academic/Plenum Publishers: New York, 1999.

(67) Chang, C. J.; Baker, E. A.; Pistorio, B. J.; Deng, Y.; Loh, Z.-H.; Miller,
S. E.; Carpenter, S. D.; Nocera, D. [Borg. Chem 2002 41, 3102.

(68) Bolze, F. Ph.D. Thesis. University of Burgundy: Dijon, Frar@1
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Figure 3. Emission spectra of ¥DPSN, (P)DPSN, and (ZmDPSN at 298 K (A) and 77 K (B), and of (GDPSN at 77 K (B) in 2-MeTHF.

Table 3. Emission Data

emissiofl Amax (NM) quantum yieléd lifetime®® z¢ (ns),7p (uS)

compound 298 K 77K 298 K 77K 298 K 77K
H4DPSN 655, 719 655, 715 0.06860¢) 0.1310 @) 12.43 ¢F) 13.34 (5)
(Zn),DPSN 602, 654 611, 670 0.0284®+) 0.0574 @) 2.46 (tF) 1.45 @)
(PdYDPSN 699 688 0.037051p) 0.1551 (bp) 506.00 ¢p) 1388.00 ¢p)
(Cux,DPSN 729 < 0.0001 (p) 455 (p)
(Pd)TPP 696, 772 680, 755 0.02¢) 0.17 (®p) 258.67 ¢p) 1320 ¢p)

aIn 2-MeTHF, Aexcitaiion = 510 nm for free and palladium porphyrins and 540 nm for copper and zinc derivatives; the quantum yield was evaluated by
reference to HTPP (0.1133 and the quantum yield for ;TPP (0.11) at 77 K was verified by reference to (Pd)TPP (0.17; 77 K; M@£).b The
uncertainties in the values faxare+1 nm.¢ The uncertainties in the values of the quantum yieldsis16%. ¢ F = fluorescence, P= phosphorescence.
€ The uncertainties in the values of the lifetimes &®0%.f In methylcyclohexane (MCH).

0 25 5 7.5 10 12.5 15 [O,] (ppm) Table 4. Photophysical Data of Palladium Bisporphyrins Compared to
25 * : * —(calculated) (Pd)TPR
(Pd)TPP--|
. lowest
20 o ko ksv detectiof
. =“(Pd) DPS compound  Tp(us) (LPM-1sT (1°M7Y) (ppm)
£ (Pd),DPX o 2
P o = (PdyDPX 440 6.94 291 0.58
s 151 » (Pd)TPP 258 8.95 231 0.73
s % (Pd).DPSN (PdRDPSN 506 3.99 2.02 0.83
k<l =g (PdyDPS 210 8.95 1.88 0.90
; 10 - (PdyDPB 258 2.98 0.77 2.2
‘% (Pd).DPB a tpvalues are phosphorescence lifetimes measured under an atmosphere
a e 2 of argon;kg values are excited-state deactivation constastis the Stera-
54 Volmer constant? Lowest detection (5%) based ond 0.95 b.
. 3 Table 5. Theoretical Parameters for,@uenching, Quenching
T r T T T T T M T

0 20 40 60 80

Figure 4. Graph of®%/®p vs diffusion time of Q (lower scale) and vs

T
100

T
120

t (min)

Efficiency, and Diffusion-Controlled Bimolecular Rate Constants for
Palladium Bisporphyrins and (Pd)TPP

O] (upper scale) of the Peporphyrin sensors. rp? Dy © ko ko® fQ'
[O2] (upp ) Peporphy compound (&) (10-° m?s-Y) &) APM-1s1) (1PM s (%)
guenching is due to a dynamic quenching proééskhe (PdpDPX 8.1 0.45 7.4 15.6 6.94 44
collision frequency/Z, is defined as (PA)TPP 6.6 0.56 8.8 194 8.95 46
(PdRDPSN 9.5 0.39 8.6 17.7 3.99 22
_ (PdRDPS 9.0 0.43 8.0 16.8 8.95 53
Z= kO] (PdpDPB 7.9 0.46 7.3 15.4 2.98 19

and kg can be expressed according to the Smoluchowski

relatior??-66

k= 47NRy(Dq, + D)

whereN is Avogadro’s numberRRs is the collision radius,

a Porphyrin radiusP Diffusion coefficient of the bismacrocyclé Sum
of the molecular radius of the chromophore and dioxydeFheoretical
diffusion-controlled deactivation constafAtDeactivation constant.De-
activation efficiency.

respectively. The latter can be estimated using the Stokes
Einstein equatiofi-6®

i.e., the sum of the radii of the emitting species (a single

chromophore) and quencher (Schemé&®®nd Do, andDp
are the diffusion coefficients of £and the porphyrin species,

_ KT

D= gt (5)
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Scheme 5
Connolly area for the determination of R,

- e
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L

wherek,, #, and T are the Boltzman constant, the viscosity

of the medium § = 0.575 x 102 Pa for 2-MeTHF at 293

K),%” and the temperature, respectivetyjs the solvated

molecular radius (i.e.rp for the bisporphyrinro, for O, Figure 5. Examples of computed surfaces for (FIPB (A), (PdyDPS
Scheme 5). As molecules are not spherical systems, the(B), and (PQDPSN (C).

molecular surfaces are computed according to the Connolly

methodology?® The calculated surfaces are then used to ((PdpDPX, (Pd}DPS) and “closed” ((PdPPSN, (PA)DPB)
extract rp and ro, for a sphere model. This computer systems. (Pd)TPP is characterized by an efficiency similar
methodology requires knowledge of the solvent radius. In to that of the bisporphyrins with “open” cavities that are
this work,r(2-MeTHF) was also estimated by computations formed by the two macrocycles and the spacer.

using the van der Waals radii@-MeTHF)= 2.89 A). This The comparison of thi, values for (PdDPX, (Pd}DPS,
approach represents a crude approximation. For§) = and (Pd)DPB shows that the smaller cavity in the biphen-
1.6 A andDo, = 2.33x 102 m? s'., ylenyl derivative (Figure 5) prevents efficient quenching by

Table 5 compares the calculated parameters and experi-oxygen. The fact that th&((PdLDPS)fo((PdLDPB) ratio
mentalkg allowing extraction offo. Figure 5 shows three is about 2 strongly suggests that the @olecules do not
typical examples of computed surface envelopes used topenetrate inside the cavity in (BBPB, and indicates that
determinerp andRe. As anticipatedrp is greater for larger  the two macrocycles screen each other. Similarly, comparison
bismacrocycles (examples((PdRDPSN)> rp((PdyDPB)), of the fg values for (Pd)TPP and (P@PSN indicates that
andDg's for the porphyrin molecules are smaller than that the interior of the cavity of the latter system is cluttered.
for O, Similarly, R's for p-substituted porphyrins are This can also be observed in Figure 5 when comparing
smaller than those for the meso-substituted chromophores(PdyDPS with (Pd)DPSN. Again,fo((PdRDPS)fo((Pd)-
again consistent with the number of substituent C atoms DPSN) ando((Pd)TPP)io((PdRDPSN) ratios of about 2 are
attached on the porphyrin rings, is calculated frontp, Dp, noted.
andRe (eq 4). On the basis of tHe values, (Pd)TPP, (Pg) While the meso-substitution by aryl groups prevents the
DPSN, and (PdPPS are predicted to be the most efficient two macrocycles in a cofacial arrangement from deactivating
O, sensors if all collisions are efficient from a theoretical each other, rendering, longer, steric hindrance prevents O
stand point. This basic model assumes that collisions with from efficiently penetrating inside the cavity. As a conse-
the porphyrin chromophore substituents lead to excited-statequence, the design for better sensors must take these
deactivation, which is not necessarily always the case. Fromparameters into account. It is interesting to note that
the experimentaky’'s, we estimated and compared thés. (PdRDPX is the most sensitive of the porphyrin systems,
The series can be separated into two groups: “open” but its synthesis requires many steps.
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Conclusion prepared at a reasonable price. In this context, the construc-
tion of systems covalently anchored on solid support, both
mono- and bisporphyrin systems, exhibits very interesting
o- possibilities for future applications in this area.

The results demonstrate the presence of a diffusion
mechanism of @toward the chromophore, contrasting with
the static mechanism, which is the source of some contr

versy in the literature. In terms of efficiency vs cost, (Pd)- Acknowledgment. P.D.H. thanks NSERC (Natural Sci-
TPP definitely exhibits the best ratio in the studied series. gnces and Engineering Research Council of Canada) for

However, the structural modification for molecular device support. The support of the CNRS (R.G., UMR 5633) is also
improvement of this monoporphyrin complex is not flexible. gratefully acknowledged.

Indeed, better sensitivity is obtained when one figures out a

way to increasep and ®p via structural modification. This Supporting Information Available: Table comparing thémax,
was found in (PgDPX, for whichze was increased and both ~ ®e, andz. for various related bisporphyrin systens} and **C-
macrocycles remained clearly accessible 0By reducing ~ {*H} NMR and MS (MALDI-TOF) and EPR spectra far-9. This
the number of steps of synthesis for (FRPSN in this work, material is available free of charge via the Internet at http:/
and choosing the appropriate substituents, we found it is PUPS-acs-org.

possible that more effective,@ensing porphyrins could be  1C0508573
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