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Abstract: The cofacial bisporphyrins H,DPS (DPS = 4,6-bis[5-(2,8,13,17-tetraethyl-3,7,12,18-tetra-
methylporphyrinyl)Jdibenzothiophene), H,DPO (DPO = 4,6-bis[5-(2,8,13,17-tetraethyl-3,7,12,18-tetram-
ethylporphyrinyl)]dibenzofuran), H.DPX (DPX = 4,5-bis[5-(2,8,13,17-tetraethyl-3,7,12,18-tetramethylpor-
phyrinyl)]-9,9-dimethylxanthene), HsDPA (DPA=1,8-bis[5-(2,8,13,17-tetraethyl-3,7,12,18-tetramethylporphyrinyl)]-
anthracene), and H,DPB (DPB = 1,8-bis[5-(2,8,13,17-tetraethyl-3,7,12,18-tetramethylporphyrinyl)]bi-
phenylene) have been monometalated by Zn(OAc),-2H,0 and by GaCls to explore the singlet—singlet energy
transfer from the photoexcited metal porphyrin center to the linked free base porphyrin. The spectroscopic
(UV—vis and fluorescence) and photophysical properties (fluorescence lifetimes, ¢, and quantum yields,
®g) have been investigated at 298 and 77 K in degassed 2-MeTHF for the donor—acceptor systems, (Zn)-
H.DPS, (Zn)H.DPO, (Zn)H.DPA, (Zn)H.DPX, and (Zn)H,DPB, as well as for the bis-zinc complexes,
(Zn).DPS, (zZn),DPO, (Zn),DPX, and (Zn),DPB, respectively, and the monoporphyrin derivatives, H,P, (Zn)P,
and (Ga—OMe)P (P?~ = 5-phenyl-2,8,13,17-tetraethyl-3,7,12,18-tetramethylporphyrin-dianion). The singlet—
singlet energy transfer rate constants (Ker) were obtained using Ker = (1/t¢ —1/7¢°), where 7¢° is the
fluorescence lifetime of the corresponding bis-zinc(ll) systems (or (Zn)P and (Ga—OMe)P) where no energy
transfer occurs. The ¢ value for three bis-zinc(Il) compounds varies from 1.69 to 2.01 ns and is 1.84 (at
298 K) and 3.20 ns (at 77 K) for (Ga—OMe)P. In the donor—acceptor bismacrocycles, depending on the
spacer and the temperature, the fluorescence lifetimes decrease down to 50—240 ps. The Kgr values
range from ~4 to ~21 (ns™!) and have been analyzed considering both the Forster and the Dexter
mechanisms. Using the Cmeso—Cmeso distance parameters in the calculations, the Forster and Dexter
mechanisms operate for DPS and DPO, and for DPA, DPX, and DPB spacer systems, respectively. The
limit distance where one mechanism dominates over the other is estimated to be around 5—6 A.

Introduction (Dexter)© and long distance interactions "{Bter)11-12 Based
on the literaturé, the field of singlet-singlet energy transfer

porphyrin macrocycles in biological systems is essential for for bisporphyrin systems indicates that the dominant mechanism
is Farster. This particularity is explained by the fact that most

designing efficient light-harvesting systefsotably when the
process (antenna effect) operates in the primary stage of themvestlgated systems so far include a donor held to an acceptor
photochemical evenés® Many reviews on the topics in this using a spacer that keeps these chromophores at long distances,

area already exigt:? The energy transfer may occur via short favorl.ng this mechanlsm. One of the grgatest phallenges in this
area is to estimate where one mechanism switches to the other

A clear understanding of energy transfer processes between

T Universitede Bourgogne. as the dominating process when the distance is varied in a
* Universitede Sherbrooke. systematic manner, without variation of other structural
(1) Jordan, P.; Fromme, P.; Witt, H. T.; Klukas, O.; Seanger, W.; Krauss, N. . . .
Nature (London, U. K.p00%, 411, 909-917. parameters as possible. Although literature on porphyrin
(2) Prathapan, S.; Johnson, T. E.; Lindsey, I.\m. Chem. S04993 115, donor-spacet-porphyrin acceptor systems is relatively rich in
7519-7520. . d . .
(3) Kodis, G.; Liddell, P. A.; de la Garza, L.; Clausen, P. C.; Lindsey, J. S.; this area, the use of a spacer favoring the cofacial geometry is
Mhocre, A. L.; Moore, T. A.; Gust, DJ. Phys. Chem. 2002 106 2036- rather rar€. Such a structure should strongly promote short

(4) Luo, C.; Guldi, D. M.; Imahori, H.; Tamaki, K.; Sakata, B. Am. Chem. distance interactions (favoring the Dexter process), but the

S0c.200Q 122 6535-6551. ; i i i i ivd3,14
(5) Gust, D.: Moore T, A: Moore, A. LAcc. Chem. Re1993 26, 198 dipole—dipole interactions (Fster) are still effectivé314The

205.
(6) Gust, D.; Moore, T. A.; Moore, A. LAcc. Chem. Re®001, 34, 40—-48. (9) Wasielewski, M. RChem. Re. 1992 92, 435-461.
(7) Harvey, P. D. InThe Porphyrin Handbook jIKadish, K. M., Smith, K. (10) Dexter, D. L.J. Chem. Phys1953 21, 836-850.
M., Guilard, R., Eds.; Academic Press: San Diego, 2003; Vol. 18, pp 63  (11) Faster, T.Naturwissenschafteh946 33, 166-175.
250. (12) Faster, T.T. Ann. Phys1948 2, 55-73.
(8) Aratani, N.; Osuka, A.; Cho, H. S.; Kim, [J. Photochem. Photobiol., C (13) Turro, N. J.Modern Molecular PhotochemistryUniversity Science
2002 3, 25-52. Books: Sausalito, CA, 1991.
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Table 1. Comparison of the UV—Vis Absorption Data of the Mono- and Bisporphyrin Compounds?

Amax (NM) (€ X 1073 M~ cm™?)

compound Soret region Q-bands
HoP 402 (154) 502 (15) 532 (8) 578 (6) 626 (4)
(Zn)P 410 (270) 540 (18) 576 (11)
(Ga—OMe)P 408 (157) 538 (6) 576 (5)
HsDPS 398 (309.9) 502 (29.6) 536 (15.0) 570 (14.2) 622 (6.8)
(Zn)HDPS 402 (340.6) 502 (15.6) 534 (21.7) 570 (20.9) 624 (3.1)
(Zn),DPS 402 (473.6) 536 (32) 572 (29)
(Ga—OMe)H,DPS 402 (361.7) 502 (11.7) 536 (20.3) 574 (17.7) 622 (1.8)
H4sDPO 396 (260) 502 (24) 536 (12.0) 572 (1.1) 624 (5.0)
(Zn)H,DPO 400 (383.5) 502 (15.7) 534 (22.2) 570 (21.6) 622 (2.7)
(Zn),DPCO'" 400 (512) 534 (30.6) 571 (29.6)
(Ga—OMe)H,DPO 402 (252.7) 502 (11.0) 536 (14.8) 574 (13.9) 622 (2.8)
HisDPA 395 (190.5) 506 (14.1) 539 (5.1) 578 (6.0) 631 (3.3)
(Zn)HDPA* 399 (196.6) 507 (7.0) 539 (10.5) 575 (11.6) 630 (1.3)
H4sDPX 380 (200) 508 (12.0) 543 (5.4) 578 (6.0) 628 (3.3)
(Zn)H,DPX 386 (268) 512 (9.5) 542 (11.7) 576 (12.0) 628 (2.0)
(Zn),DPX1” 389 (290) 541 (14.3) 576 (13.2)
(Ga—OMe)H,DPX 388 (269.4) 510 (8.4) 542 (11.4) 580 (10.4) 628 (1.4)
H4sDPB 379 (173.9) 511 (6.3) 540 (2.0) 580 (3.4) 632 (1.8)
(Zn)H.DPB* 388 (200.0) 518 (4.1) 542 (5.2) 581 (6.8) 633 (0.8)

aln CHxCl, at 298 K.

distance of 10 A is normally accepted as the crossing point
between the two mechanisrisbut this distance may change
from spacer to spacer. Numerous groups, including Nockra,
Guilard’s?1~24 Chang's?>~27 and otherg® have prepared dif-

model compounds. The singtesinglet energy transfer rate
constantsKgr) are obtained and are analyzed according to the
Forster and Dexter formulations. The limiting distance where
one mechanism switches to the other is evaluatesitp 6 A).

ferent rigid spacers for the synthesis of cofacial bisporphyrin TheseKgr data are also compared to literature and discussed.

systems. By examining the crystallographically measured
Cmess—Cmesodistances, one can realize that this seriefOfPs
(6.3 A)2H,DPO (5.53 A)L730H,DPA (4.94 A)31 H,DPX (4.32
A),1" and HDPB (3.80 A$9) offers a unique opportunity to
fine-probe the photophysical data for doa@cceptor bispor-

Experimental Section

Materials. 1,8-Bis[(4,4-diethyl-3,3-dimethyl-2,2-dipyrryl)methyl]-
dibenzothiophen#, 3,3-diethyl-5,3-dimethyl-4,4-dimethyl-2,2-dipyr-
rylmethane’? H,DPO!® H,DPX® H,DPB?" H,DPA?® and their

phyrin systems in a cofacial orientation. The possibility of metalated derivatives were synthesized using literature mefhets.
estimating the distance where the dominant mechanism switchesunless otherwise stated, all reagents and solvents were used as received.

from Farster to Dexter, less for cofacial bisporphyrin doror
acceptors, is unprecedented.

We now wish to report the syntheses of novel bismacrocycle
compounds to assemble together a series of cofacial gonor
acceptor systems, mono-zinc(ll) and mono-gallium(lll) centers

2-MeTHF was purchased from Aldrich (996, anhydrous and under
inert gas). GaGlwas in 5% solution in CECOOH, and the solvent
was removed under vacuum prior to use. PT8Aoluenesulfonic acid)
and DDQ (2,3-dichloro-5,6-dicyanp-benzoquinone) were purchased
from Aldrich. Column chromatography was performed with neutral
alumina (Merck; usually Brockmann Grade lll, i.e., deactivated with

as energy donors, and the free bases as acceptor, along witlgo% water) and silica gel (Merck; 70120 mm) and monitored by thin-
their corresponding bismetalated derivatives and monoporphyrinlayer chromatography (Merck 60 F254 silica gel precoated sheets, 0.2

(14) Valeur, B.Molecular Fluorescence. Principles and ApplicatipWgiley-
VCH: Weinheim, 2002.

(15) Deng, Y.; Chang, C. J.; Nocera, D. & Am. Chem. So200Q 122 410-
411

(16) Chang, C. J.; Deng, Y.; Heyduk, A. F.; Chang, C. K.; Nocera, OnGrg.
Chem.200Q 39, 959-966.

(17) Chang, C. J.; Baker, E. A.; Pistorio, B. J.; Deng, Y.; Loh, Z.-H.; Miller, S.
E.; Carpenter, S. D.; Nocera, D. Gorg. Chem.2002 41, 3102-3109.

(18) Chang, C. J.; Deng, Y.; Peng, S.-M.; Lee, G.-H.; Yeh, C.-Y.; Nocera, D.
G. Inorg. Chem.2002 41, 3008-3016.

(19) Chang, C. J.; Yeh, C.-Y.; Nocera, D. &.Org. Chem2002 67, 1403—
1406

(20) Chngj, L. L.; Chang, C. J.; Nocera, D. &.0rg. Chem2003 68, 4075~
4078

(21) Lopez, M. A. Ph.D. Thesis, Universitee Bourgogne: Dijon, 1990.

(22) Tardieux, C. Ph.D. Thesis, Universide Bourgogne: Dijon, 1997.

(23) Collman, J. P.; Ha, Y.; Guilard, R.; Lopez, M. lorg. Chem1993 32,
1788-1794.

(24) Brands, S. Ph.D. Thesis, Universitee Bourgogne: Dijon, 1993.

(25) Chang, C. K.; Kuo, M.-S.; Wang, C.-B. Heterocycl. Chem1977, 14,
943-945.

(26) Chang, C. K.; Abdalmuhdi, 1. Org. Chem1983 48, 5388-5390.

(27) Chang, C. K.; Abdalmuhdi, Angew. Chem., Int. Ed. Endl984 23, 164~
165.

(28) Collman, J. P.; Tyvoll, D. A.; Chng, L. L.; Fish, H. J. Org. Chem1995
60, 1926-1931.

(29) From molecular modeling MOPAC (AM1).

(30) Bolze, F.; Gros, C. P.; Drouin, M.; Espinosa, E.; Harvey, P. D.; Guilard,
R. J. Organomet. Chen2001, 643—644, 89—97.

(31) Bolze, F. Ph.D. Thesis, Universitee Bourgogne: Dijon, 2001.
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mm thick) and U\~vis spectrometry.

Apparatus. *H NMR spectra were recorded on a Bruker DRX-500
AVANCE spectrometer at the Centre de Spectroiaévoléculaire de
I'Universiteé de Bourgogne. Microanalyses were performed at the
Universitede Bourgogne on a Fisons EA 1108 CHNS instrument-UV
vis spectra were recorded on a Varian Cary 50 spectrophotometer. Mass
spectra were obtained in linear mode with a Bruker Proflex 1Il MALDI-
TOF mass spectrometer using dithranol as matrix. Emission and
excitation spectra were obtained using a double monochromator
Fluorolog 2 instrument from Spex. Fluorescence lifetimes were
measured on a Timemaster model TM-3/2003 apparatus from PTI. The
source was a nitrogen laser with high-resolution dye laser (fhm
1500 ps), and the fluorescence lifetimes were obtained from decon-
volution or distribution lifetimes analysis. Complementary measure-
ments for (Zn)HDPA were performed on a picosecond laser system
(fwhm = 35 ps) at the University of Ottawd:3* All samples were
prepared under inert atmosphere (in a gloveb@s, £ 1—3 ppm) by

(32) Chong, R.; Clezy, P. S.; Liepa, A. J.; Nichol, A. Wust. J. Chem1969
22, 229-238.

(33) Mohtat, N.; Cozens, F. L.; Scaiano, J. £.Phys. Chem. B998 102
7557-7562.

(34) Cosa, G.; Vinette, A. L.; McLean, J. R. N.; Scaiano, JA@al. Chem.
2002 74, 6163-6169.
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dissolution of the different compounds in 2-MeTHF using £ guartz

cells with septum (298 K) or standard 5 mm NMR tubes (77 K). Three
different measurements (i.e., different solutions) have been performed
for the photophysical data (quantum yields and lifetimes). The sample
concentrations were chosen to correspond to an absorbance of 0.05

Scheme 1

Each absorbance value was measured five times for better accuracy

for the measurements of the quantum yields. The reference for quantum
yield was HTPP @ = 0.11)35%" and the quantum yield determination

for H,TPP @ = 0.11) at 77 K was performed with (Pd)TPR =

0.17; 77 K; MCH (methylcyclohexane)) as referedge.

H4DPS.This compound was synthesized according to a modification
of the literatureé®® Under inert atmosphere, 3;8iethyl-5,3-dimethyl-
4,4-dimethyl-2,2-dipyrrylmethane (4.62 g; 16 mmol) and 1,8-bis[(4,4
diethyl-3,3-dimethyl-2,2-dipyrryl)methyl]dibenzothiophene (5 g; 7.8
mmol) were dissolved in MeOH (1 L, degassk h under argon) and
stirred for 30 min in the dark. A solution of PTSA (10 g; 52 mmol) in
200 mL of MeOH was added over a period of 24 h, and the solution
was stirred for 24 h. DDQ (4 g) was then added, and stirring was
continued for 1 h. The solvent was removed under vacuum, and the
solid was dissolved in 200 mL of GBI,. The organic layer was filtered
through a pad of alumina (using GEl; as solvent). The second purple
band was collected, and the solvent was evaporated. Crystallization in
CHCl,/MeOH afforded a purple solid. Yield: 21% (1.9 gHd NMR
(CDCly): 6 (ppm) 9.82 (s, 4H), 9.63 (s, 2H), 8.82 (m, 2H), 7.95 (m,
4H), 3.82 (m, 16H), 3.38 (s, 12H), 2.35 (s, 12H), 1.64 (t, 12H), 1.58
(t, 12H), —3.68 (s, 2H),—3.75 (s, 2H). Anal. Calcd: C, 80.24; H,
7.09; N, 9.85; S, 2.82. Found: C, 79.41; H, 7.05; N, 9.99; S, 2.83. MS
(MALDI-TOF) m/z 1136 (M"); calc GeHgoNgS 1136 g mot?.

General Procedure for the Preparation of Mono-zinc Bispor-
phyrins. Under argon, 1.5 g of the free base bisporphyrin was dissolved
in degassed C¥l, (400 mL) and stirred under reflux. A solution of
350 mg of Zn(OAc)-2H,0 in MeOH (50 mL) was then added over a
period of 6 h, and the reaction was monitored by -t and TLC
(disappearance of the free base bisporphyrin). After the solution was
dried, the residue, dissolved in @El,, was purified by chromatography.

(Zn)H-DPS and (ZnyDPS.Chromatographic purification: alumina,
CH.Cl,/heptane 7:3. The first band was collected as {BR)S, and
the second one was collected as (ZsDRS. After the solvent was
removed under vacuum, recrystallization in £H/heptane afforded
purple crystals for each compound.

(Zn)H2DPS.Yield: 57% (900 mg)*H NMR (CDCL): 6 (ppm) 9.80
(s, 2H), 9.79 (s, 2H), 9.59 (s, 2H), 8.82 (m, 2H), 7.97 (m, 4H), 3.79
(m, 16H), 3.36 (s, 12H), 2.34 (s, 12H), 1.61 (m, 12H), 1.57 (m, 12H),
—3.73 (s, 1H),—3.82 (s, 1H). Anal. Calcd: C, 76.01; H, 6.55; N, 9.33;
S, 2.67. Found: C, 76.01; H, 7.05; N, 9.20; S, 2.73. MS (MALDI-
TOF) m/z 1199 (M"); calc GeH7gNsSZn 1198 g molt. UV—vis data
are summarized in Table 1.

(Zn),DPS. Yield: 7% (110 mg).*H NMR (CDCl): 6 (ppm) 9.70
(s, 4H), 9.60 (s, 2H), 8.85 (m, 2H), 7.96 (m, 4H), 3.82 (m, 16H), 3.38
(s, 12H), 2.37 (s, 12H), 1.59 (t, 24H). Anal. Calcd: C, 72.20; H, 6.06;
N, 8.86; S, 2.54. Found: C, 72.07; H, 6.26; N, 8.87; S, 2.55. MS
(MALDI-TOF) m/z 1263 (M"); calc GeH7eNsSZn, 1260 g mot™.

(Zn)H,DPO. Chromatographic purification: alumina, GEl,/hep-

X=-,Y =S dibenzothiophene
M = 2H; M' = 2H; H4DPS
M = Zn, Ga-OMe; M' = 2H; (M)H,DPS
M = M'= Zn; (Zn),DPS
X=-Y =0 dibenzofuran
M = 2H; M' = 2H; H4DPO
M = Zn, Ga-OMe; M' = 2H; (M)H,DPO
M = M' = Zn; (Zn),DPO
X=C,Y =C,; anthracene
M = 2H; M' = 2H; H4DPA
M =2H; M'=Zn ; (Zn)H,DPA
X =CMe,, Y = O ; dimethylxanthene
M = 2H; M' = 2H; H4DPX
M = Zn, Ga-OMe; M' = 2H; (M)H,DPX
M = M'= Zn; (Zn),DPX
X=-Y =-; biphenylene
M = 2H; M' = 2H; H4,DPB
M = Zn; M' = 2H; (Zn)H,DPB
M =M' = Zn; (Zn),DPB

M = 2H; H,P
M = Zn, Ga-OMe; (M)P

C, 76.71; H, 6.89; N, 9.19. MS (MALDI-TOFz 1183 (M); calc
C7GH78NBOZn 1183 g mot?.

(Zn)H.DPX. Chromatographic purification: alumina, @El,/heptane
8:2. The second band was collected, and the solvent was removed under
vacuum. Recrystallization in Gi&l./heptane afforded (Zn#BDPX as
purple crystals. Yield: 47% (740 mgH NMR (CDCk): 6 (ppm) 9.10
(s, 1H), 9.00 (s, 1H), 8.50 (s, 2H), 8.40 (s, 2H), 7.86 (d, 2H), 7.23 (m,
2H), 6.99 (d, 2H), 4.14 (m, 4H), 4.14 (m, 4H), 3.55 (m, 4H), 3.33 (m,
4H), 2.26 (m, 12H), 2.21 (s, 6H), 1.70 (m, 12H), 1.40 (m, 12H7,07
(s, 1H), 7.23 (s, 1H). Anal. Calcd: C, 77.33; H, 6.90; N, 9.13. Found:
C, 77.67; H, 6.48; N, 8.42. MS (MALDI-TOFz 1225 (M"); calc
C79H84NgOZn 1225 g mot?.

General Procedure for the Preparation of Mono-gallium Bispor-
phyrin. After acetic acid was removed under vacuum, benzonitrile (40

tane 7:3. The second band was collected, and the solvent was removednL), CH;COONa (0.82 mg), and mono-zinc bisporphyrin (400 mg)

under vacuum. Recrystallization in GEl./heptane afforded (Zn)H
DPO as purple crystals. Yield: 51% (810 mgii NMR (CDCly): 6
(ppm) 9.68 (m, 4H), 9.49 (m, 2H), 8.65 (m, 2H), 7.77 (m, 4H), 3.77
(m, 16H), 3.31 (2s, 12H), 2.36 (2s, 12H), 1.53 (M, 24HB.95 (s,
1H), —4.02 (s, 1H). Anal. Calcd: C, 77.04; H, 6.64; N, 9.46. Found:

(35) Strachan, J.-P.; Gentemann, S.; Seth, J.; Kalsbeck, W. A.; Lindsey, J. S;
Holten, D.; Bocian, D. FJ. Am. Chem. S0d.997 119 1119%+11201.

(36) Gouterman, M. IThe PorphyrinsDolphin, D., Ed.; Academic Press: New
York, 1978; Vol. lll, pp 1-165.

(37) Seybold, P. G.; Gouterman, M. Mol. Spectrosc1969 31, 1—13.

(38) Harriman, A.J. Chem. Soc., Faraday Trank98Q 76, 1978-1985.

(39) Murov, S. L.; Carmichael, I.; Hug, G. lHandbook of Photochemistry
2nd ed.; Marcel Dekker: New York, 1993.

were added to Gag[1.40 mL, 5% in acetic acid). The mixture was
refluxed, and the reaction was monitored by B¥s (disappearance
of the mono-zinc bisporphyrin;-90 min). The solvent was removed
under vacuum. CkCl, (200 mL) and HC6 M (50 mL) were added,
and the solution was stirred vigorously for 30 min. The organic layer
was extracted, washed, and dried over MgSDhe solvent was
removed to yield a dark solid, which was redissolved in,Chland
filtered through a pad of alumina (GBI,/MeOH 95:5). The purple
band was collected. Recrystallization in &H/MeOH produced a pure
mono-gallium derivative as a light purple solid.

(Ga—OMe)H.DPS. Yield: 53% (220 mg).*H NMR (CDCl): 6
(ppm) 9.88 (M, 2H), 9.76 (m, 2H), 9.60 (m, 2H), 8.84 (m, 2H), 8.02

J. AM. CHEM. SOC. = VOL. 126, NO. 4, 2004 1255
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Scheme 2

< CHO

1) APTS, MeOH
2) DDQ

H
=

Scheme 3

X Y

s !E ZnOAG,, MeOH/CH,Cl,

‘(DO

=S
=S

H4DPS

H4DPS, H,DPO, H,DPA,
H,DPX, H,DPB,

(m, 4H), 3.80 (m, 16H), 3.37 (s, 12H), 2.30 (m, 12H), 1.60 (m, 24H),
—3.64 (2s, 3H)~3.78 (s, 1H)—3.85 (s, 1H). Anal. Calcd: C, 74.81;

H, 6.60; N, 9.06; S, 2.59. Found: C, 74.33; H, 6.42; N, 8.92; S, 2.44.

MS (MALDI-TOF) m/z 1205 (M" — OMe); calc GeH7eGaNsS 1204 g
mol~2,

(Ga—OMe)H,DPO. Yield: 47% (195 mg).!H NMR (CDCl): 6
(ppm) 9.80 (m, 2H), 9.68 (m, 2H), 9.51 (m, 2H), 8.66 (m, 2H), 7.80
(m, 4H), 3.75 (m, 16H), 3.32 (m, 12H), 2.37 (M, 12H), 1.53 (m, 24H),
—3.95 (s, 1H),—4.02 (s, 1H),—4.00 (2s, 3H). Anal. Calcd: C, 75.79;
H, 6.69; N, 9.18. Found: C, 76.70; H, 6.89; N, 9.18. MS (MALDI-
TOF) m/z 1188 (M" — OMe); calc GeH79GaNsO 1188 g mot™.

(Ga—OMe)H,DPX. Yield: 33% (135 mg).*H NMR (CDCl): 6
(ppm) 9.10 (s, 1H), 9.00 (s, 1H), 8.50 (s, 2H), 8.40 (s, 2H), 7.86 (d,
2H), 7.23 (m, 2H), 6.99 (d, 2H), 4.14 (m, 4H), 4.14 (m, 4H), 3.55 (m,
4H), 3.33 (m, 4H), 2.26 (m, 12H), 2.21 (s, 6H), 1.70 (m, 12H), 1.40
(m, 12H),—3.90 (s, 3H),—6,59 (s, 1H), 7.20 (s, 1H). Anal. Calcd: C,
76.12; H, 6.95; N, 8.88. Found: C, 75.97; H, 7.06; N, 8.42. MS
(MALDI-TOF) m/z1230 (M" — OMe); calc GgHgsGalNs 1230 g mot™.

Results

Synthesis.The list of investigated compounds is shown in

(Zn)H,DPS, (Zn)H,DPO, (Zn)H,DPA,
(Zn)H,DPX, (Zn)H,DPB

1) GaCls, PhCN, CH3COONa
2) HCI

(Ga-OMe)H,DPS, (Ga-OMe)H,DPO,
(Ga-OMe)H,DPX

convenient and efficient synthetic procedure reduces the number
of purification steps as previously reportéd.

The general synthesis of the monometalated bisporphyrins
is shown in Scheme 3 and proceeds first by incorporation of a
zinc(ll) cation into one of the porphyrin macrocycles, providing
one series of doneracceptor systems. A second metalation with
gallium trichloride leads to heterobimetallic Z&a bisporphy-
rins. Subsequently, the use of acid allows one to selectively
remove all residual zinc(Il) ion from the bismacrocycles, giving
access to a second family of doracceptors. This two-step
procedure is necessary as insertion of the gallium atom into
the free base was unsuccessful in producing high yields of the
monometalated produét.

The MALDI-TOF technique is well suited for the character-
ization of all investigated molecules. Considering the {Ga
OMe) porphyrin spectra, the data indicate the absence of the
molecular ion peaks, but rather show fragments consistent with
the targeted molecules that have lost the OMe fragment. This
result illustrates the rather fragile G®Me bond.

Scheme 1. The free bases were prepared according to established Absorption Spectra. Table 1 summarizes the Uwis data

procedure4? except for HDPS. The latter was synthesized

using a modified procedure as shown in Scheme 2. This more

(40) Kadish, K. M., Smith, K. M., Guilard, R., Ed$he Porphyrin Handbogk
Academic Press: New York, 2000.
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for all investigated porphyrin compounds, for which the Soret-

(41) Guilard, R.; Lopez, M. A,; Tabard, A.; Richard, P.; Lecomte, C.; Btande
S.; Hutchison, J. E.; Collman, J. P. Am. Chem. S0d.992 114, 9877
9889.
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Figure 1. UV —vis spectra of (A) HP x 2 as compared to the free base bisporphyrigdP5, HDPO, and HDPX and (B) (Zn)Px 2 as compared to the

corresponding bis-zinc(Il) bisporphyrins (298 K, &El,).
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Figure 2. UV —vis spectra of (HP + (M)P)/2 as compared to the monometalated bisporphyrins ¢8RS, (M)HDPO, and (M)HDPX where (A) M=

Zn and (B) M= Ga—OMe (298 K, CHCly).

and Q-bands are characterized. Figure 1 shows the comparison Fluorescence.Table 2 summarizes the fluorescence spec-

between the UVvis spectra for HDPO, HDPS, and HDPX
with HoP, and (ZmDPO, (Zn}DPS, and (ZrpDPX with (Zn)P,

troscopic 4may and quantum yield datal(), along with some
other relevant data, and Figure 3 shows typical examples of

where clear discrepancies are shown. The most remarkablefluorescence spectra. The fact that the excitation spectra
feature is the fact that the absorption spectra for the mono- superimpose the absorption spectra confirms the identity of the

porphyrin and bisporphyrin species are not superimpogafife.
A dependence of the Soret bahg.xand bandwidth is observed
and varies as P DPS> DPO > DPA > DPX > DPB for

fluorescence. The quantum yields fosf4 HiDPS, and HDPO,
as well as for (Zn)P, (ZRPPS, and (ZnDPO, respectively,
compare favorably, indicating the absence of strong intramo-

Amax (Table 1) and in reverse for the bandwidth. This trend is lecular interactions in the excited state. Conversely, for all of
in agreement with variable intermacrocycle interactions due to the DPA, DPX, and DPB systems, the correspondingalues

the increase of the fess—Cmesodistance (DPB< DPX < DPA
< DPO < DPS), but there was no splitting of the band due to

decrease as the chromophores get closer to each otheg{C
Cmeso distance: DPB< DPX < DPA). Those results are

excitonic coupling. The same observation and conclusion are consistent with the presence of stronger interporphyrin interac-

made for the doneracceptor bisporphyrin series (both Za/H

tions. At first glance, DPS and DPO behave similarly, and DPA,

and Ga/H as shown in Figure 2) where the comparison is made DPX, and DPB form a different series of bis-chromophores.

with the 1:1 spectral algebraic sum of (Zn)P arngPHand (Ga-

OMe)P and HP) monoporphyrins. At 77 K, the spectra of
(Zn)H,DPS and (Zn)EDPO are better resolved. Moreover, the
half sum of the bis-free base and bis-zinc(ll) bisporphyrin

The fluorescence spectra for the monometalated bisporphyrins
show a drastic decrease in relative intensity for the zinc(ll)
porphyrin emission versus the free base fluorescence, as
illustrated in Figures 3 and 4. The weak 0 fluorescence peak

spectra almost superimpose the spectra of the correspondinds barely perceptible in the spectra, even at 77 K, due to a
monometalated bisporphyrins (see Supporting Information). This singlet-singlet energy transfer from the zinc(ll) porphyrin to
feature indicates that the interporphyrin interactions for both the free base, which is now addressed in more detail.
spacers are rather weak. In comparison, the absorption spectra Energy Transfer. The energy transfer rat&éy) from the

for (Zn)H.DPA, (Zn)H:DPX, and (Zn)HDPB are not resolved

photoexcited metal (Zn or Ga) porphyrin to the free base

at low temperature due to the strong interaction between the norphyrin subunit in each momometalated bisporphyrin was

two chromophores.

(42) Chang, C. KJ. Heterocycl. Cheml977, 14, 1285-1288.

assessed using picosecond fluorescence spectroscopy. The
photophysical data are analyzed according to the energy transfer
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Table 2. Luminescence Data for the Mono- and Bisporphyrins?
compound quantum yields¢ Amax (NM)®
macrocycle metal or H 298K 77K 298 K 77K

P 2H 0.0892 0.0862 629, 696 623, 690
Znb 0.0214 0.0266 580, 635 581, 639, 721
Ga 0.0173 0.0541 581, 637 579, 637,718

DPS 4H 0.0887 0.0838 629, 697 623, 689
zn, 2H° 0.1070 0.0909 583, 628, 697 585, 622, 689
2ZrP 0.0203 0.0226 581, 636 583, 643, 720
Ga, 2H 0.0788 0.1038 582, 629, 697 582, 622, 689

DPO 4H 0.0937 0.0786 628, 697 623, 691
zn, 2H° 0.0989 0.0639 631, 697 581, 622, 690
2ZrP 0.0294 0.0347 580, 635 584, 643, 722
Ga, 2H 0.0909 0.0643 628, 697 621, 698

DPA 4H 0.028° 0.0440 6340 6240
Zn, 2H° 0.1070 0.0882 585, 630, 698 620, 688

DPX 4H 0.0361 0.0643 635, 701 637, 702
Zn, 2H° 0.0190 0.0707 587, 641, 704 588, 639, 707
2Zrp 0.0115 0.0234 584, 643 595, 649, 721
Ga, 2H 0.0666 0.0271 588, 639, 705 588, 638, 708

DPB 4H 0.004&° 0.0120 64130 636%0
zn, 2H° 0.053 0.0392 623, 690 617, 693
2ZrP 0.006 0.0108 643 607, 659, 733

a|n 2-MeTHF, Jexc = 500 nm, the reference for quantum yield wasTHP 0.1135-37 the quantum yield for WTPP (0.11) at 77 K was verified with

(Pd)TPP (0.17; 77 K; MCH) as a referent®é® b Excitation 540 nm¢ Total quantum yield of the fluorescence and 85% of the absorbance are due to the

free base porphyrirf The uncertainties of the quantum yields a#&0%.© The uncertainties of thémax are+1 nm.

| EEE (zn),DPS
--------- (Zn)H,DPS
——H,DPS

A

Corrected Intensity (cps)

T T
600 650
Wavelength (nm)

Figure 3.

697

50 560 5/ 580 590 600

Corrected intensity (cps)

585.5

T T T
600 650 700

Wavelength (nm)

Figure 4. Emission spectrum of (Zn#DPS in 2-MeTHF at 298 K (inset:
the weak fluorescence at 585 nm arising from the zinc(ll) porphyrin donor).

750

Corrected Intensity (cps)

(zn),pPS

(Zn)H,DPS

B

650
Wavelength (nm)
Fluorescence spectra of (ZBDPS, (Zn)HDPS, and HDPS in 2-MeTHF (A, 298 K; B, 77 K).

at a given wavelength (the Zn(Il)P fragment absorbs in the same
region as the KPP chromophore), and its emission is too weak
(see inset in Figure 4). Theet values are calculated using eq

1

)

where zp is the fluorescence lifetime of closely related bis-
macrocycles where no energy transfer occurs. The zinc(ll)
models are the corresponding (ZDPS, (Zn}DPO, (Zn}DPX,
(Zn),DPB, and, for (ZmDPA, (Zn)P. For the gallium(lll) series,
(Ga—OMe)P is preferred: the bis-gallium series were excluded
from this work as they all exhibit a double fluorescence
(two Amax @and tworg).3143 Table 3 summarizes the:, 72, and

Ker data. We were not able to reproduce the data, notably

process as described in Scheme 4. Because of the difficulty in(Zn)H,DPA and (Zn)HDPB, obtained by Osuka and collabora-

measuring ®¢ accurately for the donor chromophore, the
fluorescence lifetimestf) are studied (Table 3). In fact, the

absorbance related to the Zn(Il)P fragment is difficult to evaluate

1258 J. AM. CHEM. SOC. = VOL. 126, NO. 4, 2004

(43) Harvey, P. D.; Proulx, N.; Martin, G.; Drouin, M.; Nurco, D. J.; Smith, K.
M.; Bolze, F.; Gros, C. P.; Guilard, Rnorg. Chem.2001, 40, 4134—
4142.
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Scheme 4 contribution from the overall decay traces, (2) thelata follow
Of trends (asr decreasespr decreases as well), (3) there is
hv a dependence OKgr on the Guess—Cmeso distance (as the
distance decreaseKgr increases), and (4) within the uncer-
" hv tainty, Ket is not sensitive to the nature of the metal (Zn vs
Ga).

meso-meso
distance

ET (energy transfer)

Discussion

As dipole—dipole interaction (Fster) and exchange (Dexter)
mechanisms are possible for singtstnglet energy transfer, the
Ker data are analyzed according to tha$tef12(eq 3} and

Donor = (Zn'")P Dextet? (eq 4} formulations
Acceptor = HoP

Acceptor

i} 1\6
Table 3. Fluorescence Lifetime and Singlet—Singlet Energy KE$Ster= kDRﬁ(ﬁj (3)
Transfer Rate Constants for the Bisporphyrins@
compound lifetime (ns)° Ker (ns™Y) -2
= Koexer — 2Ty g gy {—2R (4)
macrocycle metal or H 298 K 77K 298 K 77K h L
P 2H 17.3 233 _ o _
Zn 1.70 1.94 wherekp is the emission rate constant for the dories,is the
Ga 1.84 3.2 Forster radius, that is, the distance at which transfer and

DPS 4H 18.0 23% spontaneous decay of excited donors are equally probRise,
52;,2” i-};; 2'}3% 4.7 4.6 the distance between the two macrocyclésis the integral
Ga. 2H 0.24 0.20 3.7 4.8 overlap,K is an experimental constant, ahdis the average

1 " " " " . _ 7 4 . .

DPO 4H 185 209 Bohr radius [ = 4.8 for porphyriri#9. Simulated g_raph_s (using
Zn, 2K 0.18 0.16 5.0 5.9 arbitrary values fokp, Rg, J, andK) are shown in Figure 5.
2Zn 1.69 2.01 The straight lines represent what is expected for an energy
Ga, 2H 0.09 0.16 11 6.0 transfer rate operating exactly (and uniquely) according to a

DPA 4H 13.7 24 Forster (graph A) and Dexter (graph B) mechanism. It is
zn, 2H 0.14 0.13 6.4 7.2 oA " ;

noteworthy to state that the line in théster equation must

DPX 4H 14.1 178 pass through the origin (0,0). The curved lines in each of these
Zn, 2H 0.10 0.09 9.8 10.9 . . . .
27N 173 104 graphs are simulated lines obtained with eqs 3rgten) or 4
Ga, 2H 0.14 0.14 6.4 7.0 (Dexter), but transposed onto the other graph (i.€rstéo

DPB 4H 11.7 17.80 equation plotted against Dexter formulation and vice versa).
Zn, 2H 0.05 0.06 204 15.4 From these graphs, the zones where tliesteo and Dexter
2Zn 0.63 1.80 mechanisms are dominant (bold lines) are easily distinguishable.

2|n 2-MeTHF.? The uncertainties in lifetime ar&10%. ¢ Lifetime for The exDe”mentalKET. dqta are plotted against RY and.
metalated porphyrin. exp(—2R/4.8) at 77 K in Figure 6. These graphs show striking

similarities to those of Figure 5, providing clear evidence that
tors* Longer t¢'s were found despite the fact that the both mechanisms operate for these five deraarceptor bispor-
measurements were reproduced several times on two differenfphyrins. At 298 K, a similar behavior is noted (Supporting
instruments (described in the Experimental Section). In addition, Information), but the 77 K data are of better quality.

the Ker values were also estimated using the data (eq 2): The energy transfer for (ZnyBPS and (Zn)HDPO proceeds
dominantly according to a Fster mechanism, while the transfer
1 1 CD(F) in (Zn)H,DPB, (Zn)HDPX, and (Zn)HDPA occurs mainly via
ETT (@ - E(F)) x T_(F) @) a Dexter mechanism. This observation is consistent with the

relative presence of intramolecular porphytorphyrin inter-

wheredr is the fluorescence quantum yield, aﬂﬁdfb,? are the actions as deduced _from the spect_roscoplc and photophys_lc da_lta.
The change of dominant mechanism for energy transfer in this

fluorescence lifetime and quantum yield of closely related -

bismacrocycles where no energy transfer occurs. These datatS e”eT’ :')ccursll bezlveen m(erb)]iP(;) ¢ ant(rj] (én)l;:DPAl. tBi/:.eX_
agree within the uncertainties of th€sr values calculated rapolating a fine down t&er = © for the Dexter plo (Figure
according to eq 1° The key features are as follows: (1) the 77 6, graph B), we located the criticRb distance where the Dexter

K data are considered more accurate as the fluorescence signal@;rocess no longer operates, between 5 and 6 A, taking into

: . C account the uncertainties. Again, thgdss— Cmeso distance is
become sharper inducing an easier discrimination of the (Zn)P ’ meso
P 9 (zn) 4.94 and 5.53 A, for DPA and DPO, respectively, a range that
(44) Osuka, A.; Maruyama, K.; Yamazaki, I.; Tamai,hem. Phys. Let.99Q overlaps with the graphically estimatBgvalue. In that respect,
165, 392-396. iq i ingation i
(45) The main conclusion of this work is that ther§ter and Dexter mechanisms the closest StUdX r6|at(_3d to th_ls investigation Is the work reported
switch at a given distance~6—6 A). These results have just been by Osuka et at? In this previous work, a large series of Zn-
reproduced by ongoing investigations opi-T; energy transfers in (PdyH i i
and (ZnPd)-bisporphyrins. In this case, only the Dexter mechanism operates porphyrln/spacer/free porphyrln dOﬁGlCCGptOI’ systems where
at the triplet state where, at a given distance, an “on/off situation” should
occur. This “critical” value is the same as that determined in this work, (46) Fillers, J. P.; Ravichandran, K. G.; Abdalmuhdi, I.; Tulinsky, A.; Chang,
and this investigation will be reported in due course. C. K. J. Am. Chem. S0d.986 108 417-424.
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and Dexter (graph B) mechanism, respectively.

the spacers are various benzenyarg and meta), naphtha-

pendence on thiégr was reported and interpreted with argter

(Zn)H,DPA bismacrocycle, which is common in both works,

is a donor-acceptor system that exhibitskar located at the

work, which places a data point at the limit of a plotKia()

linearity could have been missed taking into account the

uncertainties.

Table 47-50 compares singletsingletKgr data for selected

bisporphyrin systems containing the zinc(Il) porphyrin-free base

pair (the Supporting Informatidfi>’ reports the complete

list®8).” The three main features are as follows: (1) the fastest
rates are observed for rigidly held dor@cceptor systems, (2)

as the spacer length increasKsy decreases, consistent with
the Faster theory, and (3) the presence of aromatics at the meso-

(47) Hsiao, J.-S.; Krueger, B. P.; Wagner, R. W.; Johnson, T. E.; Delaney, J.
K.; Mauzerall, D. C.; Fleming, G. R.; Lindsey, J. S.; Bocian, D. F;

Donohoe, R. JJ. Am. Chem. S0d.996 118 11181-11193.
(48) Osuka, A.; Tanabe, N.; Kawabata, S.; Yamazaki, I.; Nishimurd, ©rg.

Chem.1995 60, 7177-7185.
B. J. Phys. Chem. A997 101, 2218-2220.

(50) Yang, S. I.; Lammi, R. K.; Seth, J.; Riggs, J. A.; Arai, T.; Kim, D.; Bocian,

D. F.; Holten, D.; Lindsey, J. Sl. Phys. Chem. B998 102, 9426-9436.
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position of the porphyrin macrocycle strongly promotes energy
lenyl, anthracenyl, biphenyl, alkyl, and rigid polycyclic saturated transfer. Lindsey and collaborators have previously discussed
fragments were investigated. A center-to-center distance de-this effect where the meso-substituted porphyrins have energy
transfer rate constants greater than those offtisebstituted
mechanism, which is consistent with the rather long distances ones®®* The HOMO for the meso porphyrins exhibits ap, a
between the donor and acceptor induced by these spacers. Theymmetry MO in which strong electronic density is present at
the meso carbon, whereas the HOMO fbsubstituted ones
shows an g symmetry MO where a node is located exactly at
limit between the Fster and Dexter regions according to our these carbon®:5%61 |n comparison to the collected data of
results. However, this system exhibits the fastest rate in Osuka’sTable 4, the value calculated for the cofacial bisporphyrin,
(Zn)H,DPB (Ker = 21 ns?), is the fastest one in the
versus center-to-center distance. Any small deviation from S-substituted porphyrin series where the spacer is connected at

(51) Osuka, A.; Nagata, T.; Kobayashi, F.; Zhang, R. P.; Maruyama, K.; Mataga,
N.; Asahi, T.; Ohno, T.; Nozaki, KChem. Phys. Lett1992 199 302-

308.

(52) Gust, D.; Moore, T. A.; Moore, A. L.; Leggett, L.; Lin, S.; DeGraziano, J.
M.; Hermant, R. M.; Nicodem, D.; Craig, P.; Seely, G. R.; Nieman, R. A.
J. Phys. Chem1993 97, 7926-7931.

Gust, D.; Moore, T. A.,; Moore, A. L.; Kang, H. K.; DeGraziano, J. M.;
Liddell, P. A.; Seely, G. RJ. Phys. Chem1993 97, 13637-13642.

(54) Kawabata, S.; Yamazaki, I.; Nishimura, Y.; OsukaJAChem. Soc., Perkin
Trans. 21997, 479-484.
(55) Strachan, J.-P.; Gentemann, S.; Seth, J.; Kalsbeck, W. A,; Lindsey, J. S.;
Holten, D.; Bocian, D. FInorg. Chem.1998 37, 1191-1201.

(56) Asano-Someda, M.; Kaizu, Ynorg. Chem.1999 38, 2303-2311.

(57) Hungerford, G.; Van der Auweraer, M.; J.-C., C.; Heitz, V.; Sauvage, J.
P.; Pierre, J.-L.; Zurita, DChem.-Eur. J1999 5, 2089.

(58) In this list, (Zn)HDPA and related compounds from Osuka’s work have
been omitted. We have not been able to reproduce the data.

(59) Spellane, P. J.; Gouterman, M.; Antipas, A.; Kim, S.; Liu, Y.Irg.
Chem.198Q 19, 386—-391.
(49) Jensen, K. K.; van Berlekom, S. B.; Kajanus, J.; Maartensson, J.; Albinsson, (60) Shelnutt, J. A.; Ortiz, VJ. Phys. Chem1985 89, 4733-4739.

(61
(62

)
)

Fletcher, J. T.; Therien, M. J. Am. Chem. So2002 124, 4298-4311.
Seth, J.; Palaniappan, V.; Wagner, R. W.; Johnson, T. E.; Lindsey, J. S.;

Bocian, D. F.J. Am. Chem. S0d.996 118 11194-11207.



Singlet=Singlet Energy Transfer Mechanism ARTICLES

Table 4. Comparison of Selected Literature Singlet—Singlet Ker for 1Zn(P)* — Hy(P) Processes at 298 K
Rates (ns™) Molecule Ref.

286" 50
100 50
21 47, 62
5.8 48
+Bu CeHiz  CeHys CeHia  CeHrz | Bu
By CeHiz  CeHia CeHiz  CeHis g,
3 DR O =05 +
+Bu CeHiz  CeHya CeHiz  CeHys tBu
+Bu CeHiz  CeHis Cots  CeHiz o
23 D i == ) 48
tBu CeHiz  CgHqs CeHiz  CgH1z tBu
0.54 49

aTo our knowledge, this is the fastest rate in bisporphyrin systems.

the meso-position. The short distance between the macrocyclest-orbital overlaps. In such a case, it is anticipated that the overall
(Cmess—Cmes is certainly responsible for these relatively fast rates for singletsinglet energy transfer will be larger than that
rates. presented in this series.
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