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Abstract: The picosecond dynamics of noncovalent ensembles for energy transfer based on anion chelation
are reported. The photoactive noncovalent complexes are assembled via salt-bridge formation between carboxyl-
containing porphyrin photodonors and a monoprotonated pentapyrrolic sapphyrin acceptor. These complexes
are formed with &, of ca. 1 M~1 upon mixing the receptor and substrate in their respective free-acid and
free-base forms in CETI, (as judged byH NMR spectroscopic means). Upon irradiation at 417 nm, sirglet
singlet energy transfer from the porphyrin to the sapphyrin subunit takes place readily with energy transfer
dynamics that are consistent with arkr-type mechanism. The title systems thus appear to be prototypic of

a new kind of noncovalent energy transfer modeling that is predicated on the use of anion chelation.

Introduction guantum vyield to a reaction center protéirA desire to

reproduce and understand the functional and mechanistic
features of these natural multi-chromophore arrays has driven
chemists, biologists, and engineers to study energy transfer
events in both native constructs and synthetic model systems
or many years. One approach to energy transfer modeling has
been to link covalently, through chemical synthesis, various

The light harvesting complexes of photosynthetic organisms
contain many chromophores (primarily chlorophylls and bac-
teriochlorophylls, but also carotenoids and other pigments),
noncovalently associated and elaborately arranged such that th
energy is funneled rapidly over large distances and in high

T University of Texas, Austin. high- and low-energy redox-active chromophores. There are
zQrogr?#wn:s't\éé:goaﬁ!vﬁg?ratory- many examples of this approach, most of which use mixed
(1) McDermott, G., Pringé, S. M., Freer, A. A., Hawethornthwaite- metalloporphyrin systems or other highly stable transition metal
Lawless, A. M., Papiz, M. Z., Cogdell, R. J., Isaacs, N. W., Bxiature complexeg.* Unfortunately, this approach requires a reasonably
1995 374 517. - ) ) high synthetic investment. Nonetheless, it has allowed experi-
(2) Schwarz, F-. P.; Gouterman, M.; Muljiani, Z.; Dolphin, D. Bioinorg. mental verification of various orientation-related aspects of

Chem.1972 2, 1. Anton, J. A.; Loach, P. A.; GovindjeBhotochem. .
Photobiol. 1978 28, 235. Selensky, R.: Holte, D.; Windsor, M. W.: Paine, ~Forster energy transfer theory and has greatly enhanced our

J. B., Ill; Dolphin, D.; Gouterman, M.; Thomas, J. Chem. Phys1981, understanding of relevant natural processes.

60, 33. Wasiewlewski, M. R.; Niemczyk, M. P.; Svec, W. Fetrahedron Another, more recent approach uses noncovalent forces (i.e.,
Lett. 1982 23, 3215. Regev, A.; Galili, T.; Levanon, H.; Harriman, @hem. hvd bond It brid eth d dinate bond

Phys. Lett.1986 131, 140. Gonen, O.; Levanon, H. Chem. Physl1986 ydrogen bonds, salt bridges, metgand coordinate bonds)

84, 4132. Brookfield, R. L.; Ellul, H.; Harriman, A.; Porter, G. Chem. (3) Sessler, J. L.; Capuano, V. L.; Kubo, Y.; Johnson, M. R.; Magda, D.

Soc., Faraday Trans. 2986 82,219. Davila, J.; Harriman, A.; Milgrom, J.; Harriman, A. H. INATO ASI Series Photoprocesses in Transition Metal
L. R. Chem. Phys. Letl987 136, 427. Noblat, S.; Dietrich-Buchecker, C. Complexes, Biosystems and Other Molecules. Experiment and Theory;
O.; Sauvage, J.-PTetrahedron Lett.1987 28, 5829. Effenberger, F.; Kluwer Academic Publishers: Dordrecht, 1992. Sessler, J. L.; Capuano,
Schlosser, H.; Baurele, P.; Maier, S.; Port, H.; Wolf, HABgew. Chem., V. L.; Harriman.J. Am. Chem. So&993 115 4618. Prathapan, S.; Johnson,
Int. Ed. Engl.1988 27, 281. Chardon-Noblat, S.; Sauvage, J.-P.; Mathis, T. E.; Lindsey, J. SJ. Am. Chem. S0d.993 115 7519. Wagner, R. W.;
P.Angew. Chem., Int. Ed. Endl989 28, 593. Maruyama, K.; Kawabata, Lindsey, J. SJ. Am. Chem. Sod994 116, 9759. Wagner, R. W.; Lindsey,

S. Bull. Chem. Soc. Jprl989 62, 3498. Tran-Thi, T. H.; Desforge, C.; J. S.; Seth, J.; Palaniappan, V.; Bocian, DJFAmM. Chem. S0d996 118
Thiec, C.; Gaspard, 9. Phys. Cheni989 93, 1226. Lindsey, J. S.; Brown, 3996. Wurthner, F.; Vollmer, M. S.; Effenberger, F.; Emele, P.; Meyer, D.
P. A.; Siesel, D. ATetrahedronl989 45, 4845; Rempel, U.; Von Maltzan, U.; Port, H.; Wolf, H. C.J. Am. Chem. Sod.995 117, 8090. Bonfantini,

B.; Von Borczyskowski, CChem. Phys. Lettl99Q 169, 347. Osuka, A,; E. E.; Officer, D. L.J. Chem. Soc., Chem Commu994 1445. Wagner,
Maruyama, K.; Yamazaki, |.; Tamai, kChem. Phys. Letl99Q 165 392. R. W, Lindsey, J. S.; Seth, J.; Palaniappan, V.; Bocian, D. Am. Chem.
Osuka, A.; Nagata, T.; Maruyama, K.; Mataga, N.; Asahi, T.; Yamazaki, Soc.1996 118 3996. Gust, D., Moore, T. A.; Moore, A. L.; Devadoss, C.;
I.; Nishimura, Y.Chem. Phys. Letfl991 185, 88. Gust, D.; Moore, T. A; Liddell, P. A.; Hermant, R.; Nieman, R. A.; Demanche, L. J.; Degraziano,

Moore, A. L.; Gao, F.; Luttrull, D.; DeGraziano, J. M.; Ma, X. C.; Makings, J. M.; Gouni, I.J. Am. Chem. Sod.992 114, 3590. Moore, T. A.; Gust,

L. R.; Lee, S.-J.; Trier, T. T.; Bittresmann, E.; Seely, G. R.; Woodward, D.; Moore, A. L.Pure Appl. Chem1994 66, 1033. Collin, J.-P.; Harriman,
S.; Bensasson, R. V.; RolgeM.; De Schryver, F. C.; Van der Auweraer, A.; Heitz, V.; Odobel, F.; Sauvage, J.-B. Am. Chem. Sod 994 116,

M. J. Am. Chem. S0d991, 113 3638. Gust, D.; Moore, T. A.; Moore, A. 5679. Osuka, A.; Marumo, S.; Maruyama, K.; Mataga, N.; Tanaka, Y.;
L.; Leggett, L.; Lin, S.; DeGraziano, J. M.; Hermant, R. M.; Nicodem, D.;  Taniguchi, S.; Okada, T.; Yamazaki, I.; Nishimura, Bull. Chem. Soc.

Craig, P.; Seely, G. R.; Nieman, R. A. Phys. Chem1993 97, 7926. Jpn. 1995 68, 262. Osuka, A.; Marumo, S.; Mataga, N.; Taniguchi, S.;
Tamiaki, H.; Nomura, K.; Maruyama, KBull. Chem. Soc. Jpri993 66, Okada, T.; Yamazaki, I.; Nishimura, Y.; Ohno, T.; Nozaki, JXAm. Chem.

3062. Osuka, A.; Nakajima, S.; Maruyama, K.; Mataga, N.; Asahi, T.; So0c.1996 118 155. Carbonera, D.; Di Valentin, M.; Corvaja, C.; Agostini,
Yamazaki, |.; Nishimura, Y.; Ohno, T.; Nozaki, K. Am. Chem. So¢993 G.; Giacometti, G.; Liddell, P. A.; Kuciauskas, D.; Moore, A. L.; Moore,

115 4577. DeGraziano, J. M.; Liddell, P. A.; Leggett, L.; Moore, A. L.;  T.A.; Gust, D.J. Am. Chem. S0d.998 120, 4398. Sumida, J. P.; Liddell,
Moore, T. A.; Gust, DJ. Phys. Chenil994 98, 1758. Tamiaki, H.; Nomura, P. A; Lin, S.; Macpherson, A. N.; Seely, G. R.; Moore, A. L.; Moore, T.

K.; Maruyama, K.Bull. Chem. Soc. Jpril994 67, 1863. Harriman, A; A.; Gust, D.J. Phys. Chem. A998 102 (28) 5512. Steinberg-Yfrach, G.;
Heitz, V.; Ebersole, M.; van Willigen, Hl. Phys. Cheml1994 98, 4982. Rigaud, J.-L.; Durantini, E. N.; Moore, A. L.; Gust, D.; Moore, T.Mature
lida, K. et al.Bull. Chem. Soc. Jprl995 68, 1959. Osuka, A.; Tanabe, (London)1998 392, 479.

N.; Kawabata, S.; Yamazaki, |.; Nishimura, ¥. Org. Chem.1995 60, (4) Sessler, J. L.; Brucker, E.; Kral, V.; Harriman, 8upramol. Chem.
7177. 1994 4, 35.
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to associate the requisite donor and acceptor for subsequent
energy transfer event$ This approach is more biomimetic, A ~2.1eV
the synthesis is more straightforward, i.e., subunits of an array
are synthesized, not the entire array, and once prepared, the

individual subunits may be used in a “mix and match” way to
assemble noncovalently a variety of ensembles.

In this paper, the molecular recognition and energy transfer
dynamics of photoactive, noncovalent complexes assembled
from carboxylate-bearing porphyrins and anion binding sap-

phyrins are describetiThe sapphyrins, originally reported by
Woodward and Johnsdn® and more recently studied in detail Porphyrin Sapphyrin
by Sesslet!12are pentapyrrolic “expanded porphyrin” macro-
cycles that differ from their simpler porphyrin “cousins” in ] ) i )
several important ways. Containing five, rather than four pyrrole Figure 1. Typical values for the lowest excited singlet state energy
subunits, the sapphyrins do not coordinate cations readily. '€V€!S of porphyrin and sapphyrin.

However, when mono- or diprotonated, they act as excellent

receptors for a variety adnions including fluoride and phos- —— U I

phate, and to a lesser extent other halides and carboxyfatés. oo AL
BVANEEN

~19eV

ENERGY

The sapphyrins are characterized by red-shifted absorption and
emission bands and first excited singlet states that are ca. 0.20 A

eV lower in energy than those of the porphyrins (vide infra). oo

(5) Harriman, A.; Magda, D.; Sessler, J. . Chem. Soc., Chem.
Commun.1991, 345. Harriman, A.; Magda, D. L.; Sessler, J.1.Phys. i MM AN
Chem.1991 95, 1530. Tecilla, P.; Dixon, R. P.; Slobodkin, G.; Alavi, D.
S.; Waldeck, D. H.; Hamilton, A. DJ. Am. Chem. So0d.99Q 112, 9408.
Sessler, J. L.; Wang, B.; Harriman, A. Am. Chem. Sod.995 117, 704. W“_Jb'mx»

Hunter, C. A.; Sarso, L. DAngew. Chem., Int. Ed. Endl994 33, 2313.

Hunter, C. A.; Hyde, R. KAngew. Chem., Int. Ed. Endl996 35, 1936. i i) ~

For examples of noncovalent assemblies for electron transfer, see: Deng,

Y.; Roberts, J. A; Peng, S.-M.; Chang, C. K.; Nocera, DA@gew. Chem., W,_J’L/"MV\W

Int. Ed. Engl.1997, 36, 2124. Roberts, J. A.; Kirby, J. P.; Wall, S. T;

Nocera, D. GInorg. Chim. Actal997, 263 395. Kirby, J. P.; Roberts, J.

A.; Nocera, D. G.J. Am. Chem. Socl997 119 9230. Osuka, A,

Yoneshima, R.; Shiratori, H.; Okada, T.; Taniguchi, S.; MatagaChem. e e e e ————snaas
Communl199§ 15, 1567. de Rege, P. J. F.; Williams, S. A; Therien, M. ¢ 8 5 8 0 75 70 6.5 60 PPM

J. Sciencel995 269, 1409. Kirby, J. P.; van Dantzig, N. A.; Chang, C. K; . . .
Nocera, D. GTetrahedron Lett1995 20, 3477. Roberts, J. A.; Kirby, J.  Figure 2. Stacked plot of proton NMR spectra showing the upfield
P.; Nocera, D. GJ. Am. Chem. Sod995 117, 8051. Brown, C. T.; Wang, shift of m-carboxyphenyl resonances ®fas a function of increasing

R.; Hirose, T.; Sessler, J. lnorg. Chem. Actd 996 251, 135. Harriman, [1]in CDCly ([2] = 1.7 x 103 M; [1] =3 x 104 to 6 x 1072 M).

A.; Kubo, Y.; Sessler, J. LJ. Am. Chem. S0d.992 114, 388. Hunter, C.

A.; Shannon, R. 1. Chem. Soc., Chem. Comma&896 1361. Hunter, C. - .

A.: Hyde, R. K.Angew. Chem., Int. Ed. Engl996 35, 1936. Drain, C. It was an appreciation of the above features which led us to
M.; Fischer, R.; Nolen, E. G.; Lehn, J.-M. Chem. Soc., Chem. Commun.  consider that it might be possible to design sapphyrin-based

1993 243. Sessler, J. L, Wang, B.; Springs, S. L.; Brown, C. T. In - gystems, wherein anion binding is used to establish denor
Comprehensie Supramolecular Chemistriilurakami, Y., Ed.; Pergamon

Press Ltd: Oxford, UK, 1996; Vol. 4, Chapter 9, pp 3885 and references acceptor interactions. Such systems could constitute a new
therein. Osuka, A.; Yamada, H.; Maruyama, K.; Ohno, T.; Nozaki, K.; approach to energy transfer modeling and one that could be
Okada, T.Chem. Lett1995 591. particularly germane to the problem of understanding how salt

(6) An alternative approach to noncovalent energy- and electron-transfer | . . _ ] _
modeling that does not involve self-assembly, but rather the use of catenatedbrldges influence long-range energy- and electron-transfer

structures, has recently been described. See for instance: Benniston, Aevents. They would also allow the photophysics of sapphyrins
C.; Mackie, P. R.; Harriman, AAngew. Chem., Int. Ed. Engl99§ 37, to be studied in detail. This ancillary objective is important since,

354. Brun, A. M.; Atherton, S. J.; Harriman, A.; Heitz, V.; Sauvage, J. P. ; ; ;
3 Am. Chem. S0d992 114 4632, despite being known for more than 30 years, the excited stated

(7) A preliminary account of this work has been given elsewhere. See: dynamics of this expanded porphyrin have yet to be explored.
Kral, V.; Springs, S. L.; Sessler, J. 0. Am. Chem. S0d.995 117, 8881. The majority of available porphyrin-containing models for
ShE?iQZSturﬁpiggg by R. B. Woodward at the aromaticity conference, energy transfer consist of metalloporphyrin/free-base porphyrin

9) Kin’g, M. M. Ph.D. Dissertation, Harvard University, Cambridge, MA, Cova_lem assemblies W_here the pr_esenc_e of a metal (usua”_y Zn-
1970. (IN) is used to establish the unidirectional energy gradient

(10) Bauer, V. J.; Clive, D. L. J.; Dolphin, D.; Paine, J. B., Ill; Harris, necessary.However, the expanded porphyrins (e.g. sapphyrin,

F. L.; King, M. M.; Loder, J.; Wang, S.-W. C.; Woodward, R. &.Am. N ; : ;
Chem. Soc1983 105, 6429. texaphyrin) inherently have different energetic and excited state

(11) Sessler, J. L.; Cyr, M. J.; Burrell, A. Rietrahedrori 992 48, 9661. properties than_ their porphyrin cousins, and COUld_ be useful

(12) Sessler, J. L.; Lisowski, J.; Boudreaux, K. A.; Lynch, V.; Barry, J.;  chromophores in multicomponent arrays for vectorial energy
Kodadek T. JJ. Org. Chem1995 60, 5975. i

(13) Shionoya, M.; Furuta, H.; Lynch, V.; Harriman, A.; Sessler, J. L. transfer (see Flgure 1.)' lndee.d’ We. have recently Showr.] that
J. Am. Chem. Sod.992 114 5714. Y(llI) texaphyrin (the first excited singlet state of which lies

(14) Sessler, J. L.; Furuta, H.; Kr&/. Supramol. Chem1993 1, 209. approximately 0.2 eV below that of sapphyrin) is capable of

(15) Iverson, B. L.; Shreder, K.; KtaV.; Sessler, J. LJ. Am. Chem. quenching the steady-state fluorescence emitted by sapphyrin
S0c.1993 115, 11022.

(16) Krd, V.; Andrievsky, A.; Sessler, J. LJ. Am. Chem. Sod.995 in oligonucleotide conjugates. , ,
117, 7, 2953. Ensembled andIl were designed to be prototypic of this

(17) Krd, V.; Hiroyuki, F.; Shreder, K.; Lynch, V.; Sessler, J.L.Am. new approach to energy-transfer modeling. Here, the key
Chem. Soc1996 118 1595.

(18) Iverson, B. L.; Shreder, K.; KraV.; Sansom, P.; Lynch, V.; Sessler, (19) Magda, D.; Crofts, S.; Sessler, J. L.; Sansom, P.; Springs, S. L.;

J. L.J. Am. Chem. S0d.996 118 1608. Ohya, Y.Tetrahedron Lett1997, 38, 5759.
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Table 1. Association Constants for Ensemblesli| of 4 could be curve fit to yield an association constanKef=
ensemble K solvent (4.0 & 0.3) x 1* ML These changes are attributed to the
| (26£05)x 1M CD.Ch presence of a slightly offseig—n stacked complex bghNgefkw
I (7.1+0.9) x 1M1 1% MeOD/99% CBCl, and1 at the high concentrations used for #€NMR binding
I a (2.04+0.3) x 16EM 1 CD,Cl, studies. However, because no shifts in the carboxyl-bearing

(9.464+0.21)x 1M1 CD.Cl, phenyl signals were observed in the control, in the cask of

aEnsembldll is a complex between monoprotonated sapphyrin thelchanges associated Wit.h the Qarboxyphenyl protons provide
andp-toluate anion. The first value recorded and those for Ensembles @ direct measure of salt-bridge binding (only).

I and Il were collected in a manner where the monocarboxylate ~ The zinc porphyrin monoaci@ is less soluble than its free
\Sv%nscsgﬁir:(tjio'?hvgise goerllcé Sglr:fgﬁtfelt grntgdt?gr %Onlceeggﬁg%ncgfmsﬁgghyfin base counterpart in dichloromethane. In fact, at concentrations
between 3,8,12.13,17.22-hexaethyl.2,7,18,23 tetramethylsapphyrin and!/1€T€ it was reasonable to perfornitd NMR binding study,
p-toluate, and in this case, the concentration of a 1:1 mixtuetoluic 3 was not soluble. As a result, ttiél NMR binding studies
acid andl was varied. were carried out in 1% MeOD/99% GDl,. An 8.35 x 1074

M solution of 3 (as the free acid) was titrated with (at a
predicative assumptions were that (1) a readily accessibleconcentration range of-012 mM) and them-carboxyphenyl
carboxyl-substituted porphyrir2(or 3) could serve as both a  resonances @& monitored as a function ofl]. The association
simple-to-bind anionic substrate and a high-energy donor and constant for this pair (Ensemble) was smaller than that for
(2) the protonated sapphyrin moietywould function both as  the corresponding free-base system Enserhifleeasured in
the geometry-inducing, carboxylate-binding receptor and the cp,Cl,). Specifically, an association constant of (Z11.0) x
critical (low) energy acceptor. With these assumptions inmind, 102 M~1 was determined by using standard curve fitting
it was expected, based on earlier studies of an energeticallyprocedured®-24 In the case of the control experiment with the
similar, but covalently linked, sapphyriporphyrin pseudodimér,  methyl ester5, a binding constant could not be determined.
that irradiation of the porphyrin subunit inor Il would lead gjight upfield changes in the chemical shift of the methine
to excitation transfer to the Sapphyl’in “sink”, with the rate of protons of 5 upon addition of1 were observed, but these
this energy transfer being modulated, at least to some extent,changes, when plotted againgt,[gave a straight line with no
by the presence of the salt bridge and the donor-to-acceptorcyryvature or plateau region, indicating that the association
orientation it establishes. constant is too small to be measured under the conditions of
the experiment. The solubility ol did not permit higher
concentrations (I% M) of 1 to be used. It thus proved
impossible to determine a reliabl, value in this case.
Regardless, itis clear that under the conditions of the subsequent
photophysical experiments, there is little to ne- stacked
complex present.

While it was expected that the stoichiometry of the porphy-
rin—sapphyrin complex would be 1:1, it was considered possible
that a 2:1 (or higher order) complex could be present in solution.
Thus, the complex stoichiometry was experimentally determined
by using a continuous variation (Job) plot. To effect this
particular solution phase study, it was necessary tqttséuic
acid rather than the porphyrin monoacRisr 3 for the simple
Q 2 M =2H; R = butyl reason that this smaller acid is more soluble in dichloromethane.

o 3 M=ZnR = buyl The Job plot of théH NMR titration data indicates that the
stoichiometry of the complex is indeed 1:1 (see Figure 3).

In addition to the above binding studies, #&NMR spectra
of a 1:1 mixture ofp-toluic acid and 3,8,12,13,17,22-hexaethyl-
2,7,18,23-tetramethylsapphyrin as a function of concentration
were recorded in dichloromethane. The data were then treated
with a curve-fitting algorithm for determining association
constants from such a dilution experiméhErom this analysis,

energy
transfer

1 (R' = CH,CH,0H) an association constant of (9.46 0.21) x 10° M~1 was
determined. Unfortunately, because of solubility limitations, this
Ensemble I 2 + 1) analytical method could not be used in the case of Ensembles

Ensemble II G + 1 | andIl. Still, this study does provide important confirmation

of the fact that monoprotonated sapphyrin will bind carboxylate
anions in dichloromethane.
Gas-Phase and Solid-State Complexatiorin addition to

Results and Discussion

Molecular Recognition. To establish that ensemblésand
Il would in fact form under simple equilibrium mixing
conditions, standardH NMR binding titrations were carried (20) Wilcox, C. S. InFrontiers in Supramolecular Reaety and
out (cf., Figure 2). In the case of ensemblestandard curve  Catalysis Schneider, H. J., Durr, H., Eds.; VCH: Weinheim, 1990.
fitting procedures resulted in an association constarof 32(26%). Lenkinski, R. E.; Elgavish, G. A.; Reuben,JJMagn. Resorl.97§
(2.6 = 0.5) x 10° M1 in CD,Cl,.7:20"24 (This and otherK, (22) Connors, K. ABinding Constants. The Measurement of Molecular
values are given in Table 1.) Complex Stability;). Wiley: New York, 1987; pp 24, 69, 189.

When the methy! estet was used in place &, no shifts in 1%3) Sheridan, R. E.; Whitlock, H. W. Am. Chem. Sod 986 108
the carboxyl-bearing phenyl signals were observed. However, "~ (24) Friedrichson, B. P.; Powell, D. R.; Whitlock, H. \§. Am. Chem.
upfield shifts in resonances corresponding to the methine protonsSoc.199Q 112, 8931.
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{COMPLEX]

0 0.2 0.4 0.6 0.8 1

{1]/ [1] + [p-toluic acid]
Figure 3. A continuous variation (Job) plot gf-toluic acid andl in
CD.Cls.

Table 2. High-Resolution Mass Spectrometric Data for 1:1
Complexes betweeh and Various Monocarboxylate Anions

RCO, High Resolution FAB Mass Spectral Analysis
Calculated Observed
O m O 14469148 14469150
O 782.4641 782.4645

o

912.4717 912.4700 a '

[¢]
o

° 898.4188 898.4213
: Q o)
NMN—@ 1184.6224 1184.6233
=0 o
Figure 4. Top and side views of the single-crystal X-ray structure of

the solution-phase binding studies discussed above, evidence, 1:1 inner-sphere, neutral complex of benzoate anion with monopro-
was also obtained that is consistent with ensemble formation tonated sapphyrin. Select hydrogen atoms have been omitted for clarity.
occurring in the gas phase and in the solid state. In the first Thermal ellipsoids are scaled to the 30% probability |&%el.

case, high-resolution mass spectrometric evidence for the
complexation of a variety of carboxylates with the monopro-
tonated form of sapphyrin was obtained from fast atom
bombardment (FAB) mass spectrometric analy3&he results

of these studies, summarized in Table 2, serve to confirm that 1

1.4 T T T T T

supramolecular complexes between protondtexhd various u
mono-carboxylates are formed under the matrix desorption/gas- g 0.8
phase conditions of the experiment. Importantly, in the case of & 0.6
the porphyrin monoacid, this interpretation is supported by the @ ’
fact that when the corresponding porphyrin monoegtan () 0.4
and sapphyrinX) are submitted for analysis under the same
conditions, no evidence of complexation is observed. 0.2

Further confirmation for the contention that protonated
sapphyrins can bind carboxylate anions comes from a recent
X-ray diffraction study of the benzoic acid salt of sapphyfin.
The resulting structure, reproduced in Figure 4, reveals that the WAVELENGTH (nm)
orientation of the phenyl ring with respect to the sapphyrin Figure 5. Ground-state absorbance spectra2dt--), 3 (—), and 1
macrocycle is enforced by chelation of the carboxylate oxyanion. (—) in dichloromethane.

Further, this same crystallographic study highlights the presence ) ) ] )

of hydrogen bonds between the carboxylate oxyanion of Persistentin solgtlon, might serve to strgngth_en the complex. It
benzoate and the \H protons of the sapphyrin macrocycle as qould also lock in place the relative 0r|erjtat|on of the phenyl
well as an ancillary €H---N close contact (2.38 A). This fing and sapphyrin. In any event, this crystal structure,
contact presumably reflects a hydrogen bonding interaction considered in conjunction with our solution-phaseNMR data,
between the benzoate anion and the unprotonated pyrrolele@ds us to infer that in the porphyriisapphyrin assemblies
nitrogen of the sapphyrin macrocycle. This interaction, if the two chromophores are likely to be oriented perpendicular

25 Whitsrord = . to one another with the porphyrin lying “over” the sapphyrin
25) Whiteford, J. A.; Rachlin, E. M.; Stang, P.Angew. Chem., Int. ; O
Ed. Engl.1996 35 2524 and references therein. plane. To the extent such assumptions are correct, a center-to

(26) Sessler, J. L.; Andrievsky, A.; KiraV.; Lynch, V. J. Am. Chem. center distance of 12.5 A is expected between the two pyrrole-
Soc.1997 119, 9385. based chromophores.

0
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Figure 7. Corrected steady-state fluorescence spectra & éad (b)

T T T T 3+ 1in dichloromethane. Excitation was effected at 409 nm.
> [1]=6x 108 M of the “complex” were observed to correspond well to the sum
; ( p-toluic acid salt) of the independent porphyrin and sapphyrin features. This
S observation, in conjunction with other solution-phase evidence,
i supports the contention that there is little or nothing in the way
“ of m— stacking occurring between the porphyrin-monoacids
2 and 3 and sapphyrinl at low concentrations, including
explicitly those relevant to the photophysical analyses described
L L ! I below.
600 625 650 675 700 725 750 Fluorescence Emission SpectraVhen2 in dichloromethane
WAVELENGTH (nm) . . . .-
is excited at 409 nm, an emission characteristic of a free base
Figure 6. Corrected steady-state fluorescence spectra d2,(&)) 2 porphyrin is observed (Figure 6). However, upon addition of

+ 1, and (c) thep-toluic acid salt ofl in dichloromethane. Excitation . : :
was eﬁecge)d atqé)log nm in the case of (a) and (b) and at 450 in the casefour m_ola_r eq_u Ivalents of sapphyrih the por_phyrln fluores-
of (c). cence is significantly quenched and a new emission band appears
at 722 nm that is characteristic of the fluorescence spectrum of
the monop-toluic acid salt of sapphyrin. Addition of methanol
Ground-State Absorbance SpectraOnce the above pred- (100 v/v) almost fully restores the porphyrin fluorescence.
icative molecular recognition work was complete, a variety of | jkewise, in the case of Ensemble when sapphyrirl is added
ground-state absorbance and steady-state fluorescence measurgy the zinc(1l) substituted porphyrin-monoac the fluores-
ments were made in an effort to characterize the intraensemblecence is quenched and a new emission band is observed (Figure
energy transfer characteristics of systdnasidll . The ground- 7). This new band corresponds to the emission ofptheluic
state absorbance spectra of the tetrabutylammonium salts of theycig salt of sapphyrin. The addition of the hydrogen-bonding
free-base porphyrin monoac® and the zinc(ll) substituted  splvent, methanol, also serves to restore the porphyrin fluores-
porphyrin3 as well as the-toluic acid salt of sapphyrid are cence in this case. When the esterified control porphy¥iasd
shown in Figure 5. The spectra of the carboxylic acid substituted 5 gre used in place of the corresponding acids, and under
porphyrins are nearly identical with the corresponding unsub- identical conditions, the porphyrin fluorescence is only margin-
stituted diphenylporphyrins, the porphyrin methyl estéend ally quenched by the addition of sapphytiriThese observations
5, and the tetrabutylammonium salts of the porphyrin monoacids. are consistent with energy transfer occurring from the excited
Porphyrins2 and 3 both obey Beer's law in dichloromethane singlet state of the porphyrin to sapphyrin within the noncovalent
at concentrations of 18 M and below. At the concentrations  assemblies andll but not in those instances when the porphyrin
used for photophysical experiment§](;10~4 M, [2/3] ~ 1075 acid group is blocked (i.e., whehor 5 is mixed with1). This
M), the spectra of the porphyrin (tetrabutylammonium salts of conclusion, in favor of energy transfer, as opposed to electron
2 or 3), the p-toluic acid salt of sapphyrin, and the mixture of transfer, is based on the observation of a strong fluorescence
the porphyrin and sapphyrin were recorded. The spectral emission at 722 nm. Such an emission would not be expected
characteristics and the absorbance at the excitation wavelengtHirom the radical species that would likely be produced as
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Table 3. Photophysical Properties of Porphyrin and Sapphyrin L A
Macrocycles 0.04
Amax(nm)
Soret Q-bands Epy)
macrocycle (nm) (nm) eV  ®P  1s(ns) T (us) 0.03
2 408 506,540 2.0 0.09 123
574, 625
2 (tetrabutyl- 408 506, 540 0.09 0.02
ammonium salt) 574, 625 <
408 506, 540 0.08 <
574, 625
3 409 537,573 2.1 0.07 1.65 2.5 0.01
3 (tetrabutyl- 409 538,573 0.07
ammonium salt)
5 ) 409 538,573 0.07
1 (p-toluic 453 622,674 1.9 0.03 34 0.00
acid salt)
1 " ] 1 1 " ] L A

a Excited-state energy levels were calculated from the intersection
between the absorbance and fluorescence spéc@uaantum yields 550 600 650 700 750
were calculated by comparison to a known reference (free-base Probe Wavelength (nm)
tetraphenylporphyrin) according to standard methdds.

0.03 _l T T T T T T
002}
) ()—CO2CH3 .
0.01 |
000
< VAV
0,01
4M=2H
5M=2Zn 002 -
the result of an intraensemble electron-transfer process. 2 N T T T R S
As a control for the above study, we felt it important to 450 500 550 600 650 700 780
compare the photophysical properties of the free acid forms of Probe Wavelength (nm)

the carboxylic a(.:ld functionalized porphynr?sgnd 3, their Figure 8. Transient absorption spectrum &fin dichloromethane
tetrabutylammonium salts, and the corresponding methyl esters

. . . recorded 15 ps after excitation with a 417 nm laser pulse (top trace).
(i.e.,4ands). In particular, we felt it 'm_porte_mt to Check whether Transient absorption spectrum bfn dichloromethane recorded 30 ps
attachment of a carboxylate functionality, essential for the after photoexcitation with a 417 nm laser pulse (bottom trace).
formation of dono+acceptor assemblidsandll, affects the

basic photophysical behavior of an octaalkyl 5,15-diaryl por- g troughs at 670 and 720 nm, corresponding to the Q-band
phyrin. As can be seen from Table 3, the spectral characteristicsgysorpances of the ground state, are observed.

of the acid, carboxylate, and esterified forms of free-base When a mixture ofL and2 (Ensemblel) is excited at 417

porphyrin2 resemble those of typical porphyrins and, impor- -, o early time (5 ps), a spectrum that has features of both
Eantlz, are wrtuall;:j!dentlcal W'ﬂ; one "l"ln%th?r' The same is e 542 js observed (see Figure 9). For instance, the ground-state
or the corresponding SEeries o zm(.:( ) derivatives. . bleaches at 506, 540, 573, and 624 nm of the free-base porphyrin
Femtosecond Transient Absorption Spectroscopic Mea- 2 are present, as are the Q-band bleaches of sapphyrin at 670
surements.In an effort to characterize more fully the presumed and 720 nm. This is because, under the conditions of the

intraensemble energy-transfer processes, transient absorbancg(periment with Ensemble([2] = 6.35x 1075 M; [1] = 3.78
measurements were carried 8uin Figure 8 the difference x 10 4 M) the relative OD of2 to 1 is 2.4 at the excitation
absorption spectra a2 (top trace) andl (bottom trace) in wavelength. Thus, in these experiments some proportion of
dichloromethane are shown, respectively. In the spectru®y of  sapphyrin in solution is being directly excited. Despite this
features characteristic of the, S— S, transient absorption  inherent loss of efficiency and the resulting experimental
spectrum of a free-base porphyrin can be seen. This spectrunomplications, when a spectrum at a later time (80 ps) is taken,
reveals characteristic bleaches that correspond in wavelengthy js evident that the spectral characteristics of this mixture are
to the four Q-band absorbances of the ground state. The troughyery different. First, the Q-band bleaches, which are ascribed
observed at 695 nm is also a characteristic feature of porphyrintg the porphyrin excited singlet state, have all but disappeared.
transient absorption spectra and results from stimulated emis-second, additional bleaching is observed in the region corre-
sion?8 In the bottom trace of Figure 8 the transient absorption sponding to photoexcited sapphyrin. The net result is that at 80
spectrum of thep-toluic acid salt of sapphyrin is shown. Here, s the spectrum looks identical with that of an excited sapphyrin
(27) Previously, time-resolved luminescence measurements were madem_acrocycle aI(_)ne. These_ Spec_tra_l changes are thus cons_istent
on Ensembld in an attempt to characterize the intraensemble energy with @ mechanism wherein excitation transfer from the excited

transfer. However, the assignment of the observed time-resolved lumines-State of the porphyrin to sapphyrin occurs. This generates the
cence changes, although correct in a qualitative sense, was later found to
be quantitatively inaccurate due to interfering Raman scatter from the  (28) Rodriguez, J.; Kirmaier, C.; Johnson, M. R.; Friesner, R. A.; Holten,
sapphyrin macrocycle. D.; Sessler, J. LJ. Am. Chem. S0d.991 113 1652.
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2 + 1 (Ensemblel) in dichloromethane recorded at 650 nm after a
417 nm laser pulse. The free-base porphgrimdergoes an instrument
limited +AA to generate2’; however, sapphyrirl undergoes an
instrument limited bleach<AA) of the ground state during the
formation of1". In the case of the complex (resulting from mixiglg
andl), a weak initiaH+AA transient followed by a slower AA bleach

is seen. The lifetime of the-AA component is 30 ps. The initial rise
is due to the formation 02" and the slower bleach is due to energy
transfer to form the excited state of

and 715 nm (not shown) occurs in 30 and 22 ps, respectively.
When a hydrogen bond disrupting solvent such as methanol is
added, these time-dependent changes are no longer observed.
Since methanol serves to break up the noncovalent complex
(this contention is supported Bid NMR evidence vide supra),

this critical change in aspect is taken as supporting further the
critical conclusion that the spectral changes observed wieen
irradiated in the absence of methanol result friotnacomplex
energy transfer.

It is clear that in the presence of methanol, all changes and
time-dependent features consistent with intracomplex energy
transfer are lost. For instance, the 25 ps rise at 500 nm is absent
in the presence of methanol (Figure 12a). Instead, a decay is
observed, and this decay is similar to the decay observed at
500 nm following photoexcitation d? alone. This decay may
arise from vibrational relaxation within the 8r from S — S;
decay of the porphyrin second excited singlet state. Importantly,
this decay is not observed in the regions of the porphyrin
spectrum where the Q-band bleaches of sapphyrin are monitored.
Taken together, these results are consistent with a scenario

Figure 10. Transient spectral changes &f1, and2 + 1 (Ensemble wherein intracomplex singletsinglet energy transfer is occur-
I) monitored at 500 nm in dichloromethane and recorded after a 417 ring from porphyrin to sapphyrin within the anion-chelation
nm laser pulse. The kinetics mfa}ndZ consist of an instrument limited based complex (Ensembi
rise to form the excited state%, and2". In contrast, the kinetics of . .
Ensembld consist of an instrument-limited rise followed by a slower [N addition to the free-base porphyrin systems, the Zn(ll)-
continued increase in absorption with a time cpnstaﬂtZS ps. The metalated porphyrin-monoaci@lwas also studied both alone
25 ps component is due to energy transfer fignto 1. and as part of a supramolecular model system (Ensethple
ground state of the porphyrin and the excited state of sapphyrinin the case of the latter noncovalent complex, experiments
and results in the disappearance of the spectral featuresanalogous to those described above were performed and the
characteristic of the porphyrin excited singlet state. It also results relevant3” — 1 energy transfer times found to be on the order
in the appearance of spectral features characteristic of sapphyrinof 6 ps. In Figure 13 the difference transient absorption spectra
When Ensemblé is photoexcited at 417 nm the spectral for 3and3 + 1recorded at 5 and 80 ps after the laser pulse are
changes at 500, 650, and 715 nm (see Figuresl?) indicate shown from top to bottom, respectively.
that the change in the absorbance at thgX0) band of the The transient spectrum 8f(Figure 13 top) shows the Q-band
porphyrin and the changes in the Q (1,0) and Q (0,0) bands of bleach and stimulated emission features characteristic of an
the sapphyrin macrocycle occur on a similar time scale. Such aexcited singlet state of a zinc(ll) diarylporphyrin. As illustrated
finding supports the reasonable conjecture that these twoby Figure 13 (middle), a spectrum of Ensembl[3] = 6.23
processes are connected. Following the initial instrument-limited x 107° M), [1] = 3.18 x 10~* M) recorded at 5 ps after the
rise, a positive absorption change at 500 nm occurs in 25 pslaser pulse displays, in analogy to Ensembltne Q (1,0) and
(Figure 10) while the corresponding bleach at 650 (Figure 11) Q (0,0) bleaches characteristic of an excited zinc(ll) diarylpor-
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Figure 12. (a) Transient absorption kinetics ®H 1 (Ensembld) at Figure 13. Transient absorbance spectradftop trace) and + 1

500 nm in dichloromethane (DCM) and in a 30/70 mixture of methanol/ ;

dichloromethane. The addition of methanol (MeOH) inhibits formation ‘(elirgﬁee‘gl)k;]le\lﬂlli%ha; 541p7s éml(lj;islgrt;)etﬁ;)e ﬁ]ngigﬁoezng%?ﬁgrg trace) after
of the complex by disrupting salt bridge formation. The kinetics at ’

500 nm in the presence of methanol resemble the kinetics of Hoth o . .

and 2" (see Figure 10) and provide no indication of energy transfer. transfer only takes place within the confines of the anion-
(b) Transient absorption kinetics @f+ 1 (Ensembld) at 650 nm in chelation based complex Ensemlile

dichloromethane and in a 30/70 mixture of methanol/dichloromethane.  From the time constants established with use of transient

The addition of methanol inhibits formation of the complex by .
disrupting salt bridge formation. The kinetics at 650 nm in the presence @Psorption spectroscopy, rate constants for energy transfer from

of methanol are dominated Wy indicating that no energy transferis (2" to 1) and @' to 1) were determined according to eq 1 and
occurring. found to be 4.3« 10%and 1.1x 10 s~1 for Ensembles$ and
phyrin. By contrast, the transient absorption spectrum recorded!!  respectively. Herex, is the fluorescence lifetime of the donor
at 80 ps after the laser pulse (Figure 13 bottom) shows only s_ubunlt and is the average of the energy transfer rise and dgcay
spectral features characteristic of an excited sapphyrin singlettimes as recorded at six different wavelengths following
state. photoexcitation of mixtures of2(and1) or (3 and1).

When the kinetics of the spectral changes occurring after
photoexcitation are monitored at 538 nm, a time constant
7 ps is obtained; this presumably corresponds to energy transfer
from the first excited singlet state 8f(3) to 1. Similar values The proposed intraensemble energy transfer is thought to be
are also obtained when the kinetics are monitored at 613 or 0ccurring via a Foster mechanisr# Although both Fester
713 nm. Independent of chosen monitoring wavelength, it is (dipole—dipole) and Dextéf (exchange) mechanisms are pos-
found that adding methanol has a profound effect. Specifically, Sible for singlet-singlet energy transfer, the magnitude of the
as in the case of Ensemblgthe rapid transient changes ascribed rate constants can be rationalized by usirigsker theory alone
to 3 — 1 energy transfer are no longer observed. This is (29) Faster, T.Discuss. Faraday Sod.959 27, 7.
consistent with the proposed model wherein &ist> 1 energy (30) Dexter, D. L.J. Chem. Phys1953 21, 836.

ket = 1/t — 1z, 1)
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Table 4. Overlap Integrals and Calculated Rate Constants for
Forster Energy Transfer within PorphyritSapphyrin Ensemblés

Column chromatography was performed on Merck type 60 {2810
mesh) silica gel. Thin-layer chromatography (TLC) was performed on

andll commercially prepared silica gel plates purchased from Whatman
Jr calcker obsker International, Inc.
ensemble (mmol/cn®) R, (A)  «2 (s (s
| 143x 102 125 069 50< 10° 4.3x 100 Absorbance spectra were recorded on a Beckman DU-640 spectro-
Il 243x 1018 125 0.69 1.1x 10" 1.6x 101 photometer. Steady-state fluorescence spectra were recorded on a

Perkin-Elmer LS5 instrument. Proton NMR spectra were recorded on
either General Electric QE-300 (300 MHz), Bruker 250 (250 MHz),
or Bruker AMX-500 (500 MHz) instruments. Carbon NMR spectra
were recorded at 75 or 125 MHz with either a QE-300 (300 MHz) or
a Bruker AMX-500 (500 MHz) spectrometer, respectively. Nonlinear
least-squares NMR curve fits were performed by using the Whitlock
algorithm? EQNMR 22 or the commercially available Kaleidagraph
program.

without the need to invoke a contribution from a Dexter
mechanism. For Heter-type energy transfer, the calculated rate
constants can be determined by using eq 2 whéris an
orientation factor that describes the relative orientation of the
donor and acceptor dipolesp; is the quantum vyield of
fluorescence of the donodg is the overlap integraln is the
refractive index of dichloromethane; is the singlet state
lifetime of the photodonor, and:/s the center-to-center distance
between chromophores. Here, the relevant overlap intedgls (
given in Table 4, are determined according to eq 3, wk¢rg

is the fluorescence intensity at wavenumbende is the molar
extinction coefficient of the Qabsorption bands of the acceptor.

_ (8.8x 10 P)K*®,Je

High-resolution mass spectra (HRMS) were recorded with a Bell
and Howell 21-110B instrument. For fast atom bombardment mass
spectrometric (FAB) measurements, nitrobenzyl alcohol (NBA) was
used as the matrix. Elemental analyses were performed by Atlantic
Microlab, Inc. (Norcross, Georgia).

Fluorescence lifetimes were measured by time correlated single

T n“c Rce @) photon counting with use of a mode-locked, synchronously pumped,
s cavity-dumped Rhodamine 6G dye laser. The excitation wavelength
4 used was typically 573 nm, and the emission was collected at a variety

3 f F()e(v)v " dv 3 of wavelengths between 600 and 700 nm.
B IF(V) dv ) Femtosecond transient absorption studies were carried out by using

a system that has been described previotisBriefly, the amplified
As can be seen in Table 4, the observed rate constantsoutput of a Ti:sapphire laser (30, 835 nm) was split and 95% was
correspond quite well to those calculated frorirdter theory. frequency doubled to serve as the pump beam. Samples were typically
The fast energy transfer in Ensembleandll is ascribable in excited with 0.5-1 xJ, 150 fs, 417 nm pulses. The remaining 5% of
part to the large overlap integrals between porphyrin and the amplified 835 nm light was used to generate a white light continuum
sapphyrin. The quantum efficiencies calculated by using eq 4 probe; this was done by focusing the beam into a piece of sapphire.
appear to be nearly quantitative. The probe beam was polarized at the magic angle {b&ith respect
®=1-1/t to the pump beam. Amplified photodiodes were used to detect single
o wavelengths of the probe light after it passed through a monochromator
(SPEX model 270M). The photodiode outputs were digitized and
recorded with a personal computer. Multiexponential rise and decay
d fits to the data were determined by using the Levenbéfgrquardt
algorithm.

(4)

That is, for every photoexcited complex, energy transfer occurs.
However, it is important to point out that the overall reaction
efficiency is not quantitative. This is because, as mentione
before, approximately 40% of the excitation of Ensemlbles

Il goes into exciting the sapphyrin macrocycle directly. To  Materials. The free-base form of sapphyrih was obtained as
increase the reaction efficiency, more selective excitation of the described earlie® Compounds2—4 were prepared as described
porphyrin subunit must be achieved. Ideally, this could be done previously’ Dichloromethane over calcium hydride was distilled prior
by increasing the association constant between the anionicto use. Trifluoroacetic acid (protein sequencing grade) was purchased
substituted porphyrin and sapphyrin such that only one molecule from Sigma Chemical Company. Anhydrous dichloromethane was
of sapphyrin need be present for every porphyrin to be purchased from Aldrich Chemical Co. (Sure-Seal). All other solvents
complexed. used were reagent grade quality and used without further purification
unless otherwise noted. Tetrabutylammonium salts were generated by

Conclusions the addition of 1 equiv of tetrabutylammonium hydroxide (1 M in

In conclusion, we have demonstrated a new approach to non-
covalent energy transfer model construction that involves the
use of sapphyrin-based anion recognition. In principle, this is
an approach of considerable versatility in that a range of an-

methanol, (Aldrich)) to the free acid in dry dichloromethane or
methanol.
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Experimental Section

General Information. All solvents and chemicals were of reagent
or spectral grade quality, purchased commercially and used without
further purification except as noted in the materials section below.
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