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Abstract: The helical oligoproline assembly CH3-CO-Pro-Pro-Pro-Pra(Ptzpn)-Pro-Pro-Pra(Ru"b,m)%"-Pro-
Pro-Pra(Anq)-Pro-Pro-Pro-NH,, having a spatially ordered array of functional sites protruding from the proline
backbone, has been prepared. The 13-residue assembly formed a linear array containing a phenothiazine
electron donor, a tris(bipyridine)ruthenium(ll) chromophore, and an anthraquinone electron acceptor with
the proline 1l secondary structure as shown by circular dichroism measurements. Following Ru" — b,m
metal-to-ligand charge-transfer (MLCT) excitation at 457 nm, electron-transfer quenching occurs, ultimately
to give a redox-separated (RS) state containing a phenothiazine (PTZ) radical cation at the Pra(Ptzpn) site
and an anthraquinone (ANQ) radical anion at the Pra(Anq) site. The redox-separated state was formed
with 33—96% efficiency depending on the solvent, and the transient stored energy varied from —1.46 to
—1.71 eV at 22 £ 2 °C. The dominant quenching mechanism is PTZ reductive quenching of the initial
Ru'"(b,m*~) MLCT excited state which is followed by m*= — ANQ electron transfer to give the RS state.
Back electron transfer is highly exergonic and occurs in the inverted region. The rate constant for back
electron transfer is solvent dependent and varies from 5.2 x 106t0 7.7 x 106 s™tat 22 £ 2 °C. Itis concluded
that back electron transfer occurs by direct ANQ*~ — PTZ'* electron transfer. Based on independently
evaluated kinetic parameters, the electron-transfer matrix element is Hpa ~ 0.13 cm™2.

Introduction construction of light-harvesting arrays that can be used as
The biological photosynthetic reaction center contains a molecular-photochemical or photochemical-electrochemical

spatially ordered array of chromophores and electron-transfer €actors?

donors and acceptors that efficiently separate reductive and In an earlier, preliminary account, we described a spatially
oxidative equivalents upon irradiation with visible light. Arti- ordered electron-transfer donor/chromophore/acceptor array
ficial systems have been prepared which mimic the excitation based on a 13-residue proline Il helik!32 This oligoproline
redox separation characteristics of the reaction center of assembly which bears three different redox sites is pictured in
photosynthesi$ 1! One long-range goal of these studies is the Figure 1. Circular dichroism studies show that this array adopts
the left-handed proline Il helix in both water and acetonittle.
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CH;,-CO-Pro-Pro-Pro-Pra(Ptzpn)-Pro-Pro-Pra(Ru''b,m)?*-Pro-Pro-Pra(Anq)-Pro-Pro-Pro-NH,

Figure 1. Covalent structure of oligoproline assemHly
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Scheme 2 outlines the kinetic pathways that can occur
following irradiation of assemblyl with visible light. The
ruthenium polypyridyl complex is the visible light absorber
(reactiona). Absorption of light produces a metal-to-ligand
charge-transfer, MLCT, excited state. The metal complex is
unsymmetrical with the lowest MLCT state based &méthyl-
2,2-bipyridine-4-carbonyl as the acceptor ligand as shown by
transient resonance Raman measureniénts.

Once formed, the excited state can return to the ground state
directly by a combination of radiative and nonradiative path-
ways, p) in Scheme 2, or be quenched by donating an electron

to favor the more open proline Il structure even in nonpolar from the reduced ligand to the anthraquinone electron acceptor

solvents to decrease steric repulsion.

(f) or by accepting an electron from phenothiaziog Subse-

The Synthetic Strategy adopted for preparing the redox quent electron transfe.r from PTZ to FQlln (h) or from reduced
modules that were incorporated into the final assembly is shownligand nT to the quinone in € leads to the lowest state
in Scheme 1. The oligoproline system was subsequently energetically, the redox-separated (RS) state. It contains oxidized
assembled by manual solid-phase synthesis on methylbenzhyphenothiazine (PTZ and reduced anthraquinone (ANR

drylamine-resin froniN®-(1,1-dimethylethoxycarbonyl)-proline
(Boc-Pro-OH),N*-(1,1-dimethylethoxycarbonyl)-prolyl-L-pro-
line-OH (Boc-Pro-Pro-OH), and redox modul@s8 shown in

separated by a five-proline array spacer. The RS state returns
to the ground state by back electron transfer)inBack electron
transfer could occur by any or a combination of three pathways

Scheme 1. The three redox-active modules were synthesizedncluding: (1) long-range through-space and/or through-bond

from their corresponding acid8;-5, by coupling them to the
4-amino group of Boc-amino esteR. Subsequent sapon-

ANQ~ — PTZ" electron transfer, (2) ANQ — m electron
transfer followed by m — PTZ" back electron transfer, note

ification of the methyl ester with lithium hydroxide provided a Scheme 2, and (3) Ru—~ PTZ" electron transfer followed by
redox Boc-amino acid for use in the solid-phase peptide ANQ~ — RuU'"' electron transfer.

synthesig?#

(14) Erickson, B. W.; Merrifield, R. BProteins1976 2, 255.

(15) Dupray, L. M.; Devenney, M.; Striplin, D. R.; Meyer, T.J.Am. Chem.
S0c.1997 119 10243-10244.
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We describe here the details of the construction of helical dryness by rotary evaporation. The residual oil was solidified by
oligoproline assembl{ and its photophysical and electrochemi- trituration with hexanes and collected by filtration. The pinkish-white
cal properties including the influence of solvent on emission solid was chromatographed on silica gel with 1:1 ethyl acetate/hexanes
energies, lifetimes, quantum vyields, and electron-transfer dy- (v/v). Fractions containing the desired product were dried with
namics. An analysis of these data provide insight into the anhydrous Ne5Qsand freed of solvent by rotary evaporation to provide
mechanisms of both electron-transfer quenching and back '€ itle compound, Boc-Pra(Ptzpn)-OGHas a pinkish-white solid

. : ) ; (1.67 g, 84% yield): mp 76:678.0°C. UV—vis (CHsCN): 1 (¢) 232
electron transfer which occurs in the inverted region. One (16 200), 254 (46 500), and 308 nm (5800 L énmol-Y). FAB-MS

limitation in this study was the inability to use water as a solvent (caled for GeHaiNOsS [MH']: miz 497.608): miz 497 (MH'), 441
because of its deleterious effect on the ANQ radical anion once 3gg (MH* — Boc), 252, 226, 212, 198, 180H NMR (200 MHz,

formed.

Experimental Section

Materials. The following compounds were prepared according to
literature procedurescis-1-(1,1-dimethylethoxycarbonyl)-4-amine-
proline methyl ester hydrochloride, Boc-Pra-O$&HICI (2);16 3-(10H-
phenothiazine-10)propanoic acid, Ptzpn-CaitY{ bis(2,2-bipyridine)-
(4-methyl-2,2-bipyridine-4-carboxylic acid) ruthenium(ll)bis(hexafluoro-
phosphate), [Rlby(m-OH)](PFs)2 (4).1” The following compounds and

CDCl): 6 1.38 (s, 9H, (CH)sC), 1.84 (m, 1H, @H), 2.40 (m, 1H,
CPH), 2.62 (t,J».3 = 6.9 Hz, 2H, 2-CH,), 3.31-3.61 (m, 2H, CH,),
3.66 (2 s, 3H, OCH), 4.14-4.25 (m, 1H, CH), 4.20 (t,J»3 = 7.0
Hz, 2H, 3-CH,), 4.57 (m, 1H, GH), 6.76 (m, 1H, NH), and 6.88
7.19 (m, 8H, GHsNS). Anal. Calcd for GsHziNzOsS: C, 62.76; H,
6.73; N, 8.44; S, 6.44. Found: C, 62.84; H, 6.67; N, 8.30; S, 6.38.
cis-N*-(1,1-Dimethylethoxycarbonyl)-4-(3-(1®-phenothiazine-
10)propanoyl)-4-aminot-proline, Boc-Pra(Ptzpn)-OH (6). Light was
excluded from this reaction at all times. A suspension of Boc-Pra-

materials were purchased: anthraquinone-2-carboxylic acid, Ang-OH (Ptzpn)-OCH (1.49 g, 3.0 mmol, 1.0 equiv) in 3:1 methanol/water (v/

(5) (Aldrich); N*-(1,1-dimethylethoxycarbonyl)-prolyl-L-proline-OH,
Boc-Pro-Pro-OH (Fluka);N*-(1,1-dimethylethoxycarbonyl)-proline,
Boc-Pro-OH (Aldrich); methylbenzhydrylamirespoly(styrene-1%

V) (35 mL) was cooled to OC with stirring. Solid lithium hydroxide
(5.0 equiv) was added, and the mixture was stirred without cooling for
16 h, during which it warmed to room temperature. After the methanol

divinylbenzene) beads (MBHA resin, Applied Biosystems, 0.62 mmol/g Was removed by rotary evaporation, the alkaline solution was extracted

substitution). Acetonitrile, ACN (Burdick and Jackson), butyronitrile,
BuCN (Aldrich gold-label 99.9%)N,N-dimethylacetamide, DMA
(Aldrich gold-label 99.9%), and 1,2-dichloroethane, DCE (Fisher AR
grade), were dried and purified by stirring it A molecular sieve
dust under argon fol h followed by filtration throug a 5 cmx 15

with CH,Cl, (5 x 25 mL) and acidified to pH 23 with 0.1 M HCI.

The light purple gum that precipitated was partitioned between ethyl
acetate and water and extracted into ethyl acetate @ mL). The
organic phase was dried over anhydrous Mg&@d freed of solvent

to provide pure free acid, Boc-Pra(Ptzpn)-OH, as a light purple solid

cm column of activity-grade | neutral alumina and were stored under (1.39 g, 97% yield): mp 113C dec. UV-vis (CHCN): 4 (e) 232
argon. This treatment removed reducing impurities and water from the (16 200), 254 (46 500), and 308 nm (5800 L ¢nmol~*). FAB-MS
solvents, which was required to avoid photochemically induced (calcd for GsHagNsOsS [MHT]: m/z483.5812):m/z 483 (MHY), 438,

degradation of the anthraquinone group.

General Methods. Melting points were measured on a Thomas-
Hoover apparatus and are uncorrected ~¥ié spectra were recorded
on a Hewlett-Packard model 8452A spectrophotometdr.NMR

428, 406, 383 (MH — Boc), 212, 198, 180'H NMR (200 MHz,
CDCl): 6 1.37 (s, 9H, (CH):C), 1.82 (m, 1H, €H), 2.41 (m, 1H,
CPH), 2.63 (1,25 = 6.9 Hz, 2H, 2-CH,), 3.31-3.59 (m, 2H, CH,),
4.20 (t,Jp.s = 7.0 Hz, 2H, 3CHy), 4.18-4.22 (m, 1H, CH), 4.56

spectra were recorded on Varian 400-MHz, Bruker 250-MHz, or Bruker (M, 1H, GH), and 6.88-7.20 (m, 9H, GHgNS and NH). Anal. Calcd
200-MHz spectrometers. Chemical shifts are reported in parts per for CosHzdNaOsS: C, 62.09/H, 6.04; N, 8.69; S, 6.63. Found: C, 61.18;

million downfield from internal (CH)4Si (6). Flash chromatography
was performed with a silica gel (Baker, 6200 mesh) or neutral
alumina (Fisher, 86200 mesh) column. Thin-layer chromatography

H, 6.16; N, 8.60; S, 6.58.
cis-N-(1,1-Dimethylethoxycarbonyl)-4-(bis(2,2-bipyridine)(4'-
methyl-2,2-bipyridine-4-carboxamide)ruthenium(ll)- L-proline Meth-

was carried out with silica gel (Whatman Diamondback) or alumina Yyl Ester Bis(hexafluorophosphate), [Boc-Pra(Rubm)-OCH](PFe).

(Bakerflex) analytical plates. Atlantic Microlab (Norcross, GA) per-

Boc-Pra-OCH-HCI (2) (4.0 mmol, 1.0 equiv), [Rtby(m-OH)](PFs)2

formed elemental analyses. Positive-ion fast bombardment mass spectrgd) (4.0 mmol, 1.0 equiv), anN-methylmorpholine (NMM, 12.3 mmol,

(FAB-MS) were recorded with a VG SEQ70 hybrid MS/MS spectrom-
eter. Samples were immobilized in either a dithiothreitol-dithioerythritol
matrix (“magic bullet”) or a nitrobenzyl alcohol matrix (for organo-
metallics).
cis-N%-(1,1-Dimethylethoxycarbonyl)-4-(3-(18-phenothiazine-
10)propanoyl)-4-amino+-proline Methyl Ester, Boc-Pra(Ptzpn)-
OCHzs. Light was excluded from this reaction at all times. Boc-Pra-
OCHs-HCI (2) (4.0 mmol, 1.0 equiv), PTZpn-OH3) (4.0 mmol, 1.0
equiv), andN-methylmorpholine (NMM, 12.3 mmol, 3.3 equiv) were
dissolved in a minimum amount of dichloromethane with stirring. Solid
dicyclohexylcarbodiimide (DCC, 4.1 mmol, 1.1 equiv) and 4-(dim-
ethylamino)pyridine (0.4 mmol, DMAP, 0.1 equiv) were added, and

3.3 equiv) were dissolved in a minimum amount of dichloromethane
with stirring. Solid dicyclohexylcarbodiimide (DCC, 4.1 mmol, 1.1
equiv) and 4-(dimethylamino)pyridine (DMAP, 0.4 mmol, 0.1 equiv)
were added, and the solution was stirred at room temperature for 16 h.
One drop of acetic acid was added, and the mixture was stirred for an
additional 30 min. The precipitated dicyclohexylurea (DCU) was filtered
and washed with CpCl,. The filtrate was dried with N&O, and
evaporated to dryness by rotary evaporation. The residual blood-red
oil was chromatographed on neutral alumina by using 2:1 acetonitrile/
toluene (v/v). The fractions containing the desired product were freed
of solvent by rotary evaporation. The remaining oil was redissolved in
acetonitrile (1 mL) and dripped into rapidly stirring ice-cold diethyl

the solution was stirred at room temperature for 16 h. One drop of ether (200 mL). The bright orange solid that precipitated was collected
acetic acid was added, and the mixture was stirred for an additional 30 on a medium porosity glass frit and vacuum-dried to afford pure [Boc-
min. The precipitated dicyclohexylurea (DCU) was filtered and washed Pra(Rubm)-OCH;](PFs) (3.76 g, 82% yield): mp 204C dec. UV~

with CH.Cl,. The filtrate was dried with N&O, and evaporated to vis (CHsCN): 4 (¢) 246 (21 700), 288 (54 300), and 456 nm (11 700
L cm~*mol ). FAB-MS (calcd for GsHa4NgOsRURF12 [(M — PRs)™]:

m/z 998.9054, [(M— 2PR)*]: mz 853.9412):m/z 999 (M — PRy)™,

854 (M — 2PR)™", 761, 452, 396!H NMR (200 MHz, CBCN): 6

1.37 (2's, 9H, (CH):C), 1.87-1.92 (m, 2H, CH), 2.52-2.58 (m, 1H,
CPH), 2.54 (s, 2H, m-Ch), 3.35-3.74 (m, 2H, CH,), 3.71 (s, 3H,

(16) MccCafferty, D. G.; Slate, C. A.; Nakhle, B. M.; Graham, H. D. J.; Austell,
T. L.; Vachet, R. W.; Mullis, B. H.; Erickson, B. WTetrahedron1995
51, 9859.

(17) MccCafferty, D. G.; Bishop, B. M.; Wall, C. G.; Hughes, S. G.; Mecklenburg,
S. L.; Meyer, T. J.; Erickson, B. Wrletrahedron1995 51, 1093.
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OCHg), 4.30 (d,J = 9.4 Hz, d,J = 4.3 Hz, 1H, CH), 4.64 (m, 1H,
CH), 7.27 (m, 1H, m§, 7.30-7.37 (M, 4H, 4x b5), 7.51-7.92 (m,
8H, 4 x b6 and m5 and niGand m6 and RH), 8.00-8.08 (m, 5H, 4
x b4 and NH), 8.45-8.50 (m, 5H, 4x b3 and m3, and 8.75 ppm
(br s, 1 H, m3). Anal. Calcd for £H4NsOsRURF12: C, 45.15; H,
3.88; N, 9.80. Found: C, 45.27; H, 4.09; N, 9.71.
cis-N*-(1,1-Dimethylethoxycarbonyl)-4-(bis(2,2bipyridine)(4'-
methyl-2,2-bipyridine-4-carboxamide)ruthenium(ll)- L-proline Bis-
(hexafluorophosphate), [Boc-Pra(Rubm)-OH](PFe). (7). A suspen-
sion of [Boc-Pra(Rupm)-OCH](PFe)2 (1.76 g, 1.5 mmol, 1.0 equiv)
in 3:1 methanol/water (v/v) (25 mL) was cooled t6© with stirring.
Solid lithium hydroxide (5.0 equiv) was added, and the mixture was
stirred without cooling for 16 h, during which it warmed to room
temperature. After the methanol was removed by rotary evaporation,
the alkaline solution was acidified with 0.1 M HP&nd extracted with
CH.CI, (5 x 25 mL). The organic phase was dried over anhydrous
MgSOy and freed of solvent to provide the free acid as a red oil. The
oil was dissolved in acetonitrile (1 mL) and dripped into rapidly stirring
ice-cold diethyl ether (200 mL). The bright red-orange solid that
precipitated was collected on a medium-porosity glass frit and vacuum-
dried to afford pure [Boc-Pra(Rum)-OH](PF). (1.68 g, 99% yield):
mp 237°C dec. UV-vis (CHsCN): 1 (¢€) 246 (21 500), 288 (54 300),
and 456 nm (11 700 L cnt mol™%). FAB-MS (calcd for GzH4NgOs-
RUPF1, [(M — PR)*]: mz984.8786, [(M— 2PR)*]: m/z839.9144):
m/z 985 (M — PRy)*, 839 (M — 2PR)*, 794, 773, 695, 659, 615, 569.
IH NMR (200 MHz, CRCN): 6 1.37 (2's, 9H, (Ch)sC), 1.87-1.90
(m, 2H, @H), 2.52-2.58 (m, 1H, @H), 2.54 (s, 2H, m-Ch), 3.36-
3.78 (m, 2H, @Hy), 4.33 (m, 1H, @H), 4.58 (m, 1H, CH), 7.25 (d,
Jse = 5.9 Hz, 1H, m5), 7.34-7.39 (m, 4H, 4x b5), 7.53 (dJs6 =
5.8 Hz, 1H, m5), 7.667.70 (m, 6H, 4x b6 and m6and NH), 7.84
(d, Js6 = 5.8 Hz, 1H, m6), 7.86:8.08 (m, 5H, 4x b4 and NH), 8.47
(2 br s, 5H, 4x b3 and m3, and 8.75 ppm (br s, 1H, m3). Anal.
Calcd for GoHaoNsOsRURF12: C, 44.65; H, 3.75; N, 9.92. Found: C,
44.58; H, 3.84; N, 9.85.
cis-N*-(1,1-Dimethylethoxycarbonyl)-4-(9,10-dihydro-9,10-di-
oxoanthracene-2-carboxamide)-proline Methyl Ester, Boc-Pra-
(Ang)-OCH3. Boc-Pra-OCH-HCI (2) (4.0 mmol, 1.0 equiv), Ang-
OH (5) (4.0 mmol, 1.0 equiv), antl-methylmorpholine (NMM, 12.3
mmol, 3.3 equiv) were suspendedNiN-dimethylformamide (DMF,
20 mL) with stirring. Solid dicyclohexylcarbodiimide (DCC, 4.1 mmol,
1.1 equiv) and 4-(dimethylamino)pyridine (0.4 mmol, DMAP, 0.1
equiv) were added, and the creamy solution was stirred at room

stirred without cooling for 16 h, during which it warmed to room
temperature. After the methanol was removed by rotary evaporation,
the alkaline solution was extracted with &, (5 x 25 mL) and
acidified to pH 2-3 with 0.1 M HCI. The resulting yellow precipi-
tant was collected by filtration, washed with water, and dried in a
vacuum desiccator overnight. The acid product, Boc-Pra(Ang)-OH
(0.365 g, 97% yield), was judged to be homogeneous by TLC (silica
gel, 1:1 ethyl acetate/hexanes) atiINMR: mp 256°C dec. UV~

vis (CHsCN): 4 (€) 256 (33 900), and 326 nm (4800 L ctnmol™?).
FAB-MS (calcd for GsH24N20; [MH*]: m/z 464.4738): m/z

465 (MH'), 409, 365 (MH — Boc), 309, 235, 155'H NMR (250
MHz, 10% (CD).CO in CDC}): ¢ 1.36 (s, 9H, (CH)sC), 2.0742.13
(2's, 1H, GH), 2.49 (m, 1H, CH), 3.48-3.62 (m, 2H, CH), 4.21—
4.25 (2 d,J = 7.7 Hz, 1H, CH), 4.79 (m, 1H, CH), 7.71-7.77

(m, 2H, 6,7-Anq), 8.16:8.37 (m, 4H, 3,4,5,8-Anq), 8.36 (d,= 8.4

Hz, 1H, N'H), and 8.52 ppm (s, 1H, 1-Ang). Anal. Calcd for
CusH24N207: C, 64.63; H, 5.21; N, 6.03. Found: C, 65.46; H, 5.99; N,
5.61.

[CH 3-CO-Pro-Pro-Pro-Pra(Ptzpn)-Pro-Pro-Pra(Ru' b,m)-Pro-
Pro-Pra(Anq)-Pro-Pro-Pro-NH](PFe), (1). This 13-residue peptide
amide was assembled by manual solid-phase synthesis by using Boc-
Pro-OH, Boc-Pro-Pro-OH, redox modules 8, and MBHA resin. The
synthetic cycle of Fournier and co-work¥raas used except that NMM
was used for neutralization and the Boc-amino acid (4.0 equiv), BOP
(2.2 equiv), HOBt (2.2 equiv), and NMM (4.2 equiv) were used for
coupling. Boc-Pra(Rlb,m)-OH (2.0 equiv) was coupled for 18h.
Prior to cleavage, the resin-bound peptide was N-terminally acetylated
with acetic anhydride (A©) in CHCl. The peptide was cleaved from
the resin with 10:1 (v/v) HF/anisole (1 h, ) in the presence of
2-mercaptopyridine (1 mmol) to prevent oxidation of phenothiazine to
the sulfoxide. The crude peptide was purified by preparative reversed-
phase HPLC on a butyl-silica column (Vydag)@luted over 90 min
with a linear gradient of 2539% acetonitrile in 0.5% trifluoroacetic
acid/water. The center fractions were freed of solvent to provide pure
peptide as an orange powder (66 mg). EI-MS calcd. fesHGadN2401o-

Sru 2462.95 Da, found 2464.2 Da. WVis (CHCN): 1 (¢) 254
(77 600), 288 (59 600), 326 sh (11 800), and 456 nm (11 700 t'cm
mol1).

Electrochemistry. Tetra(1-butyl)Jammonium hexafluorophosphate,
BusNPFs (Aldrich), was twice recrystallized from ethanol and vacuum-
dried for 10 h. All halfwave potentials are vs SSCE at a scan rate of
100 mV s*. Each cyclic voltammogram (CV) was obtained in a 0.1
M BusNPFs solution of the given solvent with a computer-interfaced

temperature for 16 h. One drop of acetic acid was added, and the pinceton Applied Research 273 potentiostat/galvanostat, a silver/silver

mixture was stirred for an additional 30 min. The precipitated

nitrate reference electrode, a platinum-wire coil auxiliary electrode, and

dicyclohexylurea (DCU) was filtered and washed with DMF. The filtrate 5 gas MF-2013 platinum disk working electrode (0.31%etectrode
was evaporated to a yellow solid by rotary evaporation under reduced area).

pressure (0.2 Torr). The solid was chromatographed on silica gel by

Excited-State Measurements and Spectral FittingAll samples

using 1:1 hexanes/ethyl acetate as the eluent. The organics were drieqlNere bubble-deoxygenated with high-purity argon for at least 20 min.

over anhydrous MgSQand freed of solvent to afford the title
compound, Boc-Pra(Anqg)-OGHas a yellow solid (0.386 g, 21%
yield): mp 256°C dec. U\V~vis (CH;CN): 4 (¢) 210 (41 100), 256
(60500), and 326 nm (7500 L crh mol%). FAB-MS (calcd for
CogHaeN2O7 [MH*]: miz 478.5006): miz 479 (MH"), 379 (MH" —
Boc), 334, 252, 235, 225, 2084 NMR (250 MHz, CDC}): & 1.45
(2's, 9H, (CH)3C), 2.02 (m, 1H, CH), 2.56 (m, 1H, CH), 3.73 (m,
2H, CHy), 3.85 (s, 3H, OCHh), 4.33-4.43 (2d,J = 8.4 Hz, 1H, CH),
4.93 (m, 1H, CH), 7.79-7.83 (m, 2H, 6,7-Anqg), 8.298.33 (m, 5H,
3,4,5,8-Anqg and KH), and 8.63 ppm (2 s, 1H, 1-Anqg). Anal. Calcd
for CoeH26N207: C, 65.26; H, 5.48; N, 5.85. Found: C, 65.46; H, 5.56;
N, 5.71.
cis-N*-(1,1-Dimethylethoxycarbonyl)-4-(9,10-dihydro-9,10-di-
oxoanthracene-2-carboxamide)—proline, Boc-Pra(Ang)-OH (8). A
suspension of Boc-Pra(Anq)-OGKD.386 g, 0.81 mmol, 1.0 equiv) in
3:1 methanol/water (v/v) (15 mL) was cooled to°G with stirring.
Solid lithium hydroxide (5.0 equiv) was added, and the mixture was

Emission spectra were collected with a Spex F212 spectrofluori-
meter operating in photon-counting mode with a cooled Hamamatsu
R666 photomultiplier tube (PMT). Emission was collected at right
angles to the 457 nm excitation and corrected for the instrument
response by the procedure supplied by the manufacturer. For the
purposes of spectral fitting and quantum yield measurements, emission
spectra were converted to an abscissa linear in energy as described
elsewherg®2*Emission quantum yieldgem were measured in optically
dilute solutions relative to [Rigbpy)](PFs)2 in CH3CN at 295 K hem

= 0.0615)?? Corrections for differences in refractive indices of the

(18) Fournier, A.; Wang, C. T.; Felix, A. Mint. J. Pept. Protein Resl988
31, 86.

(19) Peek, B. M.; Ross, G. T.; Edwards, S. W.; Meyer, G. J.; Meyer, T. J.;
Erickson, B. W.Int. J. Pept. Protein Resl991, 38, 114.

(20) Allen, G. H.; White, R. P.; Rillema, D. P.; Meyer, T.Jl.Am. Chem. Soc.

1984 106, 2613.

Parker, C. A.; Rees, W. Rnalyst (London)Ll96Q 85, 857.

Caspar, J. V.; Meyer, T. J. Am. Chem. Sod.989 111, 7448.

(21)
(22)
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Table 1. Reduction Potentials (V vs SSCE) and Calculated Free Energies (eV) at 22 + 2 °C?

Rus+2+ pTZ+0 Ang?- b,m%~ (PTZ**)(Ru'"b,m*~)(ANQ) (PTZ)(Ru"b,m)(ANQ*") (PTZ**)(ANQ™)
solvent® (v) v) v) V) (ev) (eV)e (ev)?
DCE +1.42 +0.76 -0.83 —-1.15 1.75 2.09 1.51
BuCN +1.45 +0.79 —0.95 —-1.10 1.82 2.33 1.71
ACN +1.31 +0.73 —-0.81 —-1.10 1.79 2.08 1.52
DMA +0.75 -0.73 -1.23 1.94 1.46

aFree energies were calculated for 0.1 MsRBF; solutions with eq 7, see texds values were found in thelandbook of Chemistry and Physi@&9th
ed.; Lide, D. R., Ed.; CRC Press: Boca Raton, FL, 199CE, dichloroethane; BUCN, butyronitrile; ACN, acetonitrile; DMA, dimethylacetanfide=
9 A, Figure 2.9d =9 A, Figure 2.6d = 18 A, Figure 2.

solvent and of absorption band intensities were made by using?eq 1. by low-frequency modes treated classically,, as shown in eq 4

A I [n)? (A)?
=¢——|— 1 AoL=A+ A === 4
d’cm ¢refAs|r nr ( ) oL 0 iL 16kBTIn(2) ( )
In eq 1,1 is the integrated intensity of the emission manifdids the in which kg is Boltzmann's constari:*' The free energy of the excited
absorbance at the excitation wavelength, arisl the refractive index ~ State above the ground stateGes, is related toE, by eq 5%°
of the solvent. The relationship between the quantum yield and radiative, AGe.=E + 4
k., and nonradiativek,, rate constants for excited-state deactivation ES™ "o oL ®)

(assuming that the emitting state is formed with unit efficiency) is given

in eq 2 Emission lifetimes were measured on the samples used to acquire

transient absorption spectra by using a PRA LN1000/LN 102 nitrogen
laser/dye laser combination operated at 457 nm for sample excitation.
__k Emission was monitored at 9@o the excitation, passed through a
bem= =kt 2 . ) - . ' P 9 .
K+ Ky dichromate filter to eliminate stray light below 560 nm, and then into
a Macpherson 272 scanning monochromator. Emission was monitored
In eq 2,7 is the emission decay lifetin?é. with a Hamamatsu R3896 PMT, and the resulting signal was sent to a
LeCroy 7200 transient digitizing oscilloscope interfaced to an IBM-
PC computer. The decay data were analyzed by exponential or sum of
exponential functions, eq 6, with = 1—-3.

Emission spectra were analyzed by a standard Fra@ckdon
analysis as described elsewh&r&’ The spectra were fit to eq 3

n

I(t) =bl + M; exp(—t/t)) (6)

5 [ [E, — vho\3[s v — E, — vhw\2
|(v)=z ——||—]exp-4In2f——— (3)
v = v! Avyp

In eq 6,I(t) is the emission intensity at tinter ; andM; are the lifetime
and preexponential factors for process i, dhts a baseline correction
which was small with our apparatus. Kinetic decay traces were fit to
eq 6 by using the nonlinear Marquardt routiie.

in which 1(¥) is the emitted intensity in quanta at energyn cm*

relative to that for the 80 transition. The quantit, is thev* = 0—

v = 0 energy difference between the excited and ground states in the
single-mode approximation. The quantﬂyrs the vibrational quant.um Nanosecond transient absorption data were obtained following
number for the average acceptor mode in the ground statehauisl pulsed, right-angle, 457 nm excitation from a Quanta Ray PDL-2 dye
the vibrational spacing. Calculated emission profiles were generated |3ger (coumarin 460 dye) pumped by the third harmonic (355 nm) of
by using eq 3 and were compared to measured spectra by usinga Q-switched Quanta Ray DCR-2A Nd:YAG laser. The probe beam
WINFIT, a least-squares fitting program based on a simplex algorithm was a 150 W pulsed Xe arc lamp. A shutter placed between the

written by J. P. Claud& monitoring lamp and the cell was opened for 5 ms intervals to prevent
For bpy-based MLCT excited states, the acceptor mode is the averagePMT fatigue and sample photolysis. The monitoring light was focused

of a series of coupled(bpy) modes from 1100 to 1650 Cr?526:29.30 at the cell, collimated after the cell, and finally focused onto the entrance

The quantitySis the dimensionless Huardrhys factor or electron- slit of an APL /3.4 grating monochromator. Transient signals were

vibrational coupling constant. It is proportional to the square of the detected by a five-stage Hamamatsu R446 PMT. Spectra were recorded

change in equilibrium displacement for the averaged mode betweenaS Plots ofAA = log(l/I;) versus monochromator wavelength where

the excited and ground states. The quantify, is the full width at lo was the _transmltted Ilght |nte_n3|t_y prior to the laser pulse lanés

half-maximum. It is related to the sum of the solvent reorgani- e intensity at delay time. Kinetic decays were analyzed as for

zational energy,l,, and the reorganizational energy contributed emission by using eq 6 Appropriate Ont_el or Corn.mg c_utoff_ f||_ters
were used to exclude high-energy probe light and direct irradiation of
PTZ. The solutions were approximately 1x510°° M and bubbled-

gig B:mgg: 3: IQIU %ﬁ:ﬁy’Eﬁufigggygb‘cg&@g?l 75, 991. deoxygenated with high-purity argon for at least 20 min before

(25) Caspar, J. V.; Westmoreland, T. D.; Allen, G. H.; Bradley, P. G.; Meyer, measurements were initiated.
T. J.; Woodruff, W. H.J. Am. Chem. S0d.984 106, 3492.
(26) Kober, E. M.; Caspar, J. V.; Lumpkin, R. S.; Meyer, TJJPhys. Chem. Results
1986 90, 3722.
(27) Claude, J. P. Photophysics of Polypyridyl Complexes of Ru(ll), Os(ll), i i i
and Re(J. Ph.D. Thesis, The University of North Carolina at Chapel Hill, El_ectrochemlstry._ Reduction potent|als fot meas_’ured by
Chapel Hill, NC, 1995; p 189. cyclic voltammetry in four solvents are tabulated in Table 1.

(28) Caspar, J. V.; Meyer, T. J. Am. Chem. S0d.983 105, 5583. ;
(20) Chen. P> Dussing, R.: Graff, D. K.: Meyer. T.11Phys, Chem091 95 The assignments of the waves were based on voltammograms

5850.
(30) Worl, L. A; Duesing, R.; Chen, P.; Ciana, L. D.; Meyer, TJJChem. (31) Chen, P.; Meyer, T. hem. Re. 1998 98, 1439-1477.
Soc., Dalton Trans1991, 849. (32) Marquardt, D. WJ. Soc. Ind. Appl. Math1963 11, 431.
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Figure 2. Computer generated structure of the oligoproline assembly. The distance between the ANQ and PTZ modules was measured from the S atom on
the PTZ to the center of the ANQ.

Table 2. Solvent-Dependent Emission Data at 22 + 2 °C?

chromophore solvent® Amax Pem (NM) M, 71 (ns) M, 7,(ns) Ms 73 (ns) bl k(108 s71) Knr (208 571

7 DCE 640 0.102 0.058 1680 0.0009 0.061 0.540
BuCN 642 0.075 0.065 1360 0.0005 0.055 0.680
ACN 662 0.090 0.049 1380 0.0003 0.065 0.660
DMA 648 0.082 0.060 1170 0.0008 0.070 0.780

1 DCE 630 0.033 0.019 38 0.026 390 0.038 1200 —0.0001
BuCN 644 0.015 0.048 29 0.017 200 0.024 950 0.0011
ACN 653 0.008 0.039 29 0.016 130 0.017 810 —0.0001
DMA 652 0.010 0.035 12 0.034 120 0.019 470 0.0006

aEmission decays fit to eq 6.DCE, dichloroethane; BUCN, butyronitrile; ACN, acetonitrile; DMA, dimethylacetamide.

for the individual modules6—8 and earlier result&15:3334 modeling studies of analogous oligoproline assemBfié4>
Differences in potential between isolated modules and peptides  Photophysics. The results of steady-state emission and
were small. emission decay measurements on chromophore madatel

In Table 1, the free energy contents for the various redox peptide triad1 in four solvents are tabulated in Table 2.
states in Scheme 2 above the ground state were calculated byyuenching of the chromophore due to its introduction into the
using the electrochemical values. They were calculated from peptide was considerable in all cases but solvent dependent.
the differences in redox potentials by using eq 7. When compared td7, emission from1 was 91% less in

acetonitrile, 88% less in dimethylacetamide, 80% less in
_ e butyronitrile, and 68% less in dichloroethane.

DJA(1 + ﬂdﬂl’z) The results of the application of spectral fitting procedure to

the emission bands are summarized in Table 3. It lists the

The added term to the redox potential difference is an ap- F€organizational energy contributed by solvent and low-
proximate correction for the Coulombic energy of interaction {rédquency modes treated classically,, and the free energies

between the charged redox sites assumed to be spherical ion<f the excited state above the ground stai€g, for 1 and7.

The quantitiesDs and « are the dielectric constant and ionic Recopstructlop .Of the emission bands is very straightforward
strength of the mediune is the unit electron chargel is the by using the fitting parameters and eq 3.

separation distance between the ions, ghd= (87Na€%

100(D3kBT)1/2.29’35_41

The average charge centroid-to-centroid distances were(34) Mecklenburg, S. L.; McCafferty, D. G.; Schoonover, J. R.; Peek, B. M.;
Erickson, B. W.; Meyer, T. Jinorg. Chem.1994 33, 2974-2983.

)
)
estimated from molecular modeling studies. Low-energy con- (3s) meyer, T. JProg. Inorg. Chem1983 30, 389.
)
)
)

AG® = AE,, )

(33) Wall, C. W. Directional Electron Transfer at Interfaces. Ph.D. Thesis, The
University of North Carolina at Chapel Hill, Chapel Hill, NC, 1995; p 128.

formations of peptidé were explored by molecular mechanics. (36) Bock, C. R.; Connor, J. A.; Guitierrez, A. R.; Meyer, T. J.; Whitten, D.
G.; Sullivan, B. P.; Nagle, J. KChem. Phys. Lettl979 61, 522.

MM2 energy minimization was performed by using the mo- (37 Sutin, N.J. Photochem1979 10, 19.
lecular modeling and analysis program “CS ChemBats3D” (38) Sutin, N.Acc. Chem. Res.982 15, 275.
. . . (39) Sutin, N.Prog. Inorg. Chem1983 30, 441.
(Cambridge Soft Co.: Cambridge, MA). The program employs (40) Newton, M. D.; Sutin, NAnnu. Re. Phys. Chem1984 35, 437.
; ) ¢ P iAA2,43 (41) Rehm, D.; Weller, Alsr. J. Chem197Q 8, 259.
A"mger s MM2 f.orce field for energy mmlmlzatl.Oﬁ' Fro.m (42) Burkert, U.; Allinger, N. L.Molecular MechanicsAmerican Chemical
a variety of starting conformers about the 4-amino substituents, "~ society: Washington, DC, 1982.
ili i _ (43) Clark, T. C.Computational Chemistryiley: New York, 1985.
the system eqU|I|brated to a ,ConSISten,t set of low energy (44) Reece, S. Synthesis and Characterization of Oligoproline Systems Designed
conformers based on the proline Il helix. On average, the for Photoinduced Energy and Electron Transfer. Honors Thesis, Davidson
; College, Davidson, NC, 2002; p 128.
distance between the S atom on the PTZ to the center of the 45) Serron, S. A.; Aldridge, W. S., lll; Fleming, C. N.; Danell, R. M.; Balik,
g g

ANQ was 18 A, Figure 2. This value is consistent with other M.; Sykora, M.; Meyer, T. JJ. Am. Chem. Socsubmitted.
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Table 3. Emission Spectral Fitting Parameters and Calculated 0.06 1
Excited-State Free Energy Values?
_ —&— 10 ns after pulse
Eo S Avy, AGgg 0.04 - - 100 ns after pulse
complex solvent® (cm™) (cm™Y) (cm™) Aol (eV) —— 200 ns after pulse
7 DCE 16 000 0.85 1890 1570 2.17
BuCN 16 000 0.93 1880 1550 2.17 0.02 1
ACN 15500 0.83 1910 1600 211 a
DMA 15700 0.85 1850 1500 2.13 @)
1 DCE 16400  1.05 1740 1330 219 < 0.00 1
BuCN 16 000 0.88 1940 1660 2.18
ACN 15800 1.02 1830 1470 2.13 N
DMA 15600 0.60 2140 2010 2.8 -0.02
ahw = 1300 cnt. b DCE, dichloroethane; BUCN, butyronitrile; ACN, 0.04 4
acetonitrile; DMA, dimethylacetamide. o

s 350 400 450 500 550 600 650
1 o003
0 Wavelength /nm
] ‘ Figure 4. Nanosecond transient absorption difference spectral for
z o 00 dimethylacetamide at various times followjim 4 nspulse from a 457 nm
£ 0.00 M”’”’W laser (1.5 mJ/pulse).
g
= S\ 0 X0 0 G0 B0 10001200 14001600 1800 Table 4. Solvent Dependence of Kinetic Parameters for Transient
K SINGLE EXPONENTIAL FIT Absorption Lifetime Decays for 1 with Fits to Eq 6 as Absorbance
1 Changes with Time, 22 £ 2 °C
monitoring redox? T T, T3
> A (nm) site M: (ns) M, (ns) Ms (ns) bl
1 o0t
Dichloroethane
370 km—~ 0.037 22 0.015 130 0.027 750 0.002
E 450 MLCT 0.140 14 0.020 700 0.002
:;‘ 0.00 WW 520 PTZ* 0.019 200 0.001
5 | 600 ANQ~ 0.015 210 —0.000
= 0 200 400 600 800 1000 1200 1400 1600 1800 Butyronitrile
BI-EXPONENTIAL FIT 370 bm- 0.051 24 0.025 120 0.013 610 0.003
b 450 MLCT 0.058 17 0.005 1200 —0.002
520 PTZ* 0.038 130 —0.000
e ——— 600 ANQ~ 0.018 130 —0.001
] Acetonitrile
0.001 370 km— 0.043 27 0.019 120 0.012 520 0.009
450 MLCT 0.095 10 0.004 970 —0.001
N S 520  PTZ* 0.041 160 —0.001
Z 0.001 600 ANQ~ 0.035 160 —0.001
2 -0.
§ i 0 200 400 600 800 1000 1200 1400 1600 1800 Dlmethylacetamlde
370 km~ 0.025 33 0.030 160 0.009 550-0.000
| TRI-EXPONENTIAL FIT 450  MLCT 0.031 16 0.018 83 0.009 450 0.002
520 PTZ* 0.017 190 0.001
600 ANQ~ 0.016 180 0.001
: : . N e W
0 200 400 600 800 1000 1200 1400 1600 1800 @ Dominant light absorber.
Time /ns

of 1 in dimethylacetamide. Following the flash, positive

absorption features appear at 370 and-5200 nm. A bleach

is also observed near 450 nm. The assignments of these features

have been discussed previousiyThe positive feature at 370

nm is due to the appearance of reduced bipyridine radicat; ppy

and to a small extent reduced anthraquinone, ANQ@he 450

nm bleach is due to the depletion of the ground-state metal-to-

ligand charge-transfer (MLCT) absorption. The 520 feature is

due to absorbance by oxidized phenothiazine, PTahd the
bsorbance at 58620 is due to reduced anthraquinone,

Figure 3. Fitting of an emission decay trace ftrin dimethylacetamide
by using eq 6 varying from 1 to 3. Inset plots are of the residuals of the
calculated fits to the experimental data.

Lifetimes for emission decay for model chromophdrén
all solvents were single exponential with lifetimes of L&
and longerk > 9.1 x 10° s™1). The decay kinetics for assembly
1 were complex in all solvents. In Figure 3 is illustrated the
effect of varyingn from 1 to 3 in eq 6 on the quality of the fits
for 1 in dimethylacetamide. The magnitudes and random values
of the residuals of the calculated to experimental data were use .
as the criteria for a successful fit. This comparison illustrates NQ™.
the requirement for use of a triexponential function for fitting ~ The absorption features in Figure 4 are observed forall
the experimental data in all four solvents with the resulting four solvents. The lifetimes of the subsequent decays of these
kinetic parameters listed in Table 2. features are listed in Table 4. In all four solvents, multiexpo-
Transient Absorption Data. A typical transient absorption  nential functions witm = 2 or 3 in eq 6 were necessary to fit
difference spectrum is shown in Figure 4 as the difference in data at 370 and 450 nm, respectively, but decays for'Patz
absorbance before and immediately following laser excitation 520 nm and AN®@ at 600 nm were single exponential. The
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Table 5. Solvent-Dependent Free Energies and Rate Constants
for Back Electron Transfer at 22 + 2 °C

0.06 -
AG° Ao Ky = Ker® calculated Hpa®
0.04 solvent (eV) (eV) (s (cm™)
' DCE -1.51 0.79 5.2« 106 0.13
\ BuCN -1.71 1.00 7.7 1P 0.15
Q .02 - ACN —-1.52 1.10 6.3« 1C° 0.11
[l _
2 b DMA 1.46 0.51 5.5¢ 1¢° 0.11

aCalculated from eq 10 witls and Doy values calculated from data
found in theHandbook of Chemistry and Physi@&0th ed.; Lide, D. R.,
Ed.; CRC Press: Boca Raton, FL, 1999, and from Figu=2,18 A and
a; = a, = 5.0 A. P Calculated from the average of transient decays between
500 and 620 nm¢ Calculated from eqs 8 and 9 withw = 1500 cn! and
S=25.

0.00 -

-0.02 -

20 40 60 80 100 120
Time (ns)

Figure 5. Wavelength dependence of transient absorption changes with
time for oligoproline redox triad. in butyronitrile, as in Figure 4.

after the laser flash followed simple exponential kinetics and
returned to the baseline for the ground state. The kinetics of
decay at either 520 or 600 nm were the same within experi-
mental error, consistent with decay to the ground state by ANQ
same fitting criterion used for the emission decay fits was used — PTZ** electron transfer. Based on the kinetics dkgas 5.2

in fitting the transient absorption data. x 10° to 7.7 x 10° s depending on the solvent (Tables 4
The decays of the transient absorption features at 370, 470,and 5).
520, and 590 nm fod in butyronitrile are shown plotted in Because of the response time of the instrument, it was not

Figure 5. Typically, the absorbances at 370 and 470 nm reachechossible to obtain reliable data for the initial quenching step. A
maximum and minimum values, respectively, before maxima growth in absorbance at both 520 and 600 nm was observed on
were achieved for the PTZradical at 520 nm and ANQ the 15-20 ns time scale, suggesting that the quenching time
radical at 590 nm. The kinetics of decay for the absorbance atscale is 16-20 ns, which suggestg~ 5 x 10to 1 x 10¥s™!

370 nm for bpy" parallel the decay kinetics of the MLCT  depending on the solvent wil, the rate constant for emission
emission. quenching.

Discussion Based on the reduction potentials af@G° values in Table
1, initial quenching by reductive PTZ> Ru''b,m*~ electron

Electron-Transfer Quenching. The decrease in emission . ; - .
uantum vields as compared to the model complex and thetransfer, reactiond in Scheme 2, is thermodynamically favored
q y P P relative to RU'b,m~ — ANQ oxidative electron transfer,

magnitude of the transient absorption spectral changes observed . . - N
following laser flash photolysis of oligoprolintare consistent reaction 0). Reductive quenching is favored WG* values of
owing PhOTOly gopro’ ! —0.44, -0.36, —0.34, and—0.24 eV in DCE, BUCN, ACN,
with considerable electron-transfer quenching. Following MLCT -
o . . and DMA, respectively. In the three solvents where data are
laser flash excitation, electron-transfer quenching occurs in

. . . . . available, oxidative quenching by Rb,m*~ — ANQ electron
competition with excited-state decay, consistent with Schemetransfer is disfavored in BUCNAG® 0.15 eV) and slightly

2. .

The kinetic decays for both emission and absorption are favored in DC.E £0.10 eV) and ACN {0.05 V). -
complex. Given the circular dichroism evidence, the proline Il From the S|mulﬁlaneoes appearance of PTand ANQ™,
helical structure is presumably maintained in all solvéhihe initial PTZ — Ru'b,m™™ quenching is followed by rapid

emission decays are complicated by contributions from a small RU'02m"~ — ANQ electron transfer. This step is favored by
amount of unquenched emitting impurity most likely due to —0-11 to—0.48 eV depending on the solvent, Table 1. The
oxidation of PTZ to the sulfoxide in a fraction of the sample as final redox-separated (RS) state is reached by pathwgy (
observed in related samples studied eatféf#” Because  followed by ) in Scheme 2.

quenching of the unoxidized sample is efficient, the emitting ~ The quantum yield for maximum formation of the RS state
impurity plays a disproportionate role in the emission decay was calculated to be 33%, 54%, 86%, and 43%]Ifan DCE,
and yield data, and they must be interpreted with care. The BUCN, ACN, and DMA, respectively, based on maximum
transient absorption data obtained at 370 and 450 nm areabsorbance changes in the absorbatticee traces*4’ These
complex because of the convolution of absorbartoae values were estimated relative to the efficiency of formation of
changes from residual unquenched excited-state decay, theéhe MLCT state, [RU(bpy)s]*, in acetonitrile, and are averages
emitting impurity, and the growth and decay of PTzand of values from maximum\OD changes obtained at both 520
ANQ*~. Both PTZ2* and ANQ™ appear in all four solvents as  and 590 nm. There is a #20% error in these values due to
shown by the features that appear in the transient absorptionthe uncertainty in extinction coefficients for PTZand ANQ~
spectra at 520 and 600 nm. These are wavelengths where PTZ in the different solvents and the extensive overlap of their
(520 nm) and AN®@ (600 nm) dominate the absorbance absorption bands.

changes. The absorbance decays observed at these wavelengthsThe formation yields give additional insight into the steps

that dominate electron transfer in Scheme 2. The time scale for

(46) Mecklenburg, S. L.; Peek, B. M.; Schoonover, J. R.; McCafferty, D. G.;

Wall, C. G.: Erickson, B. W.; Meyer, T. J. Am. Chem. S0d993 115 quenching (reactionc}) (10—20 ns) is far shorter than the
5479-5495. ; .y

(47) Chen, P.; Westmoreland, T. D.; Danielson, E.; Schanze, K. S.; Anthon, 1170-1680 ns time Scale_for excited stqte _decay (_readma)w (
D.; Neveux, J., P. E.; Meyer, T. lhorg. Chem.1987, 26, 1116-1126. of the model MLCT excited state. This is consistent with
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assigning much of the residual emission documented in Table assemblies, there may be an important and perhaps dominant
2 to a sulfoxide containing emitting impurity. role for through-space electron transferf=or the proline II
With this in mind, quenching yields calculated from-1 structure ofl, an important component dictating the magnitude
Den(1)/ Pen{model), 0.67 (DCE), 0.80 (BUCN), 0.91 (ACN), of PTZ*—ANQ"~ electronic coupling could be charge-transfer
and 0.88 (DMA), are lower limits. They are still larger than the super exchange through the intervening o3 chromophore.
formation yields by factors as large as 2. Based on these In the inverted region, in the limits AG® > Shw andhw
observations, there appears to be a solvent-dependent competi®> ksT and using the average mode approximatikigy is
tion following PTZ— Ru""b,m*~ quenching between Rbo,me~ predicted to vary witlAG® as shown in eqs 8 and2831.48-50
— ANQ electron transfer to give the RS state (reactienirg 5
Scheme 2) and Riom*~ — PTZ'* electron transfer to return _2n Hpa 7(IAG®| — 1)
to the ground state (reactiod)j. Ker = A (R (|AG®| — /10))1/2 2 hw +
Pathway for Back Electron Transfer. Referring to Scheme
2, there are three possible mechanisms for back electron (&1)2,1 kT| ©)
transfer: (1) direct ANGQ — PTZ electron transfer, pathway hw | °°
(i) in Scheme 2; (2) Ru— PTZ* electron transfer to give IAG®| — A
=1In ol _
4 [ Sho ]

ANQ*~—RU" (b,m)**—PTZ followed by rapid AN®~ — Ru"
electron transfer, pathway), and (3) ANQ~ — m electron
transfer to give ANQ Ru! (b;m)*—PTZ followed by rapid 1y is the electron-transfer matrix element, the resonance energy

m*~— PTZ* electron transfer, pathwag)( For the two indirect arising from orbital mixing between the ANQ donor and
mechanisms, the first step would necessarily be rate determiningo+

)

! : acceptor.
+
because ANQ and PTZ" disappear simultaneously. It is possible to estimate the magnitude Hf if the
Mechanism (2) can be ruled out on the ba5|s|”of the;?.ﬁ! parameters in eq 8 can be independently evaluated. The solvent
eV energy content of the intermediate ANQRu" (bm)>*— reorganization energies,, listed in Table 5 were calculated

PTZ state. With a barrier of this magnitude, the mgximum rate by using eq 10. Equation 10 is based on dielectric continuum
constant for back electron transfer would necessarily be severakneory and assumes nonpenetrating, spherical reactants. Equation

orders of magnitude lower than the experimental values. g neglects the contribution from low-frequency vibrational
Similarly, but less directly, it is possible to rule out mechanism modes treated classicafy39.5:54
(3). From the data in Table AG® for the initial step (which
represents the minimum free energy of activatia*) varies 1= ez( 1 1 1)( 1 1§) (10)
[0}

D D

from 0.11 to 0.48 eV in the four solvents studied. This variation 2a, " 23, d op

28, 2a, d

would result in a rate constant variation-el(® if AG®> = AG".
The actual variation is less than a factor of 2, Table 5. In this equationDo, andDs are the optical and static dielectric

Based on this analysis, back electron transfer occurs by constants of the medium are anda; are the radii of the ions.
mechanism (1) and direct ANQ— PTZ*t electron transfer. On the basis of the molecular modeling studies, we assljme
The free energy changes associated with back electron transferthe through space center-to-center distance, to be 18 A and the
Table 5, were estimated from the differences in redox potentials radii to be abou5 A (Figure 2).
between the PTZ° and ANQ'~ couplesAE;, = Eyo(PTZ0) For ANQ~ — PTZ" back electron transfer, the ring
— E1(ANQO-), by using eq 7. The resultingG® values reveal  Stretching modes from 1000 to 1600 chior both PTZ 345556

that back electron transfer is highly favored and occurs in the and ANQ~3#are coupled to electron transfer and contribute to

inverted region wheregfAG°| > 1, where 1 is the total Sandhw based on resonance Raman measurements. Quinone-
reorganizational energy, solvent and intramolecular. based modes at 1340 and 1506 ¢ralso contributé‘f‘l’56~57|n
Back Electron Transfer in the Inverted Region. Back using eq 8 to calculatelpa, we usechw = 1500 cm* andS

electron transfer is a nonradiative decay pathway for return of = 2.5. These values are consistent with values needed to account

the redox-separated (RS) state to the ground state. Rate constan{8" the dependence of lk¢r) on AG® in the work of Closs and
for ANQ*~ — PTZt back electron transfer in all four solvents Miller3-58 (hwy = 1500 cn* and S = 2.4) and for bpy” —
are listed in Table 5. As can be seen from the data, the ratePTZ™" electron transfer in [Re(bpy)(COX(py-PTZ™)]™ (py-
constant for back electron transfer depends on the solvent. PTZ is 10-(4-picolyl)phenothiazinefi¢ = 1450 cmi* and S

— 29,31
From circular dichroism (CD) measurements in4CiMl, and o 2'5|)' latedH | listed | bl iations &
presumably in the other polar organic solvents as well, the CalculatedHp, values are listed in Table 5. Vanations

i 1
preferred secondary structure of the oligoproline assembly is V2lues of 2.5+ 0.5 oroln hw of 1500 + 300 le cause
proline 1113 As illustrated in Figure 2, in this structure the variations inHpa of £15%. Hpa is small ¢-0.13 cnm) and in

ot R — o— i i
PTZ Ru'—ANQ redox modules appear in a linear array (48) Bixon, M.; Jortner, JFaraday Discuss. Chem. Sat982 74, 17.

aligned along the proline helix. In an orbital sense, ANQ> (49) Brunschwig, B. S.; Sutin, Nocomments Inorg. Cher987, 6, 209.

PTZ* back electron transfer could occur through-bond through Eg% Sty ';FJ_.or,f,,”:;ég'T(j‘hj‘fmégt%?gm j?.zbﬁgz'chemlgga 100,

the seven intervening proline spacers and the 25 bonds that  13148.
. .. . (52) Hush, N. SCoord. Chem. Re 1985 64, 135.
separate them. The extent of orbital mixing between the proline (53) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 811, 265.

2)
)
spacers and PTZ should be greatly diminished due to the (54) Marcus, R. ARev. Mod. Phys.1993 65, 599.
(55) Bodea, C.; Silberg, IAdv. Heterocycl. Chem1968 9, 321.
)
7)
8)

intervening—CH,CH,— link. (56) Hester, R. E.: Williams, K. Rl. Chem. Soc., Perkin Tran981, 2, 852.
. : | —\+ (57) Vauthey, E.; Phillips, D.; Parker, A. W. Phys. Chem1992 96, 7356.
Given recent results on the distance dependence k@bmm ) (58) Closs, G. L.; Calcaterra, L. T.; Green, N. J.; Penfield, K. W.; Miller, J. R.

— PTZ* electron transfer in a closely related series of proline J. Phys. Chem1986 90, 3673.
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the same rangetpa= 0.08-0.22 cn1?, as that found for
electron transfer in [(bpyRU" L-(Pro)}-apy-Ru -(NH3)s] > with
n=6, 7, 9 by Isied and co-workeP8.Schanze and Cabéiia
calculatedHpa values of 10, 5, and 1 cr# for electron transfer
in Re(bpy~)(CO)%-(Pro)-DMAB ™ (DMAB is (dimethylamino)-
benzoate) withn = 0, 1, and 2. For electron transfer in
[Re(bpy)(COX(py-PTZ")] ", Hpa = 0.39 cnr1.29.31

The results of Elliott, Steiner, and co-workers and Michel-
Beyerle and co-workers show that interpretation of kinetically
derivedHpa values for electron transfer that originate in excited-
state quenching is potentially complicated by spin effé#3.
In[Ru(bpy)]?*”, the initial MLCT “excited state” is actually a
manifold of three Boltzmann-populated levels largely triplet in
character arising from a lowest triplet state split by low
symmetry and spirorbit coupling®3-65 For the electron-transfer
guenching step, RU(b,m* )2 —PTZ— Ru'(bom* ™) " —PTZ"",

the fraction of singlet products depends on the square of the

singlet character of the initial excited st&feBecause this is
<10% for [Ru(bpy}]?*", the intermediate electron-transfer
product is presumably nearly a pure triplet.

The dominant mechanisms fé@RS— RS spin interconver-
sion are anisotropic hyperfine coupling and electron sgin
dipolar interactions. ThéRS and'RS states are nearly degener-
ate because of the spatial separation of PTahd ANQ™. In
the absence of an external magnetic fieldS — RS inter-
conversion is presumably rapid compared to back electron
transferé? In this dynamic limit, the value dfipp ~ 0.13 cn1?
derived from the kinetic analysis is that arising from electronic
coupling between PTZ and ANQ™,

Hpa = ngNQ)l(ﬂPTZ)l| H |(JTZNQ)O(”PTZ)ZDﬂV’s,ﬂ11/)s,fD

wheresm,yo andzerz are the donor and acceptor orbitaisis
the operator mixing the wave functions, ahgk; andys are

the initial and final singlet spin wave functions withys j|11s {1
=156

Conclusions

Quenching of the MLCT excited state of the Rubpy chro-
mophore inl is dominated by PTZ- Ru" reductive electron
transfer in the four solvents studied. Quenching occurs on the

The triplet spin character is preserved in the second electron-10—20 ns time scale with solvent-dependent efficiencies that

transfer step to give the triplet RS st@TZ"—ANQ*") as
the dominant spin produét.Its return to the ground staté,
(PTZt—ANQ ") — {(PTZ—ANQ), is nominally spin forbidden.
The spin restriction is lifted to the extent that spiorbit

can exceed 0.9. Reductive quenching is followed b{/dzu"~
— ANQ electron transfer to give the final redox-separated (RS)
state, PTZ"—ANQ*~, in competition with Rti(bom*~)™ —
PTZ* electron transfer to return to the ground state. The

coupling, largely through the heavy atom effect of the S atom formation efficiencies of the RS state are solvent dependent and

in PTZ, mixes singlet character into tRRS intermediate.

vary from 33% (DCE) to 86% (ACN). Back electron transfer

There is an additional mechanism for return to the ground occurs in the inverted region and is also solvent dependent. The

state (GS). It involves spin conversion in the RS stZRS—
RS, followed by} (PTZ"—ANQ*") — Y(PTZ—ANQ) electron
transferé? There is no spin restriction for the final electron-

electron-transfer matrix element derived from an analysis of the
kinetic data isHpa ~ 0.13 cn.
Synthesis of oligoproline redox triatlillustrates a general

transfer event in this case, and it is expected to be more rapidmethod for building assemblies having a spatially ordered array

than3RS — 1GS electron transfer by the square of the ratio of
the singlet characters fRS and®RS 56
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(66) The electron-transfer matrix element for the quenching stgpg, is given
by HDA,q = mdﬂg)l(ﬂpTz)2|H‘(d./”l’g)z(JZpTz)lsz'iW)slfD with drs andin; as
the Ru- and PTZ-based acceptor and donor orbithis.the operator mixing
the states, angbs; andysy are the initial and final spin wave functions.
The initial spin state can be written approximatelyyas = 3y; + oy,
where3y; is the pure triplet wave functiofy; is the singlet wave function
for a low-lying singlet, andx (which depends on the sptorbit coupling
constant and tripletsinglet energy gap) is the mixing coefficient. The rate
constant for the quenching step dependsHpn 4> (eq 8).

of functional sites protruding from a helical oligoproline
framework. The modular approach adopted for the synthesis of
1is quite general and can be extended readily to the construction
of more complex assemblies. An attractive feature is that their
properties can be predetermined by the nature of the functional
groups added and by their relative spatial dispositions on the
proline helix.
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