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Abstract: The synthesis is described of a photoactive molecular dyad comprising a luminescent ruthenium(ll)
tris(2,2-bipyridyl) fragment covalently attached, via a methylene bridge, to a calix[4]arene receptor in which
two of the four walls are benzoquinone functions. A distribution of interconverting conformers is expected for
the calix[4]arene platform, including cone, partial cone, and 1,3-alternated forms, according to molecular
dynamics simulations and NMR studies. Luminescence from the metal complex is quenched because of light-
induced electron transfer from the triplet state to a nearby quinone. The MD simulations indicate that the
redox-active subunits approach within orbital contact of each other and that the noncone conformations adopt
coparallel arrangements of the redox partners that appear to be highly favorable for electron transfer. Cations,
such as barium(ll), are held at the lower rim of the receptor by coordination to the four O atoms and by two
N atoms provided by an ancillary 2;Bipyridine that is appended to the receptor. Cation complexation increases
slightly the thermodynamic driving force for light-induced electron transfer but restores luminescence from
the ruthenium(ll) tris(2,2bipyridyl) fragment. This apparent contradiction is explained in terms of the cation
inducing a major structural modification of the supermolecule. Both MD and NMR studies indicate that the
cation forces the luminophore away from the quinone and, by favoring the cone conformation of the calix-
[4]arene, destabilizes cofacial orientations between closely spaced reactants. Consequently, the system functions

as a sensitive photoionic detector.

Our understanding of electron-transfer processes has pro-fications and adaptatiori$ serves as the basis for interpreting

gressed enormously over the past 20 years or so, and especiallkinetic data and for designing advanced synthetic systems.
in the past decade. Following a long hiatus during which the Although there are still important problem areas, particularly
Marcus theory of outer-sphere electron tran'sfems not with ultrafast electron transfer between closely coupled reac-
universally accepted, there now exists a wealth of information tant$? and in special cases such as electron transfer in BNA,

regarding the many factors that combine to control the rate of attention is turning away from the fundamental issues and

an electron-transfer reaction in solutidtiquid—liquid junc-
tions2 molecular complexessupramolecular arrayproteins®
and photosynthetic bacteriawithout doubt, the two most

important breakthroughs in this field were the implementation

of molecular dyads9in which well-defined donor and acceptor

toward applications of electron transfer for analysesnd for
construction of molecular-scale electronic deviEgBrominent

among analytical protocols based on electron-transfer processes
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are luminescent sensors for which selective binding of cations transfer!416.17Because the course of reaction is measured by
at receptor sites modifies the luminescence yield of an adjacentluminescence spectroscopy, such sensors can be both simple

chromophore by switching-on or -off intramolecular electron
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and effective while electrogenerated chemiluminescémme-
vides for improved sensitivity. In several casgthe mechanism
by which cation complexation modulates the luminescence yield
can be understood in terms of current electron-transfer theory.
A particularly straightforward, but elegant, example of a
molecular dyad that displays luminescence on/off characteristics
concerns the case of an emissive ruthenium(ll) tri${2,2
bipyridyl) complex appended by a short aliphatic chain to a
benzoquinone moiefff. Fast intramolecular electron transfer
occurs from the triplet excited state of the metal complex to
the nearby quinone, followed by slower charge recombination,
such that emission is extinguished. Electrochemical reduction
of the quinone to the corresponding hydroquinol restores
luminescence from the metal complex since the thermodynamic
driving force for electron transfer is lost. This system is the
prototype of a fast redox switcéh but since there is no suitable
receptor site, it does not respond to the presence of adventitious
cations. The latter facility can be realized most conveniently
by building the quinone into a macrocyclic receptor that
possesses the necessary functionality to complex certain cations
from solution. A facile way to do this involves construction of
a calix[4]diquinone in which two opposite walls of the macro-
cycle consist of benzoquinone units and the other two walls
are provided by 4ert-butylphenolic residue®. As for the above
prototype, each quinone can be electrochemically reduced to
the corresponding hydroquirdivhile the calix[4]arene provides
a functionalized cavity that might be expected to bind catféns.
Appending one or more ruthenium(ll) tris(2Ripyridyl) frag-
ment(s) is intended to provide a luminescent probe by which
to monitor complexation, providing cation binding registers a
change in luminescence yield and/or spectral profile. As such,
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the success of the sensor depends on the ability of the cation taperchlorate salts used for complexation studies were of the highest
modify either the energetics for electron transfer or the available purity.

conformation of the superstructure. Examples of the former case, Ru(H). A mixture of [Ru(bpy)Cl2]-2H,0 (0.026 g, 0.05 mmol) and
where the cation binds to the lone pair of an amino donor, are the ditopic ligandL (0.050 g, 0.05 mmol) in ethanol (10 mL) was

well established* and herein we describe an example of the stirred at 8C°C for 15 h. After cooling to room temperature, potassium
latter family of sensors. It is shown that fixing a cat?on at the nexafluorophosphate (0.030 g, 0.15 mmol) in water (5 mL) was added.

i ite i ied b i in th Slow evaporation of the organic solvent resulted in the precipitation
receptor site IS accompanied Dy a small Increase N e ., o4 solid. This crude precipitate was chromatographed on alumina
thermodynamic driving force for light-induced electron transfer i, cH,0H/CH,CI, (5/95 by volume) as eluant. The product was

but by a dramatic enhancement in luminescence yield. recrystallized from acetone/ether to give a red solid (0.050 g, 68%%).
Such calix[4]diquinones are not rigid entities but persist in = 0.57 (3 vol % CHOH in CH,Cl,, alumina).!H NMR (CDCL) ¢ =
solution in a variety of interconverting conformers, and in 8.94 (s, 1H); 8.56:7.02 (m, 33H); 6.81 (s, 2H); 6.75 (s, 2H); 5.11 (s,
particular, it cannot be assumed that the so-caltae 2H, bpy-CH,—0); 5.01 (AB quartet, 2HJas = 13.1 Hz,Av = 25.9
conformation will predominate. It has been demonstrated by Hz, bpy~CH>—0); 3.80 (AB quartet, 2HJag = 12.5 Hz,Av = 168.3
NMR spectroscopy that the quinoid units can rotate about the HZ: Ar=CH2=Ar); 3.74 (AB quartet, 2HJs = 12.8 Hz,Av = 169.0
axis provided by the bridging methylene groups, giving rise to :z 2::2:2:231 g'j? Eﬁg qﬂgﬁzz’ g:j’*s _ ig; niiz _ iggi
partial cone (paco) or 1,3-alternated (1,3-alt) conformatféns. Hy Ar—CH22— Ar)‘_ 236 (s ;H @—|}bpy§-8 218 iS 3H 93—bpy.)'
A fu_rther c_ompllcat|on concerns the use of a flexible connecting 1 o9 (s, 9Htert-butyl): 1.27 (s, 9Htert-butyl): 0.96 (s, IHtert-butyl):
chain to link together luminophore and quencher since this .93 (s, 9Htert-butyl). *C—{H} NMR (CDCL) 6 = 156.4; 156.3;
seems certain to introduce additional conformational heteroge-156.1; 156.0; 155.7; 153.5; 153.0; 151.9; 151.5; 151.3; 151.1; 150.5;
neity 26 especially with two pendant luminophores. The absence 150.2; 150.1; 149.6; 149.2; 148.6; 147.9; 147.7; 142.1; 142.0; 139.1;
of a well-defined ground-state geometry, while not detracting 138.2; 137.9; 137.5; 137.4; 135.7; 134.2; 132.6; 132.3; 132.1; 131.6;
from the overall performance of the photosystem, makes it 128.2; 127.9; 127.8; 127.3; 125.9; 125.2; 124.0; 123.6; 120.9; 120.6;
difficult to resolve the electron-transfer pathw&yFor this 75.2 (bpy-CH.—0); 73.7 (bpy-CH~0O); 34.0 (Ar-CH,—Ar); 33.9
reason, the connecting chain has been kept short while NMR (Ar=CHz—A); 31.7 CHs—tert-butyl); 31.4 C(CHs)s—tert-butyl); 30.9
studies and molecular-dynamics simulations have been madeﬁ?itig;bfgl[)&ﬂ?g':fr3;1293'1)’5515'52 [(l\:/lH—s;ngyzl gﬁﬁ(z@g%
in an effort to e_IuC|datt=_; the degree of |nternal_ﬂeX|b|I|ty of th_e — 2PR]. FT-IR (KBr) vicm* = 3423 (s); 2961 (s); 1653 (m); 1603
superstructure in solution. It turns out that cation complexation (). 1559 (m); 1466 (s); 1363 (m); 1192 (m): 1092 (m); 1048 (s); 841
freezes conformational exchange by restricting rotation of the (s): 762 (m). Uv-vis (CHCN) Ama/nm /M~ cm?) = 451 (13 600);
calix[4]diquinone wall$® and by elongating the connecting 289 (105 200); 245 (140 500). Anal. Calcd foggBe:NsOsRUPF12 (M,
chain. These studies clarify the nature of the binding site and = 1715.76): C= 61.60; H= 5.35; N= 6.53. Found: G= 61.43; H
provide the necessary rationale by which to explain the = 5.09; N= 6.43.

relationship between cation binding and luminescence yield. Ru(Q). Method 1. To a solution of thallium(lll) trifluoroacetate
(0.057 g, 0.100 mmol) in trifluoroacetic acid (1 mL) was adéedH)
Experimental Section (0.03 g, 0.017 mmol). The orange-red solution was protected from room

light and stirred at room temperature for 2 h. After neutralization with

Materials. Reagents used for synthesis of new compounds, such ascold aqueous sodium carbonate, the product was extracted with
thallium(lll) trifluoroacetate, trifluoroacetic acid, potassium hexafluo- dichloromethane. The organic layer was dried over magnesium sulfate,
rophosphate, and ethanol, were obtained from commercial sources andiltered, and evaporated to dryness under vacuum. This crude product
used without additional purification. Compourlds?® L ,,%° [Ru(bpy)- was dissolved in acetone and treated with an aqueous solution (ca. 2
Cl3]-2H,0* and [Rufls-bpy).Cl]-2H,0% were prepared accordingto  mL) of potassium hexafluorophosphate (0.013 g, 0.07 mmol). Slow
literature procedures. Acetonitrile was spectroscopic grade while the evaporation of the organic solvent afforded an orange precipitate.
Chromatography of the crude material on alumina with;OH/CH,-

(25) Casnati, A.; Cornelli, E.; Fabbi, M.; Bocchi, V.; Mori, G.; Ugozzoli, — 0 ;
F.; Manotti-Lanfredi, A. M.; Pochini, A.; Ungaro, RRecl. Tra.. Chim. Clz = 5/95 (v/v) as eluant gave 0.013 g (45%) of the analytically pure

Pays-Basl993 112, 384. RU(Q). . . .

(26) (a) Helaja, J.; Tauber, A. Y.; Kilpelainen, I.; PaavoMtagn. Reson. Method 2. This method employed a similar experimental procedure
Chem 1997, 35, 619. (b) Zhang, H.; Zhang, M.; Shen, J.. Photochem. as used for preparation @&u(H). Thus, a mixture ofL2 (0.020 g,
Photobiol., A1997 103, 63. (c) Zhang, S.-L.; Lang, M. J.; Goodman, S.;  0.021 mmol) and [Ru(bpyEl-]-2H,0 (0.017 g, 0.032 mmol) in ethanol
Durnell, C.; Fidlar, V.; Fleming, G. R.; Yang, N. Q. Am. Chem. Soc (10 mL) was stirred at 80C for 15 h. The precipitate was chromato-

1996 118 9042. (d) Burgdorff, C.; Loehmannroeben, H.-G.; Sanded. T. : : _
Che?'n. S%)c., Faré\d)ayql'?an]sggﬁ 92, 3043. (e) Jaeger, W.; Schneidellif, S, graphed on alumina with GRH/CH,CI, = 1/99 (viv) as eluant to

Verhoeven, J. WChem. Phys. Letl997, 270, 50. (f) Zimmt, M. B.Chimia give a partially purified product. Further purification was made by

1997 51, 82. chromatography on alumina with GEIH/CH,Cl, = 2/98 (v/v) as
(27) Under illumination, an electron is promoted from a d-orbital eluant, affording the red-orange complBx(Q) (0.010 g, 28%).

localized on the ruthenium(ll) center to one of the coordinate@®¥ridyl R = 0.44 (CHOH/CH,Cl, = 10/90, v/v, alumina)!H NMR (de-

ItiJgands, and most Iikelyﬁele_ctrcl)n mil’?raltion among tfhe three c_oordinatﬁd acetone)y = 9.03 (s, 1H); 8.767.22 (m, 27H): 7.166.95 (8 lines
py groups competes effectively with electron transfer to a quinone. The . ) " L N ’ "L : '
important issue is to distinguish among electron-transfer processes occurring®); 6:60 (br s, 2H); 6.52 (s, 1H); 6.29 (s, 1H); 5.08 (s, 2H, bpy
via o-bonds of the connecting spacer group, by way of an interspersed CH2—0); 5.02 (AB quartet, 2HJag = 15.3 Hz,Av = 24.1 Hz, bpy-
solvent molecule, or upon orbital contact between the redox-active reactants.CH,—0); 4.02-3.24 (m, 8H, Ar-CH,—Ar); 2.39 (s, 3H, G3—bpy);
Recent attention has focused on designing model systems that permit suctp.20 (s, 3H, Gs—bpy); 1.17 (s, 9Htert-butyl); 1.16 (s, 9Htert-butyl).
distinctions to be made. For examples see: (a) Gosztola, D.; Wang, B.; e5.ms (CHCN) m/z = 1487.6 [M — PR]™; 671.1 [M — 2PR]%".

Wasielewski, M. RPhotochem. Photobiol., 2996 102, 71. (b) Higashida, 1 . . . .
S.; Tsue, H.; Sugiura, K.-S.; Kaneda, T.; Sakata, Y.; Tanaka, Y.; Taniguchi, FT-IR (KBr) vicm ™ = 2956 (m); 1654 (s); 1603 (m); 1465 (m); 1298

S.; Okada, TBull. Chem. Soc. Jpri996 69, 1329. (m); 1196 (m); 841 (s); 763 (m). UWvis (CHsCN) Amadnm (/M1

(28) lwamoto, K.; lkada, A.; Araki, K.; Harada, T.; Shinkai, S. cm) = 451 (14 400); 288 (116 500); 251 (81 800). Anal. Calcd for
Tetrahedron1993 49, 9937. CsoH72NgOsRURF12 (M, = 1632.51): C= 58.86; H= 4.45; N= 6.86.

(29) Ulrich, G.; Ziessel, RTetrahedron Lett1994 35, 6299. Found: C= 58.70; H= 4.23; N= 6.75.

(30) Cano-Yelo Bettega, H.; Moutet, J.-C.; Ulrich, G.; Ziessel,JR. Rux(H). A solution of [Ru(bpy)Clz]-2H:0 (0.043 g, 0.08 mmol)
Electroanal. Chem1996 406, 247. : -

(31) Sullivan, B. P.; Salman, D. J.; Meyer, T.dorg. Chem1978 17, and silver tetrafluoroborate (0.038 g, 0.19 mmol) in Ar-purged ethanol
3334. (10 mL) was stirred at 80C for 2 h. After cooling to room temperature,

(32) Chirayil, S.; Thummel, R. Anorg. Chem 1989 28, 813. the red solution was filtered over cotton-wool and transferred quanti-
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tatively via cannula to an ethanol solution (5 mL) of ligang(0.04 g,
0.041 mmol). The solution was heated at°80for 40 h, during which

J. Am. Chem. Soc., Vol. 121, No. 1, 1999

7.00 (8 lines, 4H); 6.57 (m, 2H); 6.49 (br s, 1H); 6.25 (br s, 1H); 5.06
(s, 2H); 4.92 (AB quartet, 2HJag = 13.2 Hz,Av = 25.6 Hz); 3.70

time the color changed from red to orange, before the solvent was (AB quartet, 2H,Jas = 11.7 Hz,Av = 105.0 Hz); 3.69 (AB quartet,

removed under vacuum. The crude product was purified by column
chromatography on alumina with GBH/CH,Cl, = 5/95 (v/v) as

2H, Jag = 13.0 Hz,Av = 96.3 Hz); 3.50 (AB quartet, 2Hxg = 14.0
Hz, Av = 65.2 Hz); 3.40 (AB quartet, 2Hlag =13.8 Hz,Av = 45.4

eluant. Anion exchange was performed after dissolution of the complex Hz); 2.37 (s, 3H); 2.19 (s, 3H); 1.16 (s, 18H); 1.14 (s, 18HL—

in the minimum amount of acetone followed by addition of potassium {*H} NMR (CDsCN) 6 = 188.0; 186.6; 186.4; 157.9; 157.6; 157.5;
hexafluorophosphate (0.029 g, 0.16 mmol) in water (5 mL). Slow 157.2; 155.6; 154.9; 154.1; 152.8; 152.6; 150.6; 149.0; 148.9; 148.8;
evaporation of the organic solvent gave a red precipitate which was 148.7; 148.3; 139.6; 139.2; 138.3; 135.5; 134.7; 133.7; 133.1; 133.0;

recrystallized from acetone/ether (0.051 g, 53%)= 0.42 (CHOH/
CH,Cly, 5/95, viv, alumina)!H NMR (CDsCN) 6 = 8.54-6.96 (m,
54H); 4.94 (AB quartet, 2HJxs = 12.8 Hz, Av = 28.4 Hz, bpy-
CH,—0); 4.82 (AB quartet, 2HJag = 12.4 Hz,Av = 40.4 Hz, bpy-
CH,—0); 3.54 (AB quartet, 2HJag = 12.7 Hz,Av = 109.4 Hz, A
CH,—Ar); 3.33 (AB quartet, 2HJag = 12.8 Hz,Av = 63.0 Hz, A
CH2-Ar); 3.11 (AB quartet, 2HJas = 12.5 Hz, Av = 124.4 Hz,
Ar—CH,—Ar); 3.10 (AB quartet, 2HJas = 12.7 Hz,Av = 128.6 Hz,
Ar—CH,—Ar); 2.21 (s, 6H, Glz—bpy); 1.22 (s, 18Htert-butyl); 1.11
(s, 18H,tert-butyl). 3C—{1H} NMR (CDsCN) 6 = 157.8; 154.4; 153.3;
152.5; 152.2; 149.7; 144.3; 140.1; 139.3; 138.6; 135.1; 134.6; 128.9;
128.3; 127.0; 126.1; 125.1; 124.8; 123.9; 74.8 (bpH.—0); 34.7
(Ar—CHy—Ar); 34.4 (Ar—CH,—Ar); 32.2 (C(CHjz)s—tert-butyl); 31.5
(CHs—tert-butyl); 31.2 CHs—tert-butyl); 18.4 CHs—bpy). FAB" (m-
NBA) miz = 2274.8 [M— PR — H]*; 2130.0 [M— 2PR]*. FT-IR
(KBr) vicm™t = 3440 (m); 2950 (m); 1604 (m); 1466 (m); 1244 (m);
1123 (w); 840 (s); 762 (m); 557 (s). UWis (CH:CN) Ama/nm (¢/
M~1cemt) = 452 (37 400); 288 (204 500); 244 (83 900). Anal. Calcd
for Closl'llod\llzo4RL}2P4F24‘CH3CN (Mr = 2420.14+ 4105) C=
53.68; H= 4.43; N= 7.40. Found: G=53.68; H=4.48; N= 7.78.
Ruz(Q). This compound was prepared as described aboveu(®).
Method 1. A mixture of Rux(H) (0.015 g, 0.006 mmol) and thallium
trifluoroacetate (0.040 g, 0.072 mmol) in trifluoroacetic acid (1 mL)
was stirred at room temperature for 2 h. The crude material was
chromatographed on alumina with @H/CH,Cl, = 5/95 (v/v) as
eluant to give 0.008 g (57%) of the analytically pure complex.
Method 2. A solution of L, (0.050 g, 0.053 mmol) and [Ru-
(bpy)Cl2]-2H,O (0.059 g, 0.113 mmol) in ethanol (10 mL) was stirred
at 80°C for 15 h. The precipitate was first chromatographed on alumina
using a mixture of ChCl,/CH;OH with a gradient of methanol {1
5%) followed by a second chromatography on alumina with,@HY/
CH.Cl, = 2/98 (v/v) as eluant to give the red-orange compRex(Q)
(0.062 g, 49%).
R = 0.56 (CHOH/CH,CI,, 2/98, v/v, alumina)*H NMR (CH3CN)
0 = 8.54-7.14 (m, 44H); 7.0%+6.88 (m, 4H); 6.43-6.34 (m, 4H);
4.77-4.60 (M, 4H, bpy-CH,—0); 3.64-2.87 (m, 8H, Ar-CH,—Ar);
2.22 (s, 6H, Gl3—bpy); 1.12 (s, 18Htert-butyl). FAB™ (m-NBA) mve
= 2193.8 [M— PR + 3H]*; 2047.9 [M— 2PFK + 2H]; 1900.9 [M—
3PFK]. FT-IR (KBr) v/cmt = 2963 (m); 2919 (m); 1655 (m); 1466
(m); 1385 (m); 1244 (m); 1109 (m); 843 (s); 764 (m); 730 (m); 557
(S). UV—vis (CHCN) Ama/nm (/M~1 cm™) = 445 (29 500); 282
(173 400); 248 (80,300). Anal. Calcd forggHssN1206RWPsF24 (M =
2335.89): C=51.42; H= 3.80; N= 7.20. Found: G=51.43; H=

132.9; 131.9; 131.5; 131.3; 128.4; 128.2; 128.0; 124.6; 124.4; 120.6;
71.8 (bpy-CH,—0); 71.7 (bpy-CH,—O0); 33.5 (Ar—CH,—Ar); 33.1
(Ar—CH,—Ar); 33.0 (Ar—CH>—Ar); 32.9 (Ar—CH>—Ar); 31.5 (CHs—
tert-butyl); 30.2 C(CHa)s); 18.4 CHs—bpy); 18.2 CHs—bpy). Anal.
Calcd for GoHseD16NsOsRUPF12* CHsCN-C7Hg (M, = 1781.8+ 41.05

+ 92.14): C=59.99; H=5.6; N= 7.07. Found: C= 60.19; H=
6.00; N=7.12.

Ruz(Q)p. Yield 0.024 g (17%)R: = 0.33 (alumina, CHOH/CH,-

Cly, 2/98, v/v).'H NMR (ds-acetone)) = 8.67 (d, 2H,J = 2.9 Hz);
8.63 (d, 2H,*J = 2.9 Hz); 8.16-8.06 (m, 4H); 7.99 (d, 2HJ = 7.7
Hz); 7.88 (s, 2H); 7.026.88 (8 lines, 4H); 6.45 (s, 1H); 6.40 (br s,
1H); 6.26 (br s, 2H); 4.924.73 (2 AB quartet hidden, 4H); 3.78
3.02 (m, 8H); 2.81 (s, 6H); 1.05 (s, 18H}C—{'H} NMR (CDsCN)

0 = 189.3; 189.0; 188.7; 186.3; 158.1; 157.9; 157.8; 154.8; 152.8;
152.0; 148.9; 148.1; 148.0; 140.1; 139.5; 138.3; 137.7; 133.3; 130.9;
130.6; 128.5; 128.2; 127.9; 124.8; 124.3; 71.5 (bpH,—O); 33.8
(Ar—CH,—Ar); 33.6 (Ar—CH,—Ar); 33.3 (Ar—CH,—Ar); 32.9 (Ar—
CH,—Ar); 31.6 (CHs—tert-butyl); 30.1 C(CHs)s); 18.6 CHs—bpy).
Anal. Calcd for Qod"seDglezoeRUzP4F24‘CH3CN'C7H3 (Mr = 2368.14

+ 41.05+ 92.14): C= 52.32; H= 5.27; N= 7.28. Found: C=
52.58; H= 5.52; N= 7.62.

Methods. Nuclear magnetic resonance spectra were recorded at room
temperature on Bruker SY-200 or AC-200 instruments at 200 MHz
for 'H NMR and 50 MHz for'3C NMR. 'H NMR chemical shifts ¢)
are reported in parts per million (ppm) relative to residual protiated
solvents (7.26 for CDGJ 2.04 for ds-acetone, and 1.94 ppm for
CDsCN); 33C—{*H} NMR chemical shifts are reported relative to CRCI
(77.00 ppm),ds-acetone (206.00, 29.80 ppm), and £ (181.21,

1.32 ppm). All carbon signals were detected as singlets. Fast-atom
bombardment (FAB, positive mode) mass spectra were recorded on a
ZAB-HF-VB analytical apparatus inm-nitrobenzyl alcoholifrNBA)

matrix with Ar atoms being used for bombardment (8 keV). All relevant
patterns had the expected isotopic profile, as confirmed by computer
simulation. Electrospray mass spectra (ES-MS) were recorded on a
Bio-Q analytical apparatus in acetone using grammicidim as internal
standard. Routine absorption spectra were measured €Tt room
temperature with a Kontron Uvikon 941 spectrophotometer. FT-IR
spectra were recorded for KBr pellets or in solution with KBr cells
using an IFS-25 Bruker spectrometer. Evidence for the assigned
molecular formulas is based 8A and*3C—{'H} NMR spectra with
selected homodecoupling experiments. Carbon assignments were made
from appropriate DEPT experiments.

Absorption spectra were recorded with a Kontron Uvikon 930

3.75; N=7.52. ) ~ spectrophotometer while luminescence spectra were recorded with a
_Samples of partially deuterated complexes were prepared using perkin-Elmer LS50 spectrofluorimeter. All luminescence measurements
similar experimental conditions as described for the isolatidRu(RQ) were made with deoxygenated solutions, unless stated otherwise, using
(method 2). Ethanol (10 mL) containing [Rigtbpy),Cl>]-2H,0 (0.100 a stabilized, mode-locked argon ion laser operating at 514 nm as the
g, 0.18 mmol) and the ditopic ligand (0.080 g, 0.09 mmol) was  excitation source. Luminescence quantum yield determinations were

heated at 80C for 24 h. After cooling to room temperature, potassium made by referenéto tris(2,2-bipyridyl)ruthenium(ll) in deoxygenated
hexafluorophosphate (0.091 g, 0.49 mmol) in water (5 mL) was added. gcetonitrile (b, = 0.062). Triplet lifetimes were measured by time-
Slow evaporation of the organic solvent resulted in precipitation of a yesglved luminescence spectroscopy after laser excitation at 532 nm.
red solid. This crude precipitate contained both mono- and dinuclear gq, long-lived emission, excitation was made with a Q-switched,

complexes, which were separated by successive chromatography offrequency-doubled Nd:YAG laser (fwhr 4 ns) operated at 10 Hz.

alumina using CHOH/CH,CI, as eluant with a gradient of GBH
(0—-10, v/v). The two compounds were further purified by recrystal-
lization from acetone/ether.

Ru(Q)o. Yield 0.053 g (37%)R; = 0.43 (alumina, CHOH/CH,-
Cly, 2/98, viv).*H NMR (ds-acetonep = 9.01 (br s, 1H); 8.64 (d, 1H,
3J = 8.6 Hz); 8.50 (d, 1H3J = 8.3 Hz); 8.49 (s, 1H); 8.42 (d, 1H)
= 8.3 Hz); 8.33 (s, 1H); 8.29 (d, 1H) = 8.3 Hz); 8.21 (d, 1H3) =
8.1 Hz); 7.99 (dd, 1H3J = 8.1 Hz,4J = 2.2 Hz); 7.85 (s, 1H); 7.72
(d, 1H,3J = 8.3 Hz); 7.59 (dd, 1H3J = 8.1 Hz,4) = 2.2 Hz); 7.12~

Luminescence was isolated from scattered laser light with a high-
radiance monochromator and detected with a red-sensitive photomul-
tiplier tube. The signal was transferred to a fast digitizer and stored on
a microcomputer. The laser pulse was deconvoluted from the experi-
mental record after averaging 256 individual records and analyzed by
nonlinear least-squares iteration using the Levenbbtgrquardt

(33) Kober, E. M.; Marshall, J. L.; Dressick, W. J.; Sullivan, B. P
Caspar, J. V.; Meyer, T. Jnorg. Chem 1985 24, 2755.
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algorithm. The time resolution of this instrument was ca.. 10 ns, being
limited by the non-Gaussian shape of the laser pulse.

Improved temporal resolution was achieved using a mode-locked,
frequency-doubled Nd:YAG laser (fwhm 20 ps) as excitation source
and with a fast response photodiode, cooled to 77 K, as detector. In

this case the time resolution of ca. 100 ps was set by the rise time of |

the detector. Triplet lifetimes were also measured by transient absorption o 00 o

methodology following the recovery of ground-state chromophore at

450 nm. Solutions were deoxygenated before laser photolysis and were ©

adjusted to possess an absorbance of ca. 0.25 at 532 nm. The same C@ I\L Ii\l

approach was used to monitor absorption spectral changes over the —N_~ N 2C104
time range 25 ps to 10 ns. In all cases, the monitoring beam was —n @ ® @

provided with a white light continuum generated by focusing residual C’@ "|’ N |

1064 nm output from the laser into water. Sample and reference beams ! 7 N

were focused onto the entrance slits of a Spex spectrograph equipped

with a 532 nm notch filter and analyzed with a Princeton image-
intensified, dual-diode array optical recorder. The signals were trans-
ferred to a microcomputer for storage and analysis with approximately
300 individual laser shots being averaged for each determination.
Electrochemical measurements were made by cyclic voltammetry
using a BAS CV-50W voltammetric analyzer equipped with a Pt
microdisk working electrode and a Ag wire counter electrode. Ferrocene

was used as an internal standard and was calibrated against a saturated

calomel reference electrode (SCE) separated from the electrolysis cell
by a glass frit presoaked with electrolyte solution. Solutions contained
the electrode-active material (ca. 2 10* M) in deoxygenated
acetonitrile containing tetrA-butylammonium hexafluorophosphate
(0.1 M). The quoted half-wave potentials were reproducibleti®

mV.

Titrations were made by adding known aliquots of a concentrated
deoxygenated acetonitrile solution of a salt to a deoxygenated solution
of the calix[4]arene in acetonitrile containing tetdabutylammonium
perchlorate (0.1 M). The course of reaction was followed by recording

Figure 1. Pictorial representation d?u(Q) and definition of param-
eters used for the MD simulations. The angles between the average
planes of opposite phenolic and opposite quinoid ringsease and

wqq, respectively.

Atomic charges (given in Figures S2 and S3 in the Supporting
Information) were derived from electrostatic potentials calculated with
the SPARTAN softwaré’ To model the calix[4]arene and the “free”
bpy moieties, two sets of calculations were performed at the 6-31G*
level. First,cis-bpy, quinone, and anisole molecules in their free state
were used to depicRux(Q) and Ru(Q) in the absence of barium
perchlorate. The second set of calculations, being performed on the
Mg?t complexes of these molecules, was used to simulate the
Ruy(Q)Ba?* andRu(Q)Ba?" complexes, where Mg was fixed at 2.8

A from O (quinone), 3.3 A from O (anisole), and 3.1 A from N (bpy),
respectively. The charges on the [Ru(h{?¥) fragment were obtained

the luminescence spectrum after each addition, under 514 nm exo:itation,from a 3-21G ab initio calculation. We note that the metal center has
The luminescence intensity was measured at 50 different wavelengths, charge oft-1 since an electron has been transferred from the three

across the region 60760 nm, and a total of 40 additions were made
for each system examined. The titration data were analyzed by global
methodology using the SPECFIT program. The quoted stability
constants were found to be reproducible to within 7%.

Computational Studies.All systems were simulated in acetonitrile
solution for at least 500 ps. Following from the NMR results, the cone,
paco, and 1,3-akynaryl forms were considered f&u(Q) andRu2(Q)
while the corresponding Ba complexes were built only in the cone
conformation. Charge neutrality was achieved by adding two,CIO
counterions per Ruand B&" atom. Calculations were performed with
the AMBERA4.1 packagé for MM and MD simulations using the
following representation of the potential energy:

Er=S (1)’ + Y K0 — 0.9°+
bonds angles
By A
V(1 + coshd — 7)) + z — -t
diETrals & Rijl R; €R;

Interactions involving the B4 and RU cations and all nonbonded
interactions were depicted by a-6—12 potential, where electrostatic
forces are approximated by Coulombic effects. In most cases, the
AMBER force field?® was used with the atom types being defined in
Figure S1 in the Supporting Information. The van der WaasdR*
parameters for B4 were taken from Aqvisté The R* radius of RU
(0.72 A) was fitted in order to reproduce the experimentat-fRu
distance of 2.06 A in [Ru(bpy)?*, takinge = 0.875 kcal mot* as for
Mgz+.3e

bipyridine ligands to the metal, while the total charge of the
[Ru(bpy)]?" fragment remaing-2.0. In the AMBER calculations, the
Ru---N distances were constrained at 2.06 A and theR\N—N angles
were maintained at 90 The acetonitrile molecules were represented
explicitly with the OPLS mode¥ The solvent box was “cubic”, ca.
60 x 50 x 50 A3, containing ca. 1600 C}N molecules. Periodic
boundary conditions, with a residue-based twin cutoff of 10/15 A, were
used to calculate nonbonded interactions.

The MD simulations were performed in the (N, P, T) ensemble.
The solute and solvent were coupled separately to a temperatuf@ bath
of 300 K with a coupling constant afr = 0.2 ps. The equations of
motion were integrated with a time stép of 1 fs, starting with random
velocities. The &-H bonds of the solute and all bonds of the solvent
molecules were kept rigid using SHAKE. After a conjugate gradient
energy minimization, initial MD simulations were run for 20 ps, keeping
the solute frozen (including the ClO counterions). This step was
followed by free MD simulations over 500 ps duration. Analysis of
the results was performed from the trajectories which were saved at
intervals of 1 ps.

TheRu(Q) system contains four bipyridine units which are referred
to as bpy and bpy, these being attached to the lower rim of the calix-
[4]arene by a methylene bridge, while kpgnd bpy: are coordinated
to the R@" cation (Figure 1). Starting structures of tRei(Q)Ba?+
and Ru,(Q)Ba" complexes were built with the MACROMODEL
sofware’® assuming a cone conformation of the calix[4]diquinone. The
Ba?" cation was initially placed on th€, symmetry axis of the cone,
centered ca3 A from each of the four surrounding oxygen atoms of
Ru(Q), while the two appended bipyridine arms hmnd bpy- were
positioned in an “axial orientation”. Two CIO counterions were added

(34) Pearlman, D. A.; Case, D. A.; Caldwell, J. W.; Ross, W. S
Ferguson, D. M.; Seibel, G. L.; Singh, U. C.; Weiner, P. K.; Kollman, P.
A. AMBERA4.1 University of California: San Francisco, 1995.

(35) Kollman, P. A.; Caldwell, J. W.; Fox, T.; Spellmeyer, D. C;
Ferguson, D. M.; Merz, K. M.; Gould, I. R.; Bayly, C. I.; Cieplak, P.;
Cornell, W. D.J. Am. Chem. S0d.995 117, 5179.

(36) Aguist, J.J. Phys. Chem199Q 94, 8021.

(37) Version 4.0.4, S. V. Wave Function Int995.

(38) Jorgensen, W. L.; Briggs, J. Nol. Phys.1988 63, 547.

(39) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; DiNola,
A. J. Chem. Phys1984 81, 3684.

(40) Mohamadi, F.; Richards, N. G.; Guida, W. C.; Liskamp, R.; Lipton,
M.; Caufield, C.; Chang, G.; Hendrickson, T.; Still, W.Z.Comput. Chem.
199Q 11, 440.



Electron Transfer in Calix[4]diquinones

Scheme 1

2PF¢

(i)

(i) [Ru(bpy),Cl,].2H,0, EtOH, 80°C
(ii) TI(CE5CO0)3, CF;COOH, RT

around the [Ru(bpy)?" fragment. For the two other ClO anions, we

considered two alternative starting positions in which the anions were,

respectively, in contact with Ba (Ba*+--Cl = 4.5 A) or remote (at
11 A). Upon energy minimization, the “free” bipyridine arm hpy
remained axial but moved to B3 leading to two B&"--N(bpy)
contacts of ca. 3 A. The uncomplexed statesRo{Q) and Ru(Q)
were obtained by removing Ba(Cli2 from the B&" complexes in the

Method 1, 45%
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Method 2, 28%
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Related deuterated complexes were prepared usng perdeuterated
ruthenium(ll) precursors (Chart 1).

Photophysical Properties of the Ruthenated Calix[4]-
arenes.Absorption spectra recorded for the various ruthenated
calix[4]arenes, both phenolic and quinone derivatives, are
dominated by intense metal-to-ligand, charge-transfer (MLCT)

cone conformation. The paco and 1,3-alt forms, respectively, were transitions associated with the ruthenium(ll) tris(kpyridyl)

obtained by flipping one and two quinones. In all systems, thé Ru

fragments (Figure 2a). For each compound, the absorption

atom remains surrounded by three bipyridines and in loose contact with Maximum may of the MLCT band is around 450 nm with the

the two CIQ~ counterions (Ri--Cl distances range from 7.5 to 10.0
A) but well shielded from the solvent. The closest {0 molecules
have their N atom directed toward the 'Reenter and are located 5.7
A from the metal center.

Results and Discussion

Synthesis.The monoruthenium complexes of podahdsand
L, were prepared using two different synthetic protocols, as
illustrated in Scheme 1. First, ligard?® was allowed to react
with 1 equiv of [Ru(bpy)Cl,]-2H,0, giving the requiredRu(H)
in 60% yield. Subsequent oxidation with thallium(lll) in acid
medid!42 afforded the correspondinigu(Q) complex in 45%
yield. No ruthenium(lll) complex was isolated during the

molar extinction coefficientenay) measured at the absorption
peak being ca. 15000 M cm™! per metal center (Table 1).
Absorption bands due to the carbonyl groups of the quinone
functions are hidden by the more intense MLCT transitions,
but thesr,* transitions localized on the various aromatic units
are clearly visible af < 300 nm. Weak luminescence (Figure
2b) could be detected at long wavelength for the phenolic-
derived compoundsku(H) and Ruy(H), with the emission
maximum @Qum), quantum yield @um), and lifetime ¢.)
measured in deoxygenated acetonitrile remaining close to those
measured for the parent complex (Table 1). It is clear that the
calix[4]arene platform does not quench the lowest-energy
excited triplet state of the ruthenium(ll) tris(2Ripyridyl)

oxidation step. The second procedure consists of complexingfragment in these compounds. However, luminescence from the

one pendant bipyridine unit of the calix[4]diquinone ligangt°
with 1 equiv of [Ru(bpy)Cl;]-2H,0. The diruthenium com-
plexesRuy(H) andRux(Q) of ligandsL1 andL2 were prepared

corresponding calix[4]diquinond®u(Q) andRuy(Q) is greatly
attenuated (Figure 2b), even though there are no apparent
spectral shifts (Table 1), indicating that the electron-affinic

using the same experimental procedures but with a slight excesgjuinone moieties act as quenchers for the triplet state of the
of the ruthenium precursor (Chart 1). It is important to note appended metal complex. Other studies made with molecular
that the quinoid functions in these systems are stable overdyad$® formed by covalent attachment of a quinone to
prolonged storage in the solid state and for considerable time ruthenium(ll) tris(2,2bipyridyl) and for appropriate bimolecular

in solution. This enables isolation of particularly “clean” system$®indicate that luminescence quenching is most likely
samples, free from contamination by the corresponding hydro- due to light-induced electron transfer from the metal center to
quinol derivatives, for examination by photophysical methods. the quinone. Triplet energy transfer, which is thermodynamically
uphill by ca. 0.2 eV, is considered less likely than electron

(41) McKillop, A.; Swann, B. P.; Taylor, E. Cletrahedron197Q 26,

4031.
(42) Reddy, P. A.; Koshyap, R. P.; Watson, W. M.; Gutsche, Asb.
J. Chem 1992 32, 89.

(43) (a) Darwent, J. R.; Kalyanasundaram, K.; PorterJ.G&Chem. Soc.,
Faraday Trans 2 1981 77, 373. (b) Planchard, D.; Vos, J. G.; von
Zelewsky, A.J. Photochem1987, 36, 267.
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Figure 2. (a) Absorption spectrum recorded flRu(Q) in acetonitrile
solution. (b) Comparison of emission spectra recordedrigiH) and
Ru(Q) in deoxygenated acetonitrile, with the latter spectrum being
shown at 10& amplification for clarity of presentation.
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Table 1. Photophysical Properties of the Various
Calix[4]arene-Derived Species and Their Barium Complexes As
Measured in Deoxygenated Acetonitrile at 2D

compd Amad M €mad  Aum/NME Dpyd /ng
[Ru(bpy)]2* 452 14700 625  0.062 980
Ru(H) 451 13 600 625 0.085 1100
Ru(Q) 451 14 400 630 0.0004 6.1
Ru(Q)Ba?* 451 635 0.057 740
Ruz(H) 452 37 400 627 0.081 1120
Rux(Q) 452 29 500 630 0.0002 2.3
Ruy(Q)Ba* 452 630  0.062 880

a Absorption maximum,£2 nm.° Molar extinction coefficient
measured at the maximum of the MLCT transiti@r%. ¢ Emission
maximum,£5 nm. ¢ Emission quantum yield:15%. © Triplet lifetime,

+ 5%. f Lifetime measured by transient absorption spectroscopy since
the time-resolved emission decay profile was nonexponential.

of three quasi-reversible reduction peaks can be resolved that
correspond to successive addition of an electron to each of the
coordinated bpy ligands. The derived half-wave potenti&lg)(
remain similar to those recorded for the parent complex (Table
2).

Additional reduction peaks are seen in the cyclic voltammo-
grams recorded fdRu(Q) andRux(Q) which can be attributed
to reduction of the quinoid moieties. In each case, two broad
peaks are observed centered aroti®d7 and—1.5 V vs SCE.
which correspond, respectively, to formation of theadical
anion and ther-dianion (Table 2). The broadness of these peaks

transfer, and laser flash photolysis studies failed to detect thearises because the two quinoid walls of each calix[4]arene

quinone triplet state as an intermediate.

macrocycle are reduced at slightly different potentials because

Cyclic voltammograms recorded for the various ruthenated of Coulombic effects associated with their close spacing. It is

calix[4]arenes in acetonitrile show a quasi-reversible wave on gifficult, therefore, to derive accurate half-potentials for one-
anodic scans corresponding to one-electron oxidation of the glectron reduction of the quinone moieties.
appended metal center. There is no indication of electronic

coupling between the metal centersR,(H) or Rux(Q), and On the basis of the electrochemical and luminescence spectral

the derived half-wave potentialg{y) show no obvious depen- m?"?‘sureme”ts' it appears that there is a small thermc_)dynamic
dence on molecular structure (Table 2). Furthermore, tRgse d”Y'”g force _@G ) for Ilght-lnducgd electron transf_er in the .
values remain comparable to those recorded for simpler qumong-beanng systems but notl|r.1 the corresponding phenolic
analogues and show only slight modification upon oxidizing denvat!ves (Table 2). These driving forces were calculated
the phenol to the quinone. Oxidation peaks due to the phenolic @ccording to
subunits are not observed in the cyclic voltammograms, at least

at potentials less than 1.4 V vs SCE. On cathodic scans, a series

AG®

on - Ered - ET + AEC
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Table 2. Electrochemical Properties of the Various Calix[4]arene-Derived Species As Measured in AcetonitrileCaivizf
TetraN-butylammonium Hexafluorophosphate (0.1 M) as Supporting Electrolyte and the Corresponding Thermodynamic Driving Forces for
Light-Induced Electron Transfer from the Triplet State of the Ruthenium(ll) Tris@®ridyl) Fragment to the Calix[4]arene Platform

compd Eoxd Ered AG°[eVe
[Ru(bpy)]2* 1.27 (70) —1.35 (75),—1.54 (80),—1.79(80)
Ru(H) 1.35 (70) —1.43 (80),—1.62 (80),—1.94 (80) >0.6
Ru(Q) 1.22 (72) —0.73(72),—1.36 (100),—1.54 (80),—1.62 (71),—1.86 (100) -0.26
Ru(Q)Ba?* ~0.59 (irr) -0.31
Ruz(H) 1.25 (90) —1.44 (76),—1.63 (76),—1.93 (98) >0.5
Ruz(Q) 1.12 (98) —0.76 (60),—1.45 (98),—1.50 (irr), —1.63 (86),—1.95 (104) -0.33
Ru,(Q)Baz+

a Oxidation potential, V vs SCE (measured with ferrocene as internal startelarel, 0.32 V vs SCEAE, = 64 mV), £15 mV, the splitting
between anodic and cathodic peaks is given in parentheBesluction potential, V vs SCE;15 mV. Irr means irreversiblé. Thermodynamic
driving force for light-induced electron transfet0.03 eV.
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AE. = AZE/4me e R 1) 0l

02 —°

-0.6 . (b)
S1.0 L L -
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whereEry is the electronic energy of the triplet state localized
on the metal complexAZ is the difference in electronic charge
between radical pair and initial reactarisis the static dielectric
constant of the solvent, alis the distance between the center
of the ruthenium cation and the center of the quinone within
the encounter complex. In making these calculations, it was
assumed that electron transfer takes place preferentially at orbitas: -
contact4 so thatR is assigned a tentative value of 8 A. While ¢
the derivedAG® values appear consistent with the extent of Ons
emission quenching noted f&tu(Q) and Rux(Q), laser flash ) o
photolysis studies did not resolve the intermediate formation 400 500 600 700
of aradical ion pair. Instead, there is evidence only for the rapid
(i.e., within the laser pulse) formation and slower decay of the
triplet state of the ruthenium(ll) tris(2;Dipyridyl) fragment
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Figure 3. (a) Transient differential absorption spectra recorded at
(Figure 3). Such behavior is common for dor@icceptor various delay times after excitation dRu(Q) in deoxygenated
systems formed from quinorfésand is indicative of charge aceto_nitrile with a 20-ps laser pulse at 532 nm. (b) Kinetic profile
recombination AG° ~ —1.9 eV) being much faster than charge showing the recovery of ground-sta®ei(Q), as measured at 450 nm,
separatiorf? with the solid line drawn through the data points representing a

. : : : nonlinear, least-squares fit to a first-order process with a lifetime of
According to the transient absorption studies, decay of the e ! .
. . . S : 6.1 ns. (c) Kinet file sh th f d- ,
triplet excited states localized on the ruthenium(ll) tris(2,2 ns. (€) Kinetic profile showing the recovery of ground-sR0&(Q)

= . as measured at 450 nm, with the solid line drawn through the data
bipyridyl) fragments inRu(Q) and Ruz(Q) could be ap-  points representing a nonlinear, least-squares fit to a first-order process
proximated to first-order kinetic processes (Figure 3b,c). The with a lifetime of 2.3 ns.
triplet lifetimes derived from these kinetic fits were markedly
shorter than those measured for the corresponding phenolic _ 25
derivatives (Table 1). However, time-resolved emission studies,
which are considerably more precise than transient absorption
techniques, showed that these triplets decayed via nonexponen-
tial kinetics (Figure 4). This is in marked contrast to the situation
found for Ru(H) andRuy(H) where decay profiles are strictly -5
monoexponential (Figure 4). Nonexponential decay profiles are
often observed in photoactive dyads in which the reactants are
connected by a flexible chaftiwhere they can be attributed to 23
diffusive motion of luminophore and quencher within the 15 (C)
excited-state lifetime. The rate of electron transfer is expected
to increase for shorter separatiéthand, at a fixed distance, to
depend on mutual orientation of donor and accefit@espite

Log intensity
<
i3

Log intensity

0 5 10 15
Time / ps

Log intensity
=1
W

Log intensity

-5 f 1
(44) (a) Brocklehurst, BJ. Phys. Chem1979 83, 536. (b) Miller, J. 0 10 20 30 40 0 5 10 15
R.; Beitz, J. V.J. Chem. Physl981], 74, 6746. (c) Siders, P.; Cave, B. J.; Time / ns Time / ns

Marcus, R. AJ. Chem. Physl984 81, 5613. . . L .

(45) (a) Mataga, NPure Appl. Chem1984 56, 1255. (b) Mataga, N.; Figure 4. Time-resolved emission decay profiles measured at 630 nm
Karen, A.; Okada, T.; Nishitani, S.; Kurata, N.; Sakata, Y.; MisumiJS.  following laser excitation at 532 nm for (gu(H), (b) Rux(H), (c)
Am. Chem. Socl984 106 2442. (c) Mataga, N.; Karen, A.; Okada, T.;  Ru(Q), and (d)Rux(Q) in deoxygenated acetonitrile at 2C.

Nishitani, S.; Sakata, Y.; Misumi, S. Phys. Cheml1984 88, 4650.

(46) The rate of charge recombination becomes much slower in nonpolar . . . . .
solvents, such as benzene, because of the increased driving force and reducet(tl1e short connecting chains used in the present investigation,

reorganization energy. For details, see: Mataga, N.; Miyasak&®rét. examination of a space-filling molecular model suggested that
Re(act.) 2<i;1et.’l.994 19, 317. e © Ru(Q) could adopt a multitude of conformations in which the
47) (a) Harriman, APure Appl. Chem199Q 62, 1107. Mataga, oA ; ;
N.; Yao, H.; Okada, T.; Kanda, Y.: Harriman, Shem. Phys1989 131 mutual positioning of the doneracceptor functions varies
considerably. The situation fdRu,(Q) seemed to be simpler

473. (c) Indelli, M. T.; Bignozzi, C. A.; Harriman, A.; Schoonover, J. R.; : - X ' k
Scandola, FJ. Am. Chem. S0d 994 116, 3768. in that electrostatic repulsion between chromophoric units might
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be expected to enforce an extended geonfétijore detailed Furthermore, since four AB systems are present for the bridging
structural studies, however, were undertaken with a view to methylene groups in thtH NMR spectra, we may deduce that
clarifying the nature of the ground-state species. the macrocycle is distorted.

Structure of the Ruthenated Calix[4]arenes. For the For the corresponding diquinone species the situation is more
purpose of the present investigation, there are two features ofcomplex. In particular, théH NMR spectrum recorded for
the ground-state structure of the functionalized calix[4]arenes Ru(Q) exhibits three signals (integration 2/1/1) for the quinoid
that need to be understood before a meaningful interpretationfunctions and two signals (integration 9/9) that are clearly
of the photophysical data can be attempted. The most importantassociated with the terminaert-butyl groups. To clarify
issue concerns the geometrical relationship between the pendaninterpretation of these results, it was necessary to simplify the
[Ru(bpy)]?* fragment(s) and the quinoid walls of the macro- spectra, and this was achieved by deuterating the two bpy
cycle since this establishes the electron-transfer pathway. It isligands not directly attached to the calix[4]arene and by varying
particularly important to evaluate the possibility of direct contact the temperature. Deuteration of the coordinated bpy’s greatly
between the quinones and coordinated bpy ligands on thesimplifies the aromatic part of the spectrum, giving rise to a
luminophoric group. In the event that these subunits come into 12- and 6-H-atom pattern, respectively, f&u(Q)o and
orbital contact within the inherent lifetime of the luminophore Ru2(Q)p. Upon decreasing the temperature, the quinone signals
(e.g., 1us) intramolecular diffusional quenchitgs likely to observed foRu(Q)p coalesce into two broad singlets at 268 K
compete with through-bond electron transfer because thewhereas the two signals due to ttest-butyl groups coalesce
connecting chain is not a good conduit for electronic procédses. into a large singlet at 280 K. Activation energies for coalescence
A related conformational concern is the shape and mobility of (AGc) of 56 and 69 kJ mol*, respectively, were estimated for
the macrocycle, and prior work on nonmetalated calix[4]- the quinoid andert-butyl functions from the following expres-
diquinones fountt-52that paco conformations predominate in ~ sion:
solution at ambient temperature, depending on the nature of the
solvent. In fact, it appears that the quinoid walls can rotate about AGc = RT(22.96+ In(T/Av)) 2)
the connecting methylene groufs.Such behavior would . .
complicate analysis of the electron-transfer kinetics inasmuch WhereTc s the coalescence temperature ands the difference
as it is well-known that the rate of electron transfer depends N frequency between the two pegRsPrevious investigations
critically on mutual orientation of the reactardfsTo address ~ Made with related calix[4]diquinones have shown that, at
these two issues, it has been necessary to undertake a series §mbient temperature, the quinoid moieties rétatéthrough
NMR studies, including the use of deuterated analogues thatthe cavity defined by the macrocycle. Consequently, we attrl_bute
simplify the spectra, and to perform molecular-dynamics the_ temperature dependence nc_:teql here for the quinone S|gr_1als
simulations that provide critical information about the position- 0 internal rotation about the bridging methylene groups. This
ing of the pendant luminophore(s). dyna}mlc process is inhibited at low tempe;?ture, and in frozen

Both Ru(H) and Ruy(H) were found to adopt a distorted- mediaRu(Q)o adopts a cone conformatiGh®’In contrast, the
cone conformation in solutiof#54Close examination of thiH bulky tert-butyl-containing rings remain static with respect to

i 5
NMR spectra recorded for these complexes reveals that thef[ah"’“:h fothert;(y raryl conflormatlonf At d(?fom ttemp?ratureé,
bridging methylene groups of the calix[4]arene platform appear erefore, (h€ macrocycle comprises diiterent conformations
as a set of four well-defined AB quartets. As expected,the (syncone,synpaco andsyr1,3-alt). In both ruthenium com-

NMR spectrum ofRu(H) exhibits a characteristic single AB plexes, the aryl substituents {@LH,—bpyRu(bpy), O—CH,—

quartet for the bpy CH,—O group complexed to the chiral “Ru- bpy, alndtert-.butyl groupg] impose asyqbpy conformation,
(bpy)” moiety and a singlet for the uncomplexed bp@H,—0O which Is not mve_rted during complexation. .

fragment. ForRuy(H), two AB systems are observed for the Mqre |n_format|(_)n ab_ou; the average conformations _of_these
bridging methylene I—i-atoms of the AD—CH,—bpyRu(bpy} functionalized calix[4]diquinones was sought from sophisticated
subunits.3C NMR spectra recorded deu(IED and Ru,(H) molecular-dynamics simulations. During the dynamics, each of

show two signals for the bridging methylene groups in the region the starting con_formahons (cone_, paco, or 1,3-alt) was retained
between 35.0 and 33.9 ppm. Such behavior is clearly indicative but d'sp"’?‘yed S|gn|f|_cant fluctuations with respect to the sha_pe
of a cone structure for the calix[4]arene macrocyglet of the callxarene moiety anq of the pgndant bpy arms. Evolution
of the calixarene structure is conveniently characterized by the
(48) (a) Hoffman, R.Acc. Chem. Resl971,4, 1. (b) Hoffman, R.; angleswaa’ between the opposite phenols andy between
Imarura, A.; Hehre, WJ. Am. Chem. Sod 96§ 90, 1499. (c) Closs, G. opposite quinones. Their average values are reported in Table

L.; Miller, J. R. Sciencel988 240, 440. (d) Oevering, H.; Verhoeven, J. .
W : Paddon-Row: M. N.. Warman, J. Metrahedronl98 45, 4751. (e) S1. The phenols are almost coparallehf: ranges from 10 to

Oliver, A. M.; Craig, D. C.; Paddon-Row: M. N.; Kroon, J.; Verhoeven, J. 60°) in all cases eXC?pt fdRu2(Q) Wherec{)AA' is about 120+
W. Chem. Phys. Letfl988 150, 366. (f) Sakata, Y.; Tsue, H.; O'Neil, M. 15°. The anglewqq is also less than 60in the cone and alt

P iowiederrecht, G. P.; Wasielewskd, M. & Am. Chem. S00994 116~ forms, but reveals a nearly perpendicular arrangemert (=

(49) (@) Ryu, C. K.; Wang, R.; Schmehl, R. H.; Ferrere, S.; Ludwikow, 120) in the two paco .Iigands. In all structgreg, the quinones
M.; Merkert, J. W.; Headford, C. E. L.; Elliott, C. Ml. Am. Chem. Soc are much more mobile than the phenolic rings, and may
1992 114, 430. (b) Yonemoto, E. H.; Riley, R. L.; Kim, Y. I.; Atherton, S.  jnstantaneously adopt conformations which sit on the pathway

J.; Schmehl, R. H.; Mallouk, T. El. Am. Chem. S0d992 114, 8081. . .
(50) In fluid solution, it is often considered that bimolecular electron for interconverting from cone to paco or from paco to alt forms.

transfer proceeds only at orbital contact, by way of a precursor complex, Schematically, the pendant bpy arms are more or less diaxial,

but recent models indicate that noncontact electron transfer cannot beas the averagea andaa angles range from 145 to 19 the
neglected. For details, see: Burshtein, A. I.; Shokhirev, Nl.\Phys. Chem.

A 1997, 101, 25. (55) Derome, A. E. I'Modern NMR Techniques for Chemistry Research
(51) Benniston, A. C.; Harriman, A.; Grosshenny, V.; ZiesselNBw Pergammon Press: Oxford, 1991.

J. Chem 1997, 21, 405. (56) van Loom, J.;-D.; Ardini, A.; Coppi, L.; Verboom, W.; Pochini,
(52) Beer, P. D.; Chen, Z.; Gale, P. Aetrahedron1994 50, 931. A.; Ungaro, R.; Harkema, S.; Reinhoudt, D. Jl.Org. Chem199Q 55,
(53) Gutsche, C. D.; Bauer, L. J. Am. Chem. Sod 985 107, 6052. 5639.

(54) Jaime, C.; De Mendoza, J.; Prados, P.; Nieto, P. Mh¢Bez, CJ. (57) Morita, Y.; Agawa, T.; Nomura, E.; Taniguchi, H. Org. Chem

Org. Chem 1991, 56, 3372. 1992 57, 3658.
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Figure 5. Typical orthogonal views of the simulated structures of Figure 6. Typical orthogonal views of the simulated structures of
Ru(Q) in acetonitrile: (a) cone at 500 ps, (b) paco at 500 ps, (c) 1,3- Ruz(Q) in acetonitrile: (a) cone at 500 ps, (b) paco at 500 ps, (c) 1,3-
alt at 300 ps. alt at 830 ps.

three forms ofRu(Q) and in the alt form ofRuy(Q). In the
cone and paco forms &u,(Q) these two bpy’s are more mobile

L

essentially coparallel. The shortest g-CMco distances are

d illate bet ial and torial orientati E . ca. 3.5 A, but the lifetime of these structures is less than in the
and oscifiate between axial and equatorial orentations. Exami- y 5 o torm short I3r+++Oq distances are also found in other

nationkofdthe cfone/ ptgco/dalt Iigadndstdurin_g t_?e dydnatmics rE\/e‘e‘.ledlpaco structures (Figure S5). At less than 3 A, their population
a marked conformation dependent proximity and stereochemicalis 1 5094 inRu(Q) and 12% inRu(Q), but below 2.5 A these

re]ationship between some bpy units and quinones. To quamifypopulations drop to less than 8% in both complexes (Figure
this proximity, we calculated two sets of parameters, namely, (? 4)

the distances between each proton resident on the coordinate
bpy units and the closest quinoid oxygen atomgyHOg)
(Figure 1) and the distances between the centers of mass o@
each pyridine and the quinoid carbonyl group (§M:CMco).
These distances are plotted as a function of time in Figures S4
and S5 in the Supporting Information. Snapshots of selected
structures are also given in Figures 5 and 6.

A noticeable feature of the two 1,3-alt ligands is the
widespread occurrence of structures where some pyridine(s) an
carbonyl groups at the bottom of the quinones are in close
proximity and adopt a more or less coparallel relationship c
(Figures 5 and 6). The corresponding g -CMco distances
fluctuate as a function of time, but several of them are shorter
than 3.5 A for more than 80% of the simulated time (Figure
S5). Instantaneously, some atoms of bpy and of quinone units
can be as close as 3.0 A, whereorbitals of these electron-
donating and -accepting groups start to ovepfaphe shortest
Hpyr ++*Og distances are ca. 2.6 A Ru(Q) and inRux(Q), but
they are found for structures where the corresponding bpy and
quinone moieties are more or less in the same plane, or
perpendicular to each other, rather than being cofacial.

The paco forms oRu(Q) andRux(Q) also favor proximity
between the “inverted quinone” and one bpy, these units lying

In the two cone forms, the shortest contacts between bpy and
uinone units correspond to Gt--CMco distances of 4.5

.0 A, which are too large for significant orbital overlap. In
addition, their lifetimes are less (about 20%) than those in the
1,3-alt form and they do not display coplanar bmuinone
arrangements. There are structures having short (i.e5252

A) Hpyr++Oq distances whose relative lifetimes are 23% in

u(Q) and 50% inRux(Q), but they do not correspond tar~
tacking” interactions.

The NMR studies and molecular-dynamics simulations
onfirm that the various calix[4]arenes exist in a state of
fluctional motion in solution at ambient temperature. The
macrocycle is undergoing dynamic structural distortion on the
NMR time scale while the doneracceptor pair adopts a variety
of interconverting conformations. Some of these conformations
are highly favorable for electron transfésince the quinone
becomes cofacial with one of the bpy ligands coordinated to
the metal center, with the two aryl rings lying in close proximity.

It seems reasonable to assume that the fastest rates of electron
transfer observed fdRu(Q) andRux(Q) refer to excitation of

such conformers present in the ground state, and it is instructive
to note that such coparallel arrangements can only be obtained
with noncone conformations of the macrocycle. Structural
(58) Larsson, SJ. Am. Chem. Sod 981, 103 4034. heterogeneity of this type would doubtless account for the
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Figure 7. Effect of increasing concentration of Ba(G)@on the'H ih'} d
NMR spectrum oRu(Q)p (ca. 30 mM) at 25C in ds-acetone: Signals
correspond to protons of the (a) nondeuterated bpy, (b) phenolic (LHS)
and quinoid (RHS) groups of the calix[4]diquinone, and (c) nonruth- Sy

enated CH-bpy group (singlet) and prochiral GHbpyRu(bpy} #
fragment (AB quartet). Each spectrum corresponds to an increment of -"‘I.
0.25 equiv of Ba(ClQ)..

Figure 8. Orthogonal views of the typical structures simulated at 500

complex kinetics observed for decay of the triplet excited state ps for the cone forms of (Ru(Q)Ba and (b)RuAQ)Ba.

since each conformation will be characterized by a discrete rate
of electron transfer and interconversion of structures can 0CCUr s Here. the original AB quartet is transformed to a broad
within the excited state lifetime. It is especially informative to singlét (Fig[Jre 7). The overwhelming conclusion drawn from
n?tﬁ_the h'g.h erX|b|I:jty OfR?Z(r?).' Lh's %xpllalns the pro]E)er:jsny . these NMR studies is that Ba(CJ}2 binds at the lower rim of
ofthis species to undergo light-induced electron transter despite, o 5jixj4]arene macrocycle where it is held in place by the
electrostatic repulsion between the pendant chromophores. Anpendant bpy. Furthermore, the bound cation must reside
pbwous feature of t.h's .|nterpretat|on of the photop'hyS|caI'data sufficiently close to the cavity to hinder rotation of each quinoid
IS thatdthe decay kinetics sftl)oukl]d becom_e n;uch simpler if the wall and to repel the adjacent luminophore. The latter effect is
gr%‘#" -sta;tg st_ructupre Cﬁr e omor?enslze :  Ruth visualized by the spectral changes occurring at@hi—O—

ect of Barlum Perchiorate on the Structure of Ruth- bpy arms where the prochiral methylene protons become
e_nated CaI|>_<[_4]d|qU|r!ones.|t IS known that callx[4]d|qU|r_10nes directed toward the bound Bacation and are perturbed by
bind adventitious cation®,and in the present system, this could the induced electric field
provide aIS|m8p6IgG§trategy by wh|ch to constrain the.gverage Again, more information about the ground-state structure was
conformat.lon% N .To explore this 'p055|b.|I|ty, additional sought from molecular-dynamics simulations made for the
structural investigations were made with barium perchlorate as ruthenated calix[4]diquinones in the presence of BagBlOt
the added salt. The effect of increasing concentration of Ba- was found that the B4 cation remains bound to the lower rim
(ClO4) on Fhe H NMR spectrum oRU(Q)o in de. acetone s oxygens, as in the starting structures, throughout the simulation,
shown in Figure 7 and indicates that complexation takes place.making shorter contacts with the twao@toms (2.56t 0.02
The most pronounced effect is found for the protons resident A) than with the Qhenoicatoms (3.1Gk 0.3 A) ForR.u(Q) '.[he

enolic . . . s

onhthe vglclant bpy whedrg_ the t;:-ll?l’ne patterrll_ IIS SIfo]I’]IfICEIﬂﬂy two starting positions set for the COcounterions converge
enhanced. In contrast, addition of Ba(G)ghas little effect on to a common position where the dissociated anions oscillate at

the bpy signals oRu(Q)o. Such behavior suggests that the  o\...g2+ gistances of 813 A. ForRu,(Q), an additional CI@Q"
pendant bpy residue is involved in complexation of Ba(§40 anion. which is shared between 'Rlar'1d B&t enters the

in Ru(Q)o. Addition of Ba(CIQ). also modifies théH NMR structure and sits ca. 6.0 A from the Bacation (Figure 8).
signals associated with the quinoid functions, and in particular, Apart from the lower rim oxygen atoms, the vacant bpy
the 3-line pattern collapses to a singlet. This effect, which is contributes to the binding of Ba (Ba2+++N %,2.75i 0.10 A)
reminescent of the coalescence that takes place on freezing the, Ru(Q) while, in both complexes, the coordination sphere
solvg_nt, indicate; that complexation of BQ(Q)Q r_estricts around B&" is ,completed by one dr two solvent molecules.
mobility of the quinoid walls of.the macrocyclic cavigyAlso The macrocycle retains its cone conformation but is somewhat
apparent in the NMR spectra is the effect of Ba(g}}®n the “pinched” oy = 80° andwaa = 3C° in Ru(Q) andwog =

(59) Beer, P. D.; Gale, P. A.; Chen, Z.; Drew, M. G. B.; Heath, J. A.; 100° and waar = 20° in Rux(Q)) and filled by a CHCN

diastereoscopic methylene protons of the pen@att—O—bpy

Ogden, M. I.; Powell, H. Rinorg. Chem 1997 36, 5880. molecule that remains in dynamic exchange with the solvent
Chfnq)lzggksaa géérak" S:; Kubota, M.; Arimura, T.; Matsuda,JTOrg. bath. The most important feature of these simulations concerns
(61) lwamoto, K.; Araki, S.; Shinkai, SI. Org. Chem1991, 56, 4955. the positioning of the pendant [Ru(bgl)” fragment(s). During
(62) Gomez-Kaifer, M.; Reddy, P. A.; Gutsche, C. D.; Eschegoyen, L. the simulation, these units move from being “axiaila(and
J. Am. Chem. S0d994 116 3580. aa = 18CP) to become “equatorial’ofs and oa between 0

(63) Blixit, J.; Detellier, C.J. Am. Chem. Sod 995 117, 8536. . .
(64) Gomez-Kaifer, M.; Reddy, P. A.: Gutsche, C. D.; Eschegoyen, L. and 60), presumably because of electrostatic repulsion by the

J. Am. Chem. S0d 997, 119, 5222. complexed B&" cation. As a result, the bpy ligands coordinated
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Figure 9. Pictorial representation of the HOMO and LUMO of

[Ru(bpy)]?" (top) and orthogonal views of the LUMO of benzoquinone
(bottom).

to the RU center become isolated from the quinoid walls of
the calix[4]arene. FoRu(Q), the shortest Fj,++-Oq distances
(see Figure S4) are about 5.3 A while the shortest,@M
CMco separations are 6.5 A. The corresponding distances for
Rux(Q) are, respectively, 4.0 and 5.5 A (Figure S5). These

distances are too large for orbital overlap between quinone and

bpy residues.

Luminescence from the Barium ComplexesThe molec-
ular-dynamics simulations indicate that, on the relevant time
scale, the initial cone, paco, and 1,3-alt structures are retained
The simulations reveal a conformationally dependent proximity

J. Am. Chem. Soc., Vol. 121, No. 1, 1999
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Figure 10. (a) Effect of increasing concentration of barium perchlorate
on the emission yield dRu(Q) in deoxygenated acetonitrile solution.

(b) Time-resolved emission decay profile recorded Ru(Q) in
deoxygenated acetonitrile (1) in the absence of barium perchlorate and
in the presence of (2) 10 mM and (3) 32 mM barium perchlorate. (c)
Emission decay profile recorded on a long time scaleRo(Q) in the
presence of 10 mM barium perchlorate. All solutions contained tetra-
N-butylammonium perchlorate (0.1 M).

the quinoner-radical aniorP®6264.65This latter effect is apparent
from the fact that complexation of BaraisesEeq by ca. 140
mV2% and thereby increaseAG° for electron transfer from
—0.21 to —0.26 eV. Since light-induced electron transfer is
likely to occur within the “normal” region of a Marcus rate vs
energy gap profile, a small increase AG° should cause a
concomitant increase in rate of electron tran&fer.

Addition of excess Ba(Clg), to deoxygenated acetonitrile
solutions ofRu(H) andRux(H) had no apparent effect on the
absorption or luminescence spectra, emission quantum yields,
or triplet lifetimes. There was no indication that the cation
becomes coordinated to the calix[4]arene. In contrast, the
presence of Ba(Clg), enhances the luminescence obsefled
for both Ru(Q) and Rux(Q) in deoxygenated acetonitrile
solution (Figure 10a) and causes the appearance of a long-lived
component in the decay profiles (Figure 10b). Following
excitation with a 20-ps laser pulse at 532 nm, where the

and stereochemical I'e'ationShip between some of the bpy’S thatappended [Ru(bpﬂ)H' fragments are the 0n|y absorbing species

surround Rl and the quinone groups. In the Bacomplexes,
these groups are too remoteq A) to facilitate electron transfer
via orbital overlap. This contrasts with the uncompleiedQ)

and Rux(Q) in the 1,3-altsynaryl or the paco forms, where
some bpy’s become essentially parallel to a quinone, allowing
for electron transfer to the LUM@* orbitals of the quinone.

present in the system, the decay records could be approximated
to the sum of two-exponential components.

I(t)=A, ex;{— Tl) +A exp(— Tl)
1, 2,

®3)

Such a relationship is never observed in the cone form despite o6 the shorter-lived component)refers to uncomplexed

short contacts betweenydprotons and O atoms of the quinone.
These latter orientations are considéfetd be less favorable
for electron transfer than the cofacial arrangements found in
the 1,3-alt or paco forms. Indeed, according to ab initio quantum
mechanical calculations made for quinoid and [Ru(gBY)
fragments, the frontier orbitals areoftype and are delocalized

over the bpy and quinone (Figure 9). As a consequence,

electronic coupling between the reactants will be considerably
enhanced for closely spaced, cofacial orientations but will be

much less pronounced for the almost orthogonal structures that

abound in the presence of Ba We might expect, therefore,
that complexation of B4 will decrease the rate of light-induced
electron transfer since this both promotes separation of th

reactants and destabilizes cofacial orientations. Contrary to this

calix[4]diquinone while the longer-lived specias)(is assigned

to the corresponding complex formed upon coordination of
Ba2t. For bothRu(Q) andRux(Q), 71 is on the order of a few
nanoseconds whiler, is extended to many hundreds of
nanoseconds (Table 1). The fractional amplitude of the longer-

(65) Beer, P. D.; Chen, Z.; Drew, M. G. B.; Gale, P. A.Chem. Soc.,
Chem. Commuril994 2207.

(66) It is anticipated that the total reorganization enedgy &ccompany-
ing electron transfer is at least 1 eV such that light-induced electron transfer
(—AG° < 0.241) will take place well within the limits of the Marcus
normal” region. Charge recombinatiorr AG° > A1) is likely to be much
closer to the apex of a Marcus rate vs energy-gap plot. Solely on
thermodynamic grounds, complexation of barium perchlorate is expected

eto increase the rate of forward electron transfer but decrease the rate of

charge recombination. This behavior is not observed experimentally.
(67) Hissler, M.; Harriman, A.; Jost, P.; Wipff, G.; Ziessel, Mgew.

idea, however, is the realization that the bound cation polarizes Chem., Int. Ed. Englin press.
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Figure 11. (a) Relationship between the concentration of added barium
perchlorate and the fractional contribution of the longer-lived component
noted in the time-resolved emission profiles recordedRa(Q) in
deoxygenated acetonitrile solution. The solid curve drawn through the
data points @) corresponds to a nonlinear, least-squares computer fit
to a binding constant of 15.5 M. (b) Effect of added barium
perchlorate on the emission quantum yield measuredrig(Q) in
deoxygenated acetonitrile solution. The solid curve drawn through the

data points corresponds to a nonlinear, least-squares computer fit to a{

binding constant of 16.7 M. All solutions contained tetr&-
butylammonium perchlorate (0.1 M).

lived species A;) increases with increasing concentration of
added Ba(CI@),, as expected for formation of a 1:1 complék.
In fact, the stability constantK] for the corresponding Ba

Harriman et al.

Table 3. Properties of the 1:1 Complexes Formed between a
Calix[4]diquinone and a Cation at 2 in Deoxygenated
Acetonitrile Containing TetrdN-butylammonium Perchlorate (0.1
M) as Background Electrolyte

catiorf K/M~1b w/ng i@ ket/10Ps1e
Ru(Q)
6 0.0002 170
Lit 420 160 0.013 5.3
Na" 400 160 0.012 5.3
K+ 185 155 0.012 55
Cat 22 680 0.052 0.56
Bag*+ 16 740 0.055 0.44
S+ 12 725 0.054 0.47
La3t 2.1 1020 0.077 0.08
G 1.7 980 0.074 0.11
Zn?t 2650 2.2 0.0001 455
zne* 0.6 690 0.070 0.54
Rux(Q)
2f 0.0001 500
K+ 21.2 210 0.015 3.9
Baz*+ 4.5 880 0.064 0.25
La3t 0.3 1100 0.085 0.02
Znt 0.9 650 0.049 0.65

aUsed as the perchlorate salt, in some cases with water of hydration
present? Stability constant for formation of a 1:1 complex measured
by steady-state luminescence spectroscaio. ¢ Triplet lifetime for
the cation complex;£10%. 9 Limiting emission quantum vyield ex-
trapolated to complete binding of the catiah10%.® Rate constant
or intramolecular electron transfer in the cation complexl,5%.
Measured by transient absorption spectroscopy.
500-fold decrease in rate, despite the slightly improxesr.
On the basis of the molecular-dynamics simulations, as aug-
mented by the NMR investigations, this decrease in the rate of
light-induced electron transfer can be ascribed to the adoption
of extended conformations that preclude significant orbital

complexes can be obtained from luminescence titrations (Figuregverlap between a quinone and one of the bpy ligands bound

11) carried out in the presence of tetdabutylammonium
perchlorate (0.1 M):

1

1
K[Ba™ 1(lo — lim)

__ 1

I To= lim

(4)

lo

wherel| is the observed luminescence intensity, &wandljim

to a RU' center.

Complexation of Other Cations.Other cations also bind to
Ru(Q) in acetonitrile, and although the stability constants vary
according to the nature of the cation (Table 3), there is a similar
enhancement in luminescence yield and lifetfh&roup | (Li,
Na", KT) and Il (C&", B&*, SP) cations seem to bind to the
calix[4]diquinone in much the same manffesince they exert

refer, respectively, to the luminescence intensity in the absencethe same effect on the photophysical properties. The binding

of Ba&?" and for the corresponding complex formed with?Ba

motif is highly cooperative in such systems in that both bpy

The derived parameters are collected in Table 1, and it can beand lower rim O atoms are involved in complexation and

seen thaRu(Q) provides the superior binding motif for Ba
cations. This finding is fully consistent with the indications that
the vacant bpy is involved in complexation of the added cation
and explains why added Bacations hardly perturb the NMR
spectrum recorded fdRux(Q). In this latter case, it is likely
that complexation of B4 to the macrocycle is further inhibited
by electrostatic repulsive forces.

The limiting luminescence yields, correspondingdg for
the resultant B& complexes, approach the luminescence
guantum yield measured for the phenolic derivatiRegH) and
Rux(H) (Table 1). This indicates that complexation of &2Ba
cation to the lower rim of the calix[4]diquinone decreases the
efficiency of intramolecular electron transfer. The same conclu-
sion is reached by comparing the derivgedndz, values with
those measured for the corresponding phenolic derivatiygs (
The rate of light-induced electron transf&gf), in each system,
can be estimated from these lifetimes

(1 1
e (71(2> TL)

and it can be seen that the complexed'Baation causes a

®)

subsequent screening of the cation. Lanthanide cations (La
Gd*™) also restore luminescence frarRu(Q), suggesting that
they bind in a similar cooperative manner. The importance of
electrostatic repulsion between the reactants becomes clear by
comparingket values derived for the various cation complexes
(Table 3). Thus, monocations give a 30-fold decrease in rate
while there is a 300-fold decrease in rate for dications.
Intramolecular electron transfer is further curtailed for trications,
where the average decrease in rate is ca. 1 700-fold. The same
general trend is found fdRu»(Q), although stability constants
tend to be extremely low, but no such effects are seen for the
corresponding phenolic derivatives. Qualitatively, these findings
are rationalized in terms of the average separation distance being
set by Coulombic effects. The receptor, therefore, responds to
electronic charge of the cation rather than its chemical identity,
and in particular, the triplet lifetime oRu(Q) provides a
sensitive measure of this property.

Somewhat different behavior is observed witt¥Zrhowever,
and it appears that two cations are bound at disparate sites. At

(68) Structural studies were not attempted with these other cations, but
it is known that complexation of sodium to calix[4]diquinones favors the
cone conformation. See refs 62 and 64 for details.
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low concentration of zinc perchlorate, efficient cation binding with the charge of the incoming cation. Thus, the characteristic
occurs K = 2 650 MY and is accompanied by extinction of triplet lifetime of the complex reflects the overall charge resident
luminescence from the [Ru(bpy§j™ fragment. Further increases  on the molecule but does not recognize the nature of the bound
in the concentration of Z restore luminescence until the final  cation. An additional electrostatic effect is apparent from the
value is close to that found for complexation ofZBaThis binding constants measured for different cations where, in
behavior can be rationalized in terms of effective but nonco- general, dications are bound more weakly than monocations but
operative binding of Z&™ at the vacant bpy arm to give a more strongly than trications. In fact, replacing the dicationic
structure somewhat reminescenfaf,(Q). If the bound cation luminophoreRu(Q) with a neutral analogdégives a 180-fold

acts as the second [Ru(bg)p" fragment to favor cofacial increase in the stability constant of the barium complex but
arrangements between the reactants, this would explain whyeliminates the enhancement of luminescence that characterizes
low concentrations of added Zncause emission quenchify. cation complexation t&Ru(Q).

A second ZA" cation can be coordinated at the lower rim of
the calix[4]diquinone platform, with a much reduced binding
constant K = 0.6 M%), to partially restore emission by
conformational control of the superstructure as outlined above
for Ba?". As expected, only one 2h cation binds toRux(Q)

(K = 0.9 MY in a manner that restores luminescence.

The systems described here register complexation of a cation
by an increase in luminescence yield and lifetime which arise  Supporting Information Available: Table S1 of average
because intramolecular electron transfer is inhibited. A key angles and fluctuations of tHeu(Q) and Rux(Q) ligands and
feature of these prototypes is that electron transfer proceeds viaheir barium complexes, Figure S1 giving the atom types used
orbital interaction between the redox-active units, involving in the AMBER calculations on the quinone, anisole, and-Ru
mutual rotational relaxation, with through-bond “superexchange” bipyridine fragments oRu(Q) andRuy(Q), Figure S2 giving
interactiong’ playing a less significant role. The extent of orbital the atomic charges on fragments of uncompleRedQ) and
overlap depends critically on both mutual orientation and Ruy(Q), Figure S3 giving atomic charges on fragments of
spacing within the encounter complex. Our MD simulations Ba(CIOy), complexes ofRu(Q) and Rux(Q), and Figures S4
suggest that complexation of a cation forces the quinoid walls and S5 giving the time evolution of the shortest distances
of the calix[4]arene into a cone conformation where, because between Ky, protons of Ru(bpyand Q, quinolic oxygens and
of stereological factors, they are unable to adopt a cofacial between the center of mass of bipyridines of Ru(b@y)d the
arrangement with the bpy’s of the appended [Ru(HYy) center of mass of quinolic carbonyles, respectively (6 pages,
fragment. Electrostatic repulsion between the two cations pushesrint/PDF). See any current masthead page for ordering
the luminophore away from the receptor, and we have found information and Web access instructions.
that the degree of emission quenching shows a clear correlationJA982786V

(69) The nature of any other ligands bound to zinc(ll) is unknown, and (71) For this experiment, the [Ru(bp}d™ fragment of Ru(Q) was
it is important to stress that trace amounts of water are present in the systemreplaced with the neutral unit [Re(bpy)(GQ)], and it was found that
since the salt is hydrated. complexation of barium perchlorate caused an increase in the rate of light-
(70) McConnel, HJ. Chem. Phys1961, 35, 508. induced electron transfer. See ref 67 for details.
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