5292 J. Am. Chem. So@001,123,5292-5307

Role of Alkali Metal Cation Size in the Energy and Rate of Electron
Transfer to Solvent-Separated 1:1 [(MAcceptor)] (M" = Li*, Na*,
K*) lon Pairs

Vladimir A. Grigoriev, Danny Cheng, Craig L. Hill,* and Ira A. Weinstock* T

Contribution from the Department of Chemistry, Emory &émsity, Atlanta, Georgia 30322
Receied January 8, 2001

Abstract: The effect of cation size on the rate and energy of electron transfer to{@teptor)] ion pairs is
addressed by assigning key physicochemical properties (reactivity, relative energy, structure, and size) to an
isoelectronic series of well-defined M-acceptor pairs, M = Li", Na", K*. A 1e" acceptor anion,
o-SiVVW1,040°~ (1, a polyoxometalate of the Keggin structural class), was used in th@¥dation of an
organic electron donor, 3,3,5-tetratert-butylbiphenyl-4,4diol (BPH,), to 3,3,5,5-tetratert-butyldipheno-
quinone (DPQ) in acetate-buffered 2:3 (v/v)®it-BuOH at 60°C (2 equiv ofl are reduced by Teeach to

Lieq a-SiVIVW1104057). Before an attempt was made to address the role of cation size, the mechanism and
conditions necessary for kinetically well behaved electron transfer from,BiPHwere rigorously established

by using GG-MS, 1H, "Li, and 5V NMR, and UV—vis spectroscopy. At constant [tliand [H], the reaction

rate is first order in [BPH and in [1] and zeroth order inl¢4d and in [acetate] (base) and is independent of
ionic strengthu. The dependence of the reaction rate ort][lis a function of the constank,, for acid
dissociation of BPhHto BPH™ and H. Temperature dependence data provided activation paramet&is*of

= 8.5+ 1.4 kcal mott andASF = —39 4 5 cal molt K=, No evidence of preassociation between BRHd

1 was observed by combiné#i and5V NMR studies, while pH (pD)-dependent deuterium kinetic isotope
data indicated that the -€H bond in BPH remains intact during rate-limiting electron transfer from BPH
andl. The formation of 1:1 ion pairs [(M(SiVW1,040°7)]*~ (M*1, M = Li*, Na", KT) was demonstrated,
and the thermodynamic constaniSy:, and rate constant&y1, associated with the formation and reactivity
of each M1 ion pair with BPH were calculated by simultaneous nonlinear fitting of kinetic data (obtained
by using all three cations) to an equation describing the rectangular hyperbolic functional dependgpce of
values on [M]. ConstantsKw1,., associated with the formation of 1:1 ion pairs betweeh &nd 1,4 were
obtained by usindu1 values (fromkgps data) to simultaneously fit reduction potentié; ) values (from
cyclic voltammetry) of solutions ol containing varying concentrations of all three cations to a Nernstian
equation describing the dependenceEgh values on the ratio of thermodynamic constafits and Ky,
Formation constant&mi, andKwus,., and rate constantkys, all increase with the size of Min the orderKyi;

= 21 < Knar = 54 < K1 = 65 M_l, KLilred =130 < KNalred =570< KKlred = 2000 M—l, andkj; = 0.065

< knar = 0.137 < kg = 0.225 M1 s7L. Changes in the chemical shifts &fi NMR signals as functions of
[Lis1] and [Lisledq] Were used to establish that the complexeSIMind Mt 1,4 exist as solvent-separated ion
pairs. Finally, correlation between cation size and the rate and energy of electron transfer was established by
consideration 0Ky, kw1, andKy,, values along with the relative sizes of the thre¢I\pairs (effective
hydrodynamic radiises, obtained by single-potential step chronoamperometry). Asimdreases in size,
association constant$y;, become larger as smaller, more intimate solvent-separated ion paitspbssessing
larger electron affinitiesofr), and associated with largky; values, are formed. Moreover, astipairs are
reduced to M1.q4 during electron transfer in the activated complexes, [BPW™1], contributions of ion
pairing energy (proportional to RTIn(Kwus,./Km1) to the standard free energy change associated with electron
transfer, AG®, increase with cation size:-RT In(Kw,./Km1) (in kcal moit) = —1.2 for Lit, —1.5 for Na',

and —2.3 for K*.

Introduction acceptors, additions of alkali metal cations typically result in

. . . - increases in reaction rates. Examples include reductions of
As is documented in numerous published reports, additions P

of electrolyte or salts to solutions of charged electron-acceptor  (2) Stalnaker, N. D.; Solenberger, J. C.; Wahl, A. X.Phys. Chem.
complexes result in substantial changes in the rates of charge-1977 81, 601-604. . .

F; & fel fg idati f . 9 (3) Goodwin, J. A.; Stanbury, D. M.; Wilson, L. J.; Eigenbrot, C. W.;
transfer processésr of electron-transfer oxidations of organic  gcheigt, w. RJ. Am. Chem. S0d987 109, 2979-2991.

or inorganic substratés 10 For oxidations by negatively charged (4) Doine, H.; Swaddle, T. Winorg. Chem.1988 27, 665-670.
(5) Braga, T. G.; Wahl, A. CJ. Phys. Chem1989 89, 5822-5828.

TVisiting scientist at Emory University, 1996€001. Permanent ad- (6) Murguia, M. A.; Wherland, Slnorg. Chem.1991, 30, 139-144.
dress: USDA Forest Service, Forest Products Laboratory, Madison, WI  (7) Wherland, SCoord. Chem. Re 1993 123 169-199.
53705. (8) Andrieux, C. P.; Robert, M.; Sasat, J.-M.J. Am. Chem. S04995
(1) Chen, P.; Meyer, T. Xhem. Re. 1998 98, 1439-1477. 117, 9340-9346.
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association. Indeed, numerous published reports document such
positive shifts in reduction potential upon addition of alkali metal
or alkaline earth cations to solutions of acceptor anidii&.2°
In reference to case 2, it has been suggested that the cation
facilitates preassociation, thus increasing the concentration of
donor—MT*—acceptor complexes that, in these instances, form
prior to intramolecularelectron transfer from donor to accep-
tor20 More generally, and applicable to either of the two cases
(1 or 2), it has been argued that the cation present within donor
M*—acceptor complexes acts as an electronically more fa-
vorable pathway for electron transfer between donor and
acceptor?.11.20a

Before the precise physicochemical role of the cation can be
assessed, however, the extent and stoichiometry of ion associa-
Figure 1. Drawing (in polyhedral notation) ofi-SIVWi:0uf~ (1) tion must first be determined. Only then can rate-accelerating

where the central tetrahedron represents tHeOgiunit, the shaded effec_ts arising from the_StrUCture and physical properties of
octahedron represents'®s, and the unshaded octahedra represent SPeCific M"—acceptor pairs or of ternary [donor, Macceptor]

7
'\

WV Og units. precursor complexes be rigorously establish&dor example,

in polar, coordinating solvents, alkali metal cations typically
classical coordination complexes such as Mo(£N}° accelerate rates of electron transfer to acceptor anions in the
Fe(CN)3~ 114 Ru(CN)2~,15 Os(CN)2~ 1 and IrCE~ .15 Mean- order Li" < Na" < KT.10 This ordering, however, might be
while, polyoxometalaté§1® (POMs), exemplified byo- due (1) to differences in ion pair stoichiometries (e.g., 1:1 for

SiVW1,046> (1, a representative POM of the Keggin structural Li ™, giving [Li*—acceptor] association complexes, and higher-
class; Figure 1), stand out as a large, rapidly growing, and order (2:1 or 3:1) association complexes for'Nand K"); (2)
increasingly useful class of anionic electron acceptdtsAs to greater association constantsp, for stoichiometrically
is true for solid-state structures or solutions of all such acceptor identical ion pairs (e.g., association constants for the formation
anions, countercations are always present. And, while uses ofof 1:1 ion pairs might increase in the orderLi Na* < K*);
POMs in fundamental studies of metal oxide surfaces or in Of (3) to the structure and physical properties of stoichio-
diverse applications from materials chemistry to catalysis Metrically identical donorM*—acceptor precursor complexes
continue to grow, the effects of countercations are largely (Crystallographic radii increase in the orderL¥ Na* < K¥).
ignored. However, in the few cases or systems in which cation Three generic issues must thus be addressed in the study of
effects have been assessed, their effects on synthesis angPecific cation catalysis of electron transfer: (1) the stoichi-
structure?? on the nanoscale architecture and chemical properties ©metry of ion pair formation; (2) the association constakis,
of solid-state structuré$;?* and on the chemistry of POM  for ion pairing; and (3) the physicochemical (structural and
solutiong®2have been substantial. In particular, the effects of €lectronic) properties of specific M-acceptor pairs. Only after
alkali metal cations on energies and rates of electron transferstoichiometry (issue 1) has been established is it possible to
by POMs are central to the use of these anions as solubledifferentiate betweeKp values (2) and the physical properties
oxidation or electron-transfer cataly3és. of specific M™-containing complexes (3). In labile reactive
In general, this alkali metal cation catalysis is attributed to Systéms in particular, difficulties encountered in assigning
(1) association between the cation and the acceptor anion Orprems_e.st0|ch|om¢tr.|es to kinetically competent ion pairs 6r M
(2) association of the cation with doneacceptor complexes. ~ containing association complexes have hampered éﬁdﬂ?
In case 1, an increase kapsis attributed to a positive shiftin ~ Separate trends i values from often parallel trends in

the reduction potential of the acceptor complex upon cation Physical properties of the reactive Montaining complexes.
(25) For papers on electron donor/acceptor interactions in POM systems,

(9) Fu, Y. S.; Swaddle, T. Winorg. Chem.1999 38, 876-880. many involving POMs and their countercations, see: (a) Prosser-McCartha,

(10) Metelski, P. D.; Swaddle, T. Wnorg. Chem1999 38, 301-307. C. M.; Kadkhodayan, M.; Williamson, M. M.; Bouchard, D. A.; Hill, C. L.

(11) Shporer, M.; Ron, G.; Loewenstein, A.; Navon, I8org. Chem. J. Chem. Soc., Chem. Commur286 1747. (b) Williamson, M. M.;
1965 4, 361-364. Bouchard, D. A.; Hill, C. L.Inorg. Chem1987, 26, 1436. (c) Schmidt, J.

(12) Campion, R. J.; Purdie, N.; Sutin, Morg. Chem1964 3, 1091 A.; Hilinski, E. F.; Bouchard, D. A.; Hill, C. L.Chem. Phys. Lettl987,
1094. 138 346. (d) Hill, C. L.; Bouchard, D. A.; Kadkhodayan, M.; Williamson,

(13) Campion, R. J.; Deck, C. F.; King, P. J.; Wahl, A.IGorg. Chem. M. M.; Schmidt, J. A.; Hilinski, E. FJ. Am. Chem. S0d.988 110, 5471.
1967, 6, 672-681. (e) Le Maguers, P.; Ouahab, L.; Golhen, S.; Grandjean, D.; Pena, O;

(14) Gritzner, G.; Danksagifier, K.; Gutmann, V.J. Electroanal. Chem. Jegaden, J. C.; Goez-Gara@a, C. J.; Delhag P.Inorg. Chem 1994 33,
1976 72, 177-185. 5180. (f) Ouahab, LChem. Mater 1997 9, 1909. (g) Attanasio, D.;

(15) Hoddenbagh, J. M. A.; Macartney, D. khorg. Chem.199Q 29, Bonamico, M.; Fares, V.; Imperatori, P.; Suber,J..Chem. Soc., Dalton
245-251. Trans 1990 3221. (h) Zhang, X.-M.; Shan, B.-Z.; Bai, Z.-P.; You, X.-Z.;

(16) Pope, M. T.Heteropoly and Isopoly OxometalateSpringer- Duna, C.-Y.Chem. Mater1997, 9, 2687. (i) Le Maguerg, P.; Hubig, S.
Verlag: Berlin, 1983. M.; Lindeman, S. V.; Veya, P.; Kochi, J. K. Am. Chem. So200Q 122

(17) Pope, M. T.; Mier, A. Angew. Chem., Int. Ed. Engl991, 30, 10073-10082.
34—48. (26) Hanania, G. I. H.; Irvine, D. H.; Eaton, W. A.; George JPPhys.

(18) (a) Hill, C. L.; Prosser-McCartha, C. Moord. Chem. Re 1995 Chem.1967, 71, 2022-2030.
143 407-455. (b) Neumann, RProg. Inorg. Chem1998 47, 317-370. (27) Carloni, P.; Eberson, lActa Chem. Scand 991, 45, 373-376.

(29) Hill, C. L., Guest Ed. Special Thematic Issue on Polyoxometalates.  (28) Boulas, P. L.; Gomez-Kaifer, M.; Echegoyen, Angew. Chem.,
Chem. Re. 1998 98, 1-389. Int. Ed. 1998 37, 216-247.

(20) (a) Saha, S. K.; Ali, M.; Banerjee, Roord. Chem. Re 1993 (29) Beer, P. D.; Gale, P. A.; Chen, G. Z.Chem. Soc., Dalton Trans.
122 41-62. (b) Weinstock, I. AChem. Re. 1998 98, 113-170. 1999 1897-1910.

(21) Grigoriev, V. A.; Hill, C. L.; Weinstock, I. AJ. Am. Chem. Soc. (30) In summarizing the effects of added electrolyte and ion pairing,
200Q 122, 3544-45. Wherland (ref 7) concludes that, “study of the effects of ion pairing would

(22) Kirby, J. F.; Baker, LInorg. Chem.1998 37, 5537-5543. be greatly facilitated if the structures, concentrations and lifetimes of ... ion

(23) Misono, M.Catal. Re.—Sci. Eng.1987, 29, 269-321. paired species could be more directly evaluated ...".

(24) Mizuno, N.; Misono, M.Chem. Re. 1998 98, 199-218. (31) Eberson, LJ. Am. Chem. Sod.983 105, 3192-3199.
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We herein present data that address all three phenomena (1 butyl alcohol (99.5%, hereafter referred tote&BuOH), deuterium oxide
3) and provide new information regarding the fundamental role (99.9% D), 2-methyl-2-propanal{>98% D), lithium acetate dihydrate
of alkali metal cation size in electron transfer. To accomplish (99-999%), sodium acetate (99%), potassium acetate (99%),ntetra-

this, a-SiVYW11040°~ (1, Figure 1) was used as a stoichiometric
le™ acceptor in the 2e oxidation of a specifically chosen
phenol, 3,35,5-tetratert-butylbiphenyl-4,4diol (BPH,), to
3,3,5,5-tetratert-butyldiphenoquinone (DPQ) (eq 11 is
reduced by 1eto l.g.32 As a prerequisite to addressing the

HO~ M )-OH + 28IVYW, 04 (1) ———=

(BPHy)
oY= =0 + 28VVW,,0,% (leq) + 2H" (1)

(DPQ)

hexylammonium nitrate (THAN, 99%), and tetnehexylammonium
hydroxide (40% in water) were used as received. Argon was of
prepurified grade.

PO|yOX0metalates(l—KssiVW]_lC)m'14.5Hzo (Ksl),33 a-KeSiVW11040r
7H20 (KGlred),33 and (l-KsAl(AlOH 2)W11039‘13HQO (K52)34 were
synthesized and purified according to published procedures. The purity
of Ks1, Kslreq, and Ks2 was confirmed by°Si and>V NMR (Ks1 and
Keleq—after addition of By) or 7Al (K ¢2) NMR. Li™ and N& salts of
the POMs described above were prepared from the corresponding K
salts by cation-exchange chromatography using Amberlite IR-120 (plus)
ion-exchange resin converted to'lar Na“ forms, using LiCl or NaCl.
Typically, solutions of K1, Kelreq Or K2 (10—20 g in 50-100 mL of
deionized water) were passed twice through a column charged with
ca. 200 mL of resin, followed by evaporation on a rotary evaporator to
dryness at room temperature (partial reduction of vanadium(V)-
substituted POMs was observed upon heating). The purity of the cation-

role of added alkali metal cations, it was essential that kinetic &xchanged POMs thus obtained was confirmed by elemental analysis

and mechanistic characterization of the reaction in eq 1 be
carried out in great detail. Thus, at the outset, the conditions

required for kinetically well behaved reaction betwekeand

and/or by?Si, 52, and /Al NMR and UV—vis spectroscopy.

Anal. Calcd (found) for-NasSiVW11040:10H,O (Nas1): Na, 3.79
(3.64); Si, 0.92 (1.10); V, 1.68 (1.81); W, 66.6 (67.1); H, 0.66 (0.66);
K, 0.00 (<0.01).2°Si NMR,  (ppm): —81.87.5V NMR, o (ppm):

BPH, were determined, and the mechanism of electron transfer _g51 3.

was established at constant ionic strengthand constant L
concentration, [LT]. The formation of stoichiometrically defined
1:1 ion pairs [(M)(SIVW1104¢°7)]* (M*1, MT = Li*, Na*,

Anal. Calcd (found) foro-LisSiVW11040°12H,0 (Lisl): Li, 1.16
(1.07); Si, 0.94 (0.79); V, 1.70 (1.70); W, 67.6 (68.0); H, 0.81 (0.80);
K, 0.00 (<0.01).5% NMR, 6 (ppm): —551.0.2°Si NMR, 6 (ppm):

K*; eq 2) was then demonstrated, and the physicochemical role—81.94.

of alkali metal cation size in electron transfer from BPtd

Anal. Calcd (found) foro-LigSiVW1104020H,0 (Liglreq): Li, 1.28

M+1 jon pairs was established by quantitative correlation of (1-25): Si, 0.89 (0.87); V, 1.62 (1.59); W, 64.3 (64.2); H, 1.28 (1.26);

kinetic data (changes ks Vvalues as a function of [M) with
data obtained by paramagnefld NMR spectroscopy, cyclic
voltammetry, and single-potential step chronoamperoniétry.

M* + SIVW,,0,5 = [(M)(SIVW,,0, )" (2)

1) (M*1)

Experimental Section

Materials. 3,3,5,5-Tetratert-butylbiphenyl-4,4diol (99% purity,
hereafter referred to as BRHvas used as received from Polysciences,
Inc. The only impurity present (GEMS and'H NMR) was 3,3,5,5-

K, 0.00 (<0.01).2°Si NMR, d (ppm): —81.92.5%V NMR, o (ppm):
—551.0 (after oxidation to sl in D,O by addition of Bs). UV —vis:
Amax = 496 nm € = 627 M1 cm™Y).

Anal. Calcd (found) for LAAI(AIOH 2)W1103¢8H,0 (Lig2): Li, 1.43
(1.37); Al, 1.86 (1.76); W, 69.6 (68.1); H, 0.62 (0.58); K, 0.060(01).
27AI NMR, ¢ (ppm): 72.06 and 8.78 (1:1 ratio).

o-THAsSIVW11040 (THAsL) was prepared by extraction of agueous
solutions ofl into an organic phase containing tetrdrexylammonium
nitrate (THAN). Typically, 3.6 g (1.13 mmol) of & was dissolved in
20 mL of deionized water and extracted by using 40 mL of a GHCI
solution containing a stoichiometric amount, relative to the number of
cations, of THAN (2.06 g, 5.65 mmol). The yellow organic layer was
separated, and the aqueous phase was extracted again, this time using

tetratert-butyldiphenoquinone (ca. 1%), which was inert to oxidation an additional 20 mL of CHGI The two organic solutions were
under the reaction conditions used. All other chemicals, also obtained compined and washed three times with 40 mL of water. Finally, the

from commercial sources, were of the highest available puttiyt-

(32) Electron and proton transfer in formal atom-transfer processes has
been examined in some detail. The following are representative informative

solution was concentrated to dryness by rotary evaporation, and the
solid obtained was dried overnight in a vacuum at room temperature.
Anal. Calcd (found) fOKX-((CGH13)4N)5SiVW11040'0.4[(Q3H13)4N]-

papers on electron- and proton-transfer issues: (a) Binstead, R. A.; Meyer,[NO3] (THA51:0.4THAN): C, 33.25 (33.36); H, 6.04 (6.07); N, 1.74

T. J.J. Am. Chem. Sod987 109, 32873297. (b) Che, C. M,; Lau, K,;
Lau, T. C.; Poon, C. KJ. Am. Chem. Sod99Q 112 5176-5181. (c)
Thorp, H. H.Chemtracts: Inorg. Cheni991, 3, 171-184. (d) Manchanda,
R.; Thorp, H. H.; Brudvig, G. W.; Crabtree, R. thorg. Chem 1991, 30,
494-497. (e) Binstead, R. A.; McGuire, M. E.; Dovletoglou, A.; Seok, W.
K.; Roecker, L. E.; Meyer, T. . Am. Chem. S0d 992 114, 173-186.
(f) Cukier, R. 1.J. Phys. Cheml994 98, 2377-81. (g) Cook, G. K.; Mayer,
J. M.J. Am. Chem. S0d994 116, 1855-1868. (h) Cook, G. K.; Mayer,
J. M.J. Am. Chem. S0d995 117, 7139-7156. (i) Gardner, K. A.; Mayer,
J. M. Science (Washington, D.C1P95 269 1849-1851. (j) Baldwin, M.
J.; Pecoraro, V. LJ. Am. Chem. S0d996 118 11325-11326. (k) Graige,
M. S.; Paddock, M. L.; Bruce, J. M.; Feher, G.; Okamura, M.JY Am.
Chem. Soc1996 118 9005-9016. () Wang, K.; Mayer, J. MJ. Am.
Chem. Soc1997 119, 1470-1471. (m) Mayer, J. MAcc. Chem. Re4998
31, 441-450. (n) Trammell, S. A.; Wimbish, J. C.; Odobel, F.; Gallagher,
L. A.; Narula, P. M.; Meyer, T. JJ. Am. Chem. S0d998 120, 13248~
13249. (o) Cukier, R. I.; Nocera, D. @nnu. Re. Phys. Chem1998 49,
337-369. (p) Slattery, S. J.; Blaho, J. K.; Lehnes, J.; Goldsby, KCd&ord.
Chem. Re. 1998 174, 391-416. (q) Hubig, S. M.; Rathore, R.; Kochi, J.
K. J. Am. Chem. So&999 121, 617—626. (r) Roth, J. P.; Lovell, S.; Mayer,
J. M. J. Am. Chem. So®00Q 122 5486-5498. (s) Huynh, M.-H. V.;
White, P. S.; Meyer, T. JAngew. Chem., Int. E®200Q 39, 4101-4104.
(t) Georgievskii, Y.; Stuchebrukhov, A. Al. Chem. Phys200Q 113
10438-10450. (u) Decornez, H.; Hammes-Schiffer,JSPhys. Chem. A
200Q 104, 9370-9384.

(1.69).5%V NMR (in CDClg), 6 (ppm): —540.7.

Methods. An Inova 400-MHz spectrometer was used to acqtlite
“Li,?7Al,2°Si, and®V NMR spectra. All POM solutions used for NMR
measurements (excejhti NMR) were prepared in the lithium, sodium,
or potassium acetate buffer (pH 4.76). To monitor POM stability by
NMR spectroscopy, organic reaction products were extracted by {ZHCI
and the purple aqueous layer was separated. The reduced anion
o-SiVVW11040%~ (Lreg), formed during the reaction, was oxidized to
diamagnetid by addition of two drops of Brwith stirring. The excess
Br, was removed by passing Ar through the solution, which was then
concentrated to ca. 0.5 mL for NMR analysis. External references for
“Li, ?7Al, 2°Si, and®>V NMR were 1.0 M LiCl in D,O (0 = 0 ppm),
0.10 M AICI; ([AI(H 20)e]3*, 6 = 0 ppm), 50 vol % MgSi in CDClk
(6 = 0 ppm), and 10 MM BEPVMO011040in 0.60 M NaCl ¢ = —533.6
ppm relative to neat VOG@J| chemical shifts are reported relative to
VOCI; at 6 = 0 ppm), respectively.

Cyclic voltammetric measurements involving POM solutions were
performed at 25 or 60°C under argon using a BAS CV-50W

(33) Domaille, P. JJ. Am. Chem. S0d.984 106, 7677-87.
(34) Weinstock, I. A.; Cowan, J. J.; Barbuzzi, E. M. G.; Zeng, H.; Hill,
C. L. J. Am. Chem. S0d.999 121, 4608-4617.
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voltammetric analyzer. A three-electrode cell with a glassy carbon Table 1. Conversions and Product Yields for Oxidations of BPH
working electrode, a platinum auxiliary electrode, and a Ag/AgCl by 1?
reference electrode was used. The sweep rate was 100 mV/s. No IR conversion of yield (umol) Lreg (mmol)/
compensation was applied. Typically, 1 mM solutions of POM in a . re
minir[:]ally (1 mM) acgtrjs\te-buﬁyepred %/:3 (v/v) wateBuOH mixture [BPH|[1] BPH, (umolf Lredf DPQ DPQ (mmol)
(the water components were first adjusted to pH 4.76 by using HOAc 0.25:1.00 47+£05 94403 5.2+02 1.83+0.10
and MOAc, M" = Li*, Na*, or K*) were used. Cation concentrations ~ 0.50:1.00 95+0.2 202+04 103+0.1 1.96+0.06
were varied by adding the appropriate amounts of LiCl, NaCl, or kcl. 1.00:1.06  10.6+0.9  20.6+0.4 10.8:05 1.914+0.10
Cyclic voltammgtric measurements ir_1vo|ving solutions containing tetra- apg g umol of Lisl, 5.0-20.0 umol of BPH, 20 mL of 0.1 M
n-hexylammonium (THA) cations (nitrate or POM salts) were carried | joAc/HOAc-buffered watetBuOH solution (2:3), pH 4.76, Ar, 60
out under Ar at 60°C using a Ag/Ad reference electrode comprised  °C. b Determined by'H NMR. ¢ Determined by UV-vis spectroscopy
of a Ag wire immersed in a solution of AQNG10 mM) and tetras- at 520 nm é = 619 M~ cm™). ¢ Reaction time of 40 h¢ Reaction
hexylammonium nitrate (THAN, 100 mM) in 2:3 (v/v)@/t-BuOH. time of 20 h.

Reaction kinetics data were collected by using electronic absorption
spectroscopy (Hewlett-Packard 8451A diode array spectrometer). Two quantified by'H NMR using 3,4-dichloroacetophenone as an internal
types of cuvettes were used for the kinetic experiments. For the reactionsstandard. The agueous solution that remained after extraction bysCHCI
monitored for less than an hour (initial rate method), a quartz cuvette Was transferred into a 25-mL volumetric flask, and water was added
equipped with a stopcock sidearm and a standard taper 14/20 joint wasto obtain 25 mL of a POM solution of known concentration. The
used. The cuvette was filled with either POM or BP$tlution, and concentration ofleq present in the agueous POM solution was
both the sidearm and the joint were sealed with rubber septum stoppersdetermined by both Uvtvisible spectrometry/(= 520 nm,e = 619
POM solutions were degassed through the stopcock sidearm as liquidscm™* M) and oxidative titration using (NhzCe"(NOs)s as oxidant
at 0°C by applying three vacuum/argon cycles, and solid BRis and primary standard and ferroin as an indic&tor.
degassed by using a freezgump-thaw procedure and stored under Reaction Stoichiometry. In 2:3 (viv) HOA-BUOH at 60 °C,
Ar. Next, the cuvette was placed in the sample compartment of the 3.3.5,5-tetratert-butylbiphenyl-4,4-diol (BPH,) is cleanly oxidized
UV—vis spectrometer. This compartment was equipped with both a by 2 equiv ofa-SiVW1,04° (1) to 3,3,5,5-tetratert-butyldipheno-
thermostat £0.01°) and a stirrer. After thermal equilibration, the  guinone (DPQ, 100% bjH NMR and GC-MS; eq 1). The stoichi-
reaction was initiated by injecting BRior POM) stock solutions into ~ 0Metry in eq 1 was established by quantitative spectroscdgitlMR
the POM (or BPH) solution with constant stirring at 800 rpm. For and UV~vis) analysis of percent conversions and product yields over
prolonged reactions>(1 h), a quartz cuvette with a stopcock sidearm @ range of initial BPi#to-1 ratios (Table 1). BPHand DPQ are the
and a Teflon stopper was used for better protection against gas leaks2nly organic compounds observed #/NMR. The percent conversion
that could contribute to experimental error, especially at elevated Of 1 to its 1€ reduction productles was determined by Uvvis
temperatures. Both the degassing process and injection of the reactant§Pectroscopy at = 520 nm ¢ = 619 M cm™*). At each BPH-to-1
were carried out through a rubber-septum-sealed sidearm. For prolongedatio, 2 equiv ofl is reduced tdeq (eq 1). No intermediates of partial
reactions, however, the cuvette was tightly sealed with a Teflon stopper OXidation of BPH are observed.

after the injection of the reactant. Rate ExpressionsOrders of reaction with respect to the concentra-
Prior to use of UV-vis spectroscopy to obtain kinetic data, the tions of POM (initially, fully oxidized 1), BPH;, POMed(1€ -reduced
extinction coefficient ofa-LisSiVVW11040 (Lisled at A = 520 nm POM, 1,¢9), H', and OAc (investigation of general base catalysis) and

(though Amax = 496 nm, the larger wavelength was used to monitor 1ONic strength £) were determined by using 4li and Liled in the
kinetics in order to minimize overlapping with tailing from thé O~ lithium-acetate-buffered ¥D/-BUOH (2:3, v/v) solvent system de-
W6+ charge-transfer band) was determined by linear regression by scribed above. All experiments were carried out under anaerobic
plotting the dependence of absorbance on POM concentration. A conditions (Ar) at 60°C. , )
mixture of lithium-acetate-buffered aqueous solution (total concentration ~_PePendence of Rate on [1]To determine the order of reaction
0.25 M, pH 4.76) and-BUOH (2:3, v/v) was used as the solvent. To with respect to the concentration bfa stock solution of BPKH(0.06

avoid error due to liquid expansion upon heating, a series of solutions M) in t'BUQH was prepared by using a 10-mL volumetric flask. T_he

of Lisleqin the range 0.082 mM was prepared at &, and a second BPH, solution was transferred to a 10-mL round-bottom flask, which
series of solutions was prepared at®0 Measurements were taken W& then sealed with a rubber septum, degassed by several sequential

using a quartz cuvette (path lengthl cm) thermostated at either 25 [Té€ze-pump-thaw cycles, and kept under Ar in a refrigerator.
or 60°C with stirring (800 rpm). Solutions of Ls1 (0.38-5.6 mM) in a 0.11 M lithium-acetate-buffered

H,O/-BuOH (2.2:2.8, v/v) mixture were prepared immediately prior
to each experiment. Next, 2.7 mL of the POM solution was transferred
by syringe to a Schlenk cuvette. The solution was degassed as a liquid
AS described above, and the cuvette was then placed in thevidV

Reaction Conditions and Product Analysis. The hydrophobic
nature of the organic substrate and the highly hydrophilic nature of
the POMs chosen for study required the use of a mixed agueous

organic solvent system. Of the many solvent systems tested, the water . L o
g 4 y y spectrometerThe reaction was initiated by injecting 0.3 mL of the

t-BUOH (2:3, v/v) mixture was found to be the most suitable for L ) N .
dissolving all reaction components over a wide range of concentrations. BPHZ stack solution into the POM S°|Ut'.°n' Dilution resulting from
In a typical reaction, 0.02 mmol of &1 was dissolved in 4.0 mL of injection of stock BPH solution was taken into account, and concentra-

0.1 M aqueous lithium acetate buffer solution (pH 4.76) in a 25-mL tions of all reaction components were calculated accordinglyi[4i

Schlenk flask. Next, 6.0 mL afBuOH was added, and the resulting = %34—560 mM, ][L}'?O'?C] = géo MI’ HéO{I'Bu.OHt: 2(;3' V/Vé' ¢
solution was cooled to 0C. The cooled solution was degassed as a th epe?_ enczte 0 ;e on [ F i o de etrmll?e | ?. ep?n_ %né:g 0
liquid by taking it through three vacuum/argon cycles. Using a gastight € reaction rate on Rhtoncentration, a stock solution ofdli(0.
syringe, an aliquot (0.0050.02 mmol) of degassed BRitock solution M) in 0.25 M lithium-acetate-buffered water (pH 4.76) was prepared
(0.06 M in t-BUOH) was injected through a septum into the flask in a 10-mL volumetric flask, transferred into a 25-mL round-bottom
charged with the POM solution, which was kept under Ar in a ﬂaSki degassed as a_liquid, and filled with Ar. Next, 18 mL of BPH
thermostated bath at 60C with constant stirring (800 rpm). After solution (0'5._10. mM) int-BuOH and 1.2 mL of 0.25 M "“““”.‘ ace@ate
reaction times of 2640 h, the Schlenk flask was removed from the buffer solution in water (pH 4.76) were transferred by syringe into a
bath, and the organic solverttBuOH) and products were extracted Schlenk cuvette and dega_ssed a‘t@ _b_y using t.h‘.a fr(_eezepump—
using three 5-mL portions of CHEIThe POMs were insoluble in thaw pracedure. _Thg reaction was |n|_t|ated by injecting.20of the
CHCl; and remained entirely in the buffered aqueous phase. Removal PODM stozk SOM“?E'TO the BPJT_EOIUt'On' d identical to that
of the organic solvent by rotary evaporation afforded a solid residue ependence ot Rate on ). The procedure was ldentical to tha
that was dissolved in CD&for IH NMR measurements and GGIS used to determine the order of reaction with respecf}@Xcept that

analysis (Hewlett-Packard 5890 gas chromatograph with a mass (35) Kolthoff, I. M.; Sandell, E. B.; Meehan, E. J.; Bruckenstein, S.
spectrometer detector). The yields of the organic products were Quantitatie Chemical Analysjsith ed.; Macmillan: London, 1969; p 817.
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0—40 uL of Liglieq Stock solution (0.24 M) in 0.1 M lithium-acetate-
buffered HOA-BUOH (2:3, v/v) solvent system was injected into the
solution of Lkl before degassing.

Dependence of Rate on [OAt]. LIOAc/HOAc buffer concentra-
tions were varied while keeping the ionic strength constant. Lithium-
acetate-buffered solutions with pH 4.260.01 and concentrations of
LiOAc from 0.010 to 0.200 M were used. The aqueous buffer solutions
were combined with-BuOH (2:3, v/v), and the mixtures were used
for the reactions of Ll with BPH,. LiCl was added to the aqueous
buffer solutions to keep the final [L] and ionic strength constant (0.200

Grigoet al.

where [l], and [BPH], are the same as in eq 4, aAgdandA are the

initial absorbance and the absorbance at tinmespectively. Nonlinear
least-squares fitting of the absorbance versus time data was performed
by using the Solver Function in Microsoft Excel 98. Sums of the squares
of the deviation were minimized by varying oy or two (Kopsand

€) parameters. Thoughwas experimentally determined by using an
independent technique as described above, a small experimental
uncertainty in the independently obtained value was present. Therefore,
bothkyssande were allowed to vary. Significantly, however, final values
for € obtained by nonlinear two-parameter fittidgfered by less than

M). The order of the reactant addition was the same as that used t00.5% from the independently obtained experimengdlie

determine the dependence of the reaction rate on [RPM
Dependence of Rate on lonic Strengthlo establish the dependence
of the reaction rate on the ionic strength at constant cation) (Li
concentration, the ionic strength was varied by adding appropriate
amounts of LiCl oro.-LigAl(AIOH 2)W11039 (Lie2). First, solutions of
LiCl (10.2 mM) and L2 (1.6 mM) in the 1 mM lithium-acetate-
buffered HOA-BUuOH (2:3, v/v) solvent system were prepared. Solu-
tions of Lis1 (1.0 mM) were prepared by using each of those (LiCl or
Lig2) solutions. The concentrations of'Lin both solutions were very
similar (13.1 mM Li* in LiCl-containing solutions and 12.5 mM in
Lie2 solutions), whereas their ionic strengths differed substantially (16.9
and 40.4 mM, respectively). The procedure then followed was identical
to that used to determine the order of reaction with respedi texcept
that 100xL aliquots of 0.06 M BPH stock solution were injected.
Reaction RatesReaction rate kinetics were measured by recording
the absorbance at 520 nifor o-SiV'VW11040°~, € = 619 M~ cm™)
once every 2200 s (depending on the experiment) for-629 h. For

determination of the order of reaction, the timer was started when the

reaction was initiated (injection of BRHr POM) and was controlled
by the Time-Based Measurement in the HP tNVisible Chemstation

General Scanning Software, which took automatic measurements a

set times. The rate law, kinetic isotope effect, and activation parameters
| t-BUOD (2:3, v/v) was used. All other components (0.1 M HOAc, 2.86

were calculated from absorbance versus time data by using the initia
rate method (POM conversion5%). The dependence of the reaction
rate on the nature of the cation (i.e.,;”LNa", and K") was determined
by using the initial rate method. At least three reproducible measure-
ments of reaction rate (or rate constant) were obtained for every
experiment. Theabsenceof a dependence of reaction rate on the
concentration of the effectively nonpairing cation, tetrhexylammo-
nium (THA, present as countercation in TelAand THAN), was
demonstrated by using the initial rate method.

Kinetic Model. An expression for the time dependence of the
reaction rate (the rate of formation df.) was derived from the
experimentally determined rate law (applicable to pH valaés:

d[1red
dt

= kopd 1[BPH,] ©)

Taking into account the stoichiometry of the reaction (eq 1), the
following kinetic model was derived (the full derivation is included in
the Supporting Information):

1
[BPH), -
[Lred: = [ — [BPH,], F{ S( [1]0) ] 1 (4)
[, exp Kopd [BPH,], — > t| — >

where [l], and [BPH], are initial concentrations ol and BPH,
respectively, andlfed: is the concentration of.¢q at timet.

To determine the second-order rate constant from absorbance versus

time data by using eq 4, the data were fitted directly to the full second-
order rate equation:

(1,
[BPH, —
At_€ [1]0_ [BPH2]0 F{ S(BF)H - [1]D)t] _1- +A0
[1]0 ex kOb [ 2]0 2 2

®)

pH Measurements. pH values in both water and wateBuOH
mixtures were measured by using a Corning Bench-Top pH meter,
model 240, equipped with a Corning Semi-Micro Combination
electrode. If not otherwise noted, pH values presented are those of the
aqueous acetate buffer solutions (pH3.90-5.76) measuretefore
mixing with t-BuOH. For experiments designed to assess the pH
dependence of the rate constant, pH values were measured directly in
watert-BuOH mixtures just prior to initiation of reaction. Because of
gradual drifting of pH meter readings in the mixed-solvent system, a
careful measuring protocol was us¥dFirst, the pH meter (glass
electrode) was calibrated by using typical aqueous standards (pH 4.00
and 7.00). Next, the glass electrode was immersed in the mixed-solvent
solution, the electrode was left to equilibrate for 2 min, and three
readings were taken, one immediately and the next two after 2-min
intervals. The average of the three readings was used as the apparent
pH value.

Kinetic Isotope Effect. The reaction conditions and reactant addition
protocols were identical to those described above (e.g., in determination
of the order of reaction with respect td]] except that the initial

tconcentraations of BPHand Ll were 2.86 and 0.48 mM, respectively.

To determinesp = (d[Lred/dt)o/([1]o[BPD2]o), the solvent system f0/

mM BPH,, and 0.48 mM Li1-12H,0), which may have contributed
<0.3% of labile hydrogen atoms verse99.7% of labile deuterium
atoms from RO (44.3 M) andt-BuOD (6.4 M), were nondeuterated.
Given the low concentration of BRHind the fast exchange between
D* in D,O and H in the hydroxyl groups of BPE deuterated BPH

(i.e., BPD) is generated in situ on a time scale much faster than that
of the redox reaction under investigation. Because the reaction rate
was found to be pH-dependent, it was important to uge bnd DO
buffer solutions that possessed the same][ldnd [D'] values,
respectively. To prepare buffer solutions in@ ordinary aqueous
standards were used to calibrate the pH meter, and pH readings were
corrected to give pD values according to the equatihpHops = pD

— 0.40, where phlsis the observed pH value (pH meter reading) and
pD is the true pD value.

Cation—Anion Pairing Studies. lon pairing between alkali metal
cations and POMs in solution was studied by determining the effect of
the nature of the cation and its concentration on the observed rate
constant for oxidation of BPHby POM and on the formal redox
potential of the POM solutions, and Byi NMR.

The following assumption was used to derive the functional
dependencies of both the observed rate constant and the POM redox
potential on cation concentratiort: and 1.4 are in rapid equilibrium
with the corresponding catiefPOM ion pairs (eqs 6 and 7).

K| 1
M™+1==M"1) (6)
+ KMlved +
M™ + 1red (M lred) (7)

The thermodynamic equilibrium constants for ion pairing are defined
by the equations

(36) Cohen, L. A; Jones, W. Ml. Am. Chem. Sod.963 85, 3397.

(37) Westcott, C. CpH MeasurementsAcademic Press: New York,
1978; p 85.

(38) Covington, A. K.; Paabo, M.; Robinson, R. A.; Bates, RA®al.
Chem.1968 40, 700-706.
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M1y,
= 8)
S (VP A OO
M1 ]y’
I [ red]y red (9)

el [M +]VM[1red]Vred

The activity coefficientSyox, ¥ 'ox, Yred ¥ 'resy @ndyw, corresponding
to unpaired and pairet] 1.4, and M" ions, had to be used in order to
correct for nonideal behavior due to significant changes in ionic strength
(«) upon varying the cation concentration.

An expression describing the reaction ratex¢@iV'VW;,040°]/dt
or d[1.q/dt) and the dependence of the observed rate constant o)) [M
consistent with the proposed mechanism of oxidation of BBYH1,
was derived by using eqgs 02:

k
1+ BPH, — products (20)
. Kuns
M™1+ BPH, — products (11)
rate= ky[1]y ,[BPH,]y, + ky[M 1]y "o [BPH ]y,  (12)

wherey;, is the activity coefficient for BPH Use of the definition of
Kwmi (eq 8) and rearrangement (eqs—11%5) gives eq 16.

rate= ky[1]y,[BPH,]y, + Ky1KyalM 1yl 7o BPH, Y, (13)
rate= (k; + ky,Ky1[M Jr]')/M)[:L][BP|_|2]VO><'V0

[HIBPH,1Yoxo
[1]+[M71]

[BPH,ly oo

1+ Ky,[M +]3’M#

(04

(14)

rate= (k, + ky; Ky M T7y) (1 +[M*1]) (@15)

rate= (K; + Ky;Kya[M Typ) (1] +[M"1])

(16)

Substitution of initial rate (ratg and initial reactant concentrationdJ{
and [BPH],) gives

Ky + Ky 1Ky [M +] Ym
(1]

0oX
[l

rate, =

O[BPHZ]O’}/OX)/O (17)

Y
1+ KyyM +]7/M,y

0X

J. Am. Chem. Soc., Vol. 123, No. 22, 208497

The activity coefficients in both eqs 18 and 19 were calculated by
using the extended Debyd#lickel law with a linear empirical
correction ternf?

+ bu
1+ Bavu

(20)

wherey, is the activity coefficient of a single ion of chargeA (1.825
10°(eT) 32 mol-Y2LY2K3/2) andB (50.29€T) 2 A-1 mol- 12 112K 172)

are constants that depend on the temperature and the dielectric constant
of the solvent, an@ andb are adjustable parameters.

Both kinetic and electrochemical data were fitted to eqs 18 and 19,
respectively. Nonlinear least-squares fits of the observed rate constant
and the formal redox potential versus cation concentration were
performed by using the Solver Function in Microsoft Excel 98. Sums
of the squares of the deviations were minimized by varying parameters
Ko, K1, Kox, Kreas Eo, @, andb in eqs 18-20. The ratiosyod/y 'ox and
Vredy 'rea WEre assumed to be 1. The limitations and constraints that
were imposed on the adjustable parameters to improve fitting are
discussed below.

Li NMR Studies of lon Pairing. Solutions of Ll (0.3—20 mM)
or Liglreq (0.5-10 mM) in 2:3 HO/-BUOH were prepared at 60°C.

A coaxial insert filled with 1.0 M LiCl in DO was used as an external
reference. The samples were allowed to warm t¢®0n the NMR
probe for at least 10 min prior to initiation of spectral acquisition. The
NMR spectra were recorded with a digital resolution of 0.061 Hz
(0.0004 ppm).

The following experimentally verified solution behavior established
boundary conditions used in derivation of a functional dependence of
the observed chemical shift on the total concentration £3f ([Li 1] ota):

(1) In very dilute solutions, Ll is completely dissociated into Li
and1.

(2) At larger [Lis1] (within the experimental limits), ion pairing
occurs according to eq 21,

Lil

-+ (K_ .
Lit 4+ 1==Li1 (21)

whereK(; (identical to analogous constants in egs 8, 18, and 19) is
the association constant defined by eq 22,

[Lilyy,

= 22
[Li +][]-]Vu?’l 2

Li1

and the mass balance for'kiand 1-containing species is defined by
equations

From eq 17, the dependence of the observed rate constant on cation

concentration is a rectangular hyperbolic function:

Ky + KyaKy[M Ty
_ 1 1" ™M1l M ’}/0 (18)

OX
VOX

1+ Ky, M +]VM)/

bs

r
ox

The dependence of theV¥' half-wave potentials on the cation

concentration was analyzed by using a Nernstian equation modified to

include two ion pairing constants (by conventitéy, = Kyi andKeq
= Kued:®

1+ K VM')/red[M +]
red ,, 1
Eye=E°+2Tin yV o RInZ= (19)
1+ Kox M ox[M +] red

0Xx
whereE? is the standard potential for unpairg@t zero ionic strength,
u, and the other symbols are conventional or described above.

(39) Butler, J. N.; Cogley, D. Ronic Equilibrium: Solubility and pH
Calculations John Wiley & Sons: New York, 1998; pp 33333.

5[Lig] g = [Li ]+ [Li1] (23)

[Lis2]or = [1] + [Li1] (24)

(3) Solvated Li cations, both free and associated, undergo rapid
exchange on théLi NMR time scale. Thus, the observed chemical
shift (0) is the weighted mean of the chemical shifts of the signals due
to unpaired §,) and paired §;) Li™ ions#43

[Li]
Li 51] total

[Li1]
15[Li 51] total

0= dgg; (25)

Using eq 23, eq 25 is rewritten as

(40) Robinson, R. A.; Stokes, R. Ilectrolyte SolutionsButterworth:
London, 1959; p 231.

(41) McCormick, A. V.; Bell, A. T.; Radke, C. J. Phys. Chenl989
93, 1733-1737.

(42) Akai, T.; Nakamura, N.; Chihara, H. Chem. Soc., Faraday Trans.
1993 89, 1339-1343.

(43) Kabisch, GBer. Bunsen-Ges. Phys. Cheh982 86, 636.
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[Li1]

0= 60 " (61 - 60)5[Li51]total

(26)

An expression for the concentration of paired species]][Las a
function of the total concentration of 4liand the association constant,
K1, was derived by using the definition &fi; (eq 22) and both mass
balance egs 23 and 24:

1 s
2K V1

1 . 1 Vi)
= 6[Ligl]io Tt —)
2\/( 5ol Kuwu 71

Finally, combination of eqs 26 and 27 gives an expression for the
observed chemical shif6] as a function of the total POM concentration
([I—| 51] total):

[Li1] = 3[Lis1] gt +

— 20[Ligl]a” (27)

8= 0y+ (0, — 0g) x

1 Yur 1 ) 1 Vui)?
+ = 6[Li:1] +——)
2Kiivi " 2\/( 57 total K 71

5[L| 51] total

3[Lisliora — 20[Lig];or”

(28)

A change in the observed chemical shif} &s a function of [Li1]ta

was fitted to eq 28 by nonlinear least-squares regression by varying

the parameters,, 01, andKyi:. The activity coefficient of the Li cation
(yu) was calculated by using the parametarand b obtained from

Grigoe¢ al.

-7.5

-8.5 1

-9

log(d[1,eq) /dt), (M s7)

-9.5 1

-10 : T T T
-4 -3.5 -3 -2.5
log[BPH,] (M)

-6

-6.5 1

-7 4

log(d1,e4] /dt), (M s77)

7.5 ‘ ‘
-3.5 2

log[1] (M)

nonlinear least-squares fitting of the kinetic data (see Results and Figure 2. (a) Plot of log(initial rate= d[1.eq/dt) versus log [BPH];

Discussion), while the ratigi1/y1 was approximated as 1.

Results and Discussion

|. Stoichiometry, Rate Law, and Reaction MechanismAs
a prerequisite to rigorous investigation of specific alkali metal
cation catalysis of electron transfer, and to reliable correlation

of electron-transfer rates with the structure and physical proper-

ties of well-defined 1:1 ion pairs, [(M(a-SiVW11040°7)]*"
(M*1; Mt =Li*, Na", K*), the oxidation of a carefully chosen
substrate, 3,%,5-tetratert-butylbiphenyl-4,4-diol (henceforth
BPH,), by a-SiVVYW1104¢°~ (1) was studied in detail. The

phenolic substrate was selected to provide clean (effectively

100%) conversion to a single oxidation product, in this case,
3,3,5,5-tetratert-butyldiphenoquinone (DPQ). The goal of this

prerequisite study was to establish the conditions necessary fo

ensuring highly selective oxidation and well-defined kinetic

behavior to high percent conversion values and to determine

the mechanism of electron transfer from BPd 1.

Stoichiometry. In 2:3 (v/v) H,O/-BuOH at 60°C, BPH; is
oxidized by 2 equiv ofl (quantified by U\-vis spectroscopic
observation ofl,e) to DPQ (eq 1; 100% byH NMR and GC-
MS, see Experimental Section).

Orders of Reaction. At constant [Li"], the reaction rate is
first order in [BPH), first order in [1], zeroth order in Leed
and in [OAc], effectively independent of [H at pH values
smaller than 5, and inversely dependent o[t pH values
larger than 5.5.

[BPH;]. The initial rate of formation ofl;eq (d[1red/dt) was
determined by UV-vis spectroscopy. At 60C in lithium-
acetate-buffered 2:3 (v/v) 40/t-BuOH (100 mM LiOAc and
100 mM HOAC), the rate of reduction df (0.4 mM Lisl) is
first order with respect to [BPHl at BPH, concentrations of
from 0.3 to ca. 3.6 mM (dashed line in Figure 2a). At BPH
concentrations of from 3.0 to 6.0 mM (solid line in Figure 2a),
a slightly higher order reaction rate dependence on [BFH
observed. The higher order dependence observed at high,]BPH

[BPH;] = 0.3—3.6 mM (dashed line, the slope is 1.06) and [BPH
3.0-6.0 mM (solid triangles), [l§l] = 0.4 mM, [LiOAc] = 0.1 M,
[HOAC] = 0.1 M, 60°C. (b) Plot of log(initial rate= d[1,eq)/dt) versus
log [1]; [Lis1l] = 0.34-5.0 mM, [BPH] = 6.0 mM, [LiOAc] = 0.1
M, [HOAc] = 0.1 M, 60°C.
is attributed to dimerizatio4° of BPH, in the substantially
hydrophilic solvent system needed to solubilize BP&hd
DPQ#6

[1]. At constant [Li"] (125 mM), maintained by addition of
LiCl (0—23 mM LiClI; ionic strength,u, varied from 128 to
175 mM)#48the rate of oxidation of BPK(6.0 mM) is first
order with respect tol] (0.34—5.0 mM Lis1; Figure 2b)*

[1req]. The reaction rate is independent of.f], [a-

Li 6SiV!VW1104q], over a range of [Lglied/[ Li s1] ratios varying

from 1 to 32. The zeroth-order dependence dnd was
established by varying the concentration of adtlggifrom 0.1

to 3.2 mM at constant [H (Figure S1). (Here, and in all
subsequent work, 2.9 mM or smaller concentrations of BPH
were used in order to ensure that concentrations of @pRkee
Figure 2a) remained below kinetically significant levé)sThe

(44) Tkac, A.; Omelka, L.; Jirackova, L.; Pospisil,Qrtg. Magn. Reson.
198Q 14, 249-255.

(45) Pelikan, P.; Tkac, A.; Omelka, L.; Stasko, @rg. Magn. Reson.
1982 20, 205-211.

(46) Assuming rapid and reversible dimerization in solution (2BRH
(BPH,),), the concentration of (BP#b is given by the mass balance
relationship [(BPH)2] = KassofBPHz]2, Where Kassocis the association
constant for dimerization. Provided that the rate of oxidation of (BRid
governed by a bimolecular elementary step (ratekdime[1][(BPH2)2])
analogous to that observed in the oxidation of BFit¢., rate= k[ 1][BPH_];
see below), then, by substitution: ratekgimeKassob1][BPH]% Hence, the
overall rate of reduction df at the larger [BPH] values (once dimerization
becomes kinetically significant) includes contributions from two parallel
reactions, one possessing a first-order dependence on]B&ttlation of
BPH,) and the other possessingsacond-orderdependence on [BRH
(oxidation of (BPH)2). Accordingly, the solid triangles in Figure 2a
represent a transitional region between first-order dependence of reaction
rate on [BPH] at small [BPH] and second-order dependence at high [gPH
(i.e., at BPH concentrations larger than those studied).
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10

[H*] (M 108)
Figure 3. Plot of initial rate= d[1.d/dt versus [H]; [H*] = 6.5 x
106-1.3 x 1077 (pH = 5.19-6.89 measured in acetate-buffered water/
t-BUOH), [Lis1] = 0.48 mM, [BPH] = 2.86 mM, [LiOAc] = 0.1 M,
60 °C. Inset: Plot ofk.ps versus 1/[H].

lack of a decrease in rate upon addition Ip§y shows that
reduction ofl to 1,eqin the rate-limiting elementary step (e.g.,
reduction ofl to 1,eq Within the [BPH,1]>~ donor-acceptor
pair) is irreversible. Reactions responsible for irreversible
reduction ofl might include rapid loss of Hfrom the successor
complex, [BPH*",1d°", to give [BPH,1ed.5~

[OAc™]. Rapid loss of H from [BPHy"",1eq®~ (or from

J. Am. Chem. Soc., Vol. 123, No. 22, 208499

1/[H™] at pH values larger than ca. 5.5 (Figure 3, inggf; =
(d[Lred/dt)/([Lis1][BPH2])) reveals an inverse dependence on
[H*]. The dependence of rate on {Happroaches zero at high
[HT] (see eq 36, below).

Rate Law. The data presented here (Figures 2, 3, S1, and
S2) show that at constant [t], and at [BPH] values smaller
than 3 mM, the reaction rate is first order ifj,[first order in
[BPH], zeroth order in1ed, zeroth order in [OAc], and zeroth
order in [H"] at pH values smaller than 5, and asymptotically
approaches inverse first order in {Has pH values increase
above 5.5. Using UV vis to measure the rate of formation of
lieq taking into account the 2:1:BPH, stoichiometry shown
in eq 1, and defining the reaction rate as d[DPQ¥d/2(d[1ed/
dt), the empirical rate law for reaction df with BPH, at pH
values smaller than 5 is given by eq 29.

1_ d[lreca
2 dt

= kopd 11'BPH[OACT]T 1 TH™1° (29)

Preassociation.Combined'H and vV NMR analysis of
solutions of BPH and 1 in acetate-buffered 2:3 (v/v) Dft-
BuOH provided no evidence for the formation of stable
association complexé831[(BPH,)(1)], prior to electron trans-
fer. The NMR study was carried out at room temperature (at
which the rate of reduction df by BPH, is small) using a range
of absolute and relative concentrations of both BRifd 1.

BPH,**) is suggested by the absence of general base catalysisPrior to addition ot-BuOH, the pD of each BD solutions was

Initial rate (d[Leq/dt) values remain effectively unchanged as
the concentration of LIOAc (along with equimolar concentra-
tions of HOAC) is increased from 10 to 200 mM at constant
[H*], [Li ], and ionic strength (Figure S2).

[H*]. The dependence of reaction rate onf[ivas investi-
gated over a pH range of from 5.19 to 6.89 (68.0°6—1.3 x
1077 M H; Figure 3). pH values were systematically increased
by decreasing the concentration of HOAc at constant (0.1 M)
[LiIOAC] (in these experiments, pH values of acetate-buffered

adjusted to 4.76 (using LIOAc and DOACc) to ensure that the
concentration of BPHwas kinetically insignificant. No changes
in IH or 5V NMR that might plausibly be attributed to
association were observed. Moreover, the relatively large
negative entropy of activationS', associated with the reaction
(—39 £ 5 cal moli'* K71; see temperature dependence data
immediately below) is consistent with a bimolecular rate-limiting
step.

Activation Parameters. The temperature dependencekgf

H,O/t-BuOH solutions were measured directly; see Experimental was determined at pH 4.76 (aqueous phase prior to addition of

Section). Acid dissociation of BPHo BPH™ becomes kineti-
cally significant at pH values above ca. 5.5 (i.e., at[Malues
smaller than 3.15 107% M). A linear plot ofkopsvalues versus

(47) The reaction rate at constant {lLis insensitive to modest changes
in ionic strength (see Table 2, below). Moreover, as shown in detail below
(Results and Discussion, part Il), ion pairing betweeh and1 has a far

t-BuOH) to ensure that only BRHnNot dissociated to BPH
and H") was present at a kinetically significant concentration.
Activation parameters ohAH* = 8.5+ 1.4 kcal moft! andAS

= —39+ 5 cal molt K~1 were calculated from a plot of lk{,d

T) versus 1T (Figure S3, five measurements from 323 to 358
K, R2 = 0.98). The lowAH?¥ is consistent with outer-sphere

greater effect on reaction rates than do comparable changes in ionic strengtfelectron transfer. The relatively largeS® value likely includes

alone. Molal-scale: values are approximated here by molar-scale values
calculated by using molar values in place of mafalyvalues in the Debye
Huckel relationship, 05z2m. The Debye-Hickel relationship itself,
although derived for dilute solutions of low-valent (ideally 1:1) electrolytes,

contributions from a sterically and orientationally restricted
activated complex. A steric constraint is associated with the
presence of bulkyert-butyl groups on either side of the phenolic

has been successfully applied to theoretical calculations of rates of outer- hydroxyl moiety in BPH.32d The orientational restraifarises

sphere electron self-exchange between Keggin anions possessing charg

of 3—, 4—, and 5 (ref 48).

(48) Kozik, M.; Baker, L. C. WJ. Am. Chem. Sod.99Q 112 7604
7611.

(49) The observation of a first-order dependence of initial reaction rate
on [1] at 6.0 mM BPH (i.e., corresponding to the solid triangle in Figure
2a associated with a log [BBHvalue of —2.2 on the abscissa) demonstrates
first-order dependence od][for each of the two simultaneous reactions,
the oxidations of BPhland of (BPH),. The 6.0 mM BPH, concentration

was used for convenience to more rapidly obtain the initial rate data shown

in Figure 2b. However, the first-order dependencefraf 2.0 mM BPH,
wherein the concentration of (BRJd was not kinetically significant, was
unambiguously established taer 90% comersion by nonlinear least-

squares regression analysis of absorbance versus time data (see Figure

below) for the reaction ofl (1.0 mM) with BPH, fitted to an explicit
expression derived by using the bimolecular rate lawlg[dt) =
kobd 1][BPH2] (eq 29; constant [H]).

(50) Using 1.0 mM L§l and 100 mM LiOAc, [Lif] increased slightly
from 106 mM at 0.1 mM Léleqto 124 mM at 3.2 mM LdLieq This variation
in [Li "] (at relatively high [Li"], i.e, at [Lit] values over ca. 100 mM),

and the associated increase in ionic strength, are not kinetically significant

(see Table 2 and Figure 7, below.)

%fom the very low ratio of the surface areas of the reactive C

OH and W=0 moieties to the total surface areas of BRridd
1 (ca. 0.02 and 0.004, respectively). The large negative entropy
of activation might thus be due, in part, to a requirement that
the BPH and POM molecules are rotated such that their
respective donor (€OH) and acceptor (V=0) sites are
adjacent to one another prior to electron transfer.

lonic Strength. The dependence of reaction rate on ionic
strength was determined by using 2.0 mM solutions of BPH
at pH 4.76 (aqueous solution prior to addition-&uOH). Due
t ion pairing, the reaction rate is sensitive tofLilt was
therefore necessary to vary ionic strength values without
changing the total Lli concentration. To accomplish this, the

(51) Neumann, R.; Levin, MJ. Am. Chem. Socl992 114, 7278
7286.

(52) Wang, Y.; Cardona, C. M.; Kaifer, A. B. Am. Chem. S0d.999
121, 9756-9757.
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Table 2. Dependence dq,s Values on lonic Strengthuf at
Constant Total Alkali Metal Cation (It) Concentratiof

[LiCl]  [Lie2]  [Lit*]® ue Eu Kobs
(mM)  (mM) (mM) (mM) V) (x102M1s™
10.2 13.1 16.9  0.248 1.990.13
1.60 12.5 404 0231 1.6%0.10

a[BPH,] = 2.00 mM, [Lis1] = 1.00 mM, in 1.0 mM LiOAc/HOAc-
buffered watet#BuOH solution (2:3 v/v), pH 4.76, 6€C, under Ar.
b[Li*] = [LICI] + 6[Lis2] + 5[Lisl] + [LIOAc]. u = (2[LiCl] +
42[Lig2] + 30[Lis1] + 2[LiOAC])/2. 9 E1r = (Ec + En)/2 versus Ag/
AgCl reference electrode.

anions were varied by using LiCl or §AI(AIOH 2)W11039
(Lie2)3* as the electrolyte (Table 2). An approximate doubling
of the ionic strength from 16.9 (10 mM LiCl added) to 40.4
mM (1.60 mM Lis2 added) had little effect okeps Study over

a larger range of ionic strength values, while desirable, was

prohibited by limitations in the solubility of k. In addition,
uncertainty regarding the degree of ion pairing betweénahid
CI~ and between Ll and2 makes it difficult to precisely assign

Grigoet al.

respectively, with BPhland with monoanionic BPH andK,

is the first acid dissociation constant of BRHUsing the fact
that K5, << [H*] (values ofK,, are estimated on the basis of
literature values to be ca. 18—-1071° M,%-59 while experi-
mental [H] values ranged from ca. 18to 107 M), eq 35
simplifies to eq 36.

H- KaLl

1d[1ed Kep
5 = |Kepn, T W [1][BPH,] (36)

2 dt

This expression reflects the inverse dependendg,ebn [H]
(Figure 3, inset) and is identical to a more general form of the
empirical rate law (eq 29), in whickyps = Kapr, + (KeprKa,)/
[HF].

Independent support for eq 36 (and, by implication, egs 30
34) is provided by comparison of the experimergl/Kegpn,
ratio to literature values for related phenols. The produ&sef-
andK,, is obtained directly from the slope of the plot ks

ionic strength values. Nonetheless, the absence of an increasgersus 1/[H] (inset in Figure 3), whilekgpp, (high [H*] limit;

in Kops @t the larger ionic strength value is consistent with a
rate-limiting bimolecular step involving at least one neutral
reactant (i.e., BPE).53 Although rate-limiting reaction between

BPH and1 would also be consistent with the effective absence

of an ionic strength dependence, the inverse dependencen [H
points to rate-limiting oxidation of BPH(and of its conjugate
base, BPH). In addition, the absence of a kinetic deuterium
isotope effect in the oxidation of nondissociated BR&t pH

(pD) values below ca. 5; see these data below) argues against 57_

rate-limiting proton-coupled electron-transfer oxidation of BPH
to DPQ. An unfavorable change iNG°¢ associated with
formation of the highly energetic cation BRH (i.e., ca.—RT
In K4, whereK, is the acid dissociation constant of BpH5455
is offset by electrostatically favorable interaction between
BPH" and l.g in the successor complex [(BBH),
(SiVIVW110406_)]5_.

Reaction Mechanism.The reaction sequence in eqs-3%
for reaction of BPH with 1 at constant [Li] is consistent with
all the data reported above.

Kal _

BPH, + AcO™ (H,0) +

AcOH (H,0") (30)

rapid pre-equilibrium

K

BPH, -

BPH, + 1——BPH,™ + 1, (31)
_ kBPH7

BPH +1— ~BPH + 1, (32)

fast

BPH, + AcO™ (H,0) — BPH + AcOH (H;0") (33)

fast

BPH,” + 1+ AcO™ (H,0)— DPQ+ 1,4+
AcOH (H,0") (34)

y-intercept in the Figure 3 inset) is 0.02¥s 1. An estimated
value ofKy = 107-10"1° M for BPH;, in 2:3 (v/v) HOft-
BuOH at 60°C was calculated by extrapolation Kf values
reported for closely related phenols in water/alcohol mixtures
at several temperatures (see Tables S1 and®*S¥).The
estimatedK,, value (104-10"1° M) gives kgpp- ~ 10F—107
M~1 s Thus, the reactivity of the BPHmonoanion toward

1 is roughly 13—10° times that of BPH (i.e., kepr/Kepr, =
10°). This value is consistent with report&ghenolatékohenol
ratios0-62

Kinetic Deuterium Isotope Effect. Kinetic deuterium isotope
data ku/kp for oxidation of BPH versus that of BPE) provide
no indication of bond breaking in the rate-limiting elementary
step (eq 31) but, rather, reflect a difference in acid dissociation
constants of BPKHand BPD (eq 30). Comparison of initial
reaction rate data obtained by using BRIHH,O/t-BuOH with
those obtained by using BRI deuterated solvent (@ and
tert-butyl alcohold) gives aky/kp value of 2.0+ 0.3 at pH

(53) The slight decrease ikyps Observed upon an increase in ionic
strength is attributed to a small decrease in the reduction potential upon
changing the electrolyte from LiCl to 2. E1/» values of the two solutions
of 1 are included in Table 2; correlation betwekyas and E1/» values is
elaborated in the Discussion section, below. As is shown there, an increase
in Ey implies a greater degree of association betweendrd 1. This
increased association is reflected in larggg values. At low [LiT] values,

i.e., ca. 6-25 mM [Li*], Ey2 andkeps vValues are both highly sensitive to
small changes in the activities of Li The actual activities of Li, which
apparently differ slightly despite efforts to keémtal Li™ concentrations
identical, depend on several factors, including the relative extents of
electrolyte (LiCl or Lg2) self-association. Thus, at nearly identi¢atal

Li*™ concentrations, slightly greater association betweéerahid?2 (relative

to that between Lfi and CI") would lead to a smaller activity for Liin the

Lig2 solution and, hence, to a slightly lowkgys value.

(54) Thompson, M. S.; Meyer, T.J. Am. Chem. So2982 104, 5070~
5076.

(55) Thompson, M. S.; Meyer, T.J. Am. Chem. So2982 104, 4106~
4115.

(56) England, B. D.; House, D. Al. Chem. Socl962 4421-4423.

(57) Cohen, L. A.; Jones, W. Ml. Am. Chem. Sod.963 85, 3397

Application of a steady-state approximation to the intermediates 3402.

in eqs 36-34 (d[BPH']/dt = d[BPH]/dt = 0) gives the
following derived expression:

1 diLed kBPHz[H+] + Kgpr Ky,
2 d | K, +[H]

[H[BPH,]  (39)

where kgpr, and kgpy- are rate constants for reaction of

(58) Dictionary of Organic Compounds6th ed.; Chapman & Hall:
London, 1996; Vol. 1.

(59) Mohanty, J.; Pal, H.; Sapre, A. Bull. Chem. Soc. Jpri999 72,
2193-2202.

(60) Tee, O. S.; Paventi, M.; Bennett, J. M. Am. Chem. Sod. 989
111, 2233-2240.

(61) Wajon, J. E.; Rosenblatt, D. H.; Burrows, E. Paviron. Sci.
Technol.1982 16, 396-402.

(62) Grimley, E.; Gordon, GJ. Inorg. Nucl. Chenl973 35, 2283~
2392.
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Figure 4. Plot of observed rate constants; (and kp; triangles and
circles, respectively) ankly/ko ratios (squares) versus {H and best

fits to eq 36 (and its equivalent for reaction in deuterated solvent) for
ka andkp values (dashed lines). The ratikulkp) of calculatedky and

ko values is shown by a solid line.

5.45 and pD 5.44. At pH 3.90 and pD 3.90 (measured i®H
or D,O prior to mixing witht-BuOH), however, &u/kp value
of 1.2+ 0.2 is observed.

These data reflect the greater acidity of BFH protiated
solvent relative to that of BPOn deuterated solvel§é.Because
BPD, is a weaker acid (i.e., it possess a largkg value), the
steady-state concentration of BPBemains smaller and kineti-
cally less important at pD (pH) values at which dissociation of
BPH, becomes kinetically significant and kp values are

plotted at the top of Figure 4; the fitted curves were calculated

by using eq 36%* At lower pD (pH) values, however,
concentrations of BPDand BPH are both very small, and
initial rate data converge to a commdg,s value associated
with undissociated BPPand BPH (convergence dfy/kp ratios

J. Am. Chem. Soc., Vol. 123, No. 22, 208301
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Figure 5. Absorbance at 520 nmlgg versus time data (open
diamonds; for clarity, every other point is plotted) for the oxidation of
BPH, by Lis1 and nonlinear least-squares fit of eq 37 (solid likg;
=2.02 x 102M~1s1), sum of standardized square residual.9

x 1073, Reaction conditions: 1] = 1.1 mM, [BPH] =1.9 mM,
[LIOAC] = 1 mM, [HOAc] = 1 mM, [LiCIl] = 10.2 mM, 2:3 (v/v)
H>O/A-BuOH, under Ar at 60C.

second-order rate law in eq 29 (see derivation of eq 37 in
Experimental Section):

(1,
[BPH, ~ °
At—€ [1]0_ [BPH2]0 4 S(BPH _[l]O)t] _1- +A0
[1]0 ex kob [ 2]0 2 2
(37)

Nonlinear regression was then used to fit absorbance versus
time data to eq 37. The sum of standardized square residuals
was minimized by varying the value &f,s The reaction was
carried out under well-behaved conditierisH 4.76 and [BPH

as pH (pD) values decrease is shown at the bottom of Figureless than 3.0 mM so that [BPfand [(BPH),] were both below

4). Thus, successful fitting dfy andkp values calculated by
using eq 36 and convergencelgfkp ratios at lower pH (pD)
values fully account for the difference in rates observed for
oxidations of BPH and BPD. Moreover, convergence of

kinetically significant levels-and followed to over 90% comple-

tion. Excellent fit between experimental and calculated values
(Figure 5) provides additional support for eqs 29 and 36 and
demonstrates that the reaction is well behaved to high percent

ku/kp ratios as pH (pD) values decrease indicates that cleavageconversion values. Moreover, thg,svalue (one-half okgpsin

of the phenolic G-H bond in BPH (H™-coupled electron
transfer, M or H™ transfer) is not kinetically significant. These
data thus provide additional support for a mechanism involving
rate-limiting electron transfer from BRHo 1 (i.e., in eqs 36
34).

Applicability of Rate Law to High Percent Conversion
Values. The results reported in Figures-2 (and in Figures
S1-S3) were obtained by use of initial rate data. However, it

eq 3) obtained by nonlinear regression analysis (Z@05 x
1072 M~1 s closely matches that obtained by use of initial
rate methods and eq 29 under the same reaction conditions (2.10
+0.08x 102M1s),

Il. Electron Transfer to Solvent-Separated 1:1 lon Pairs,
[(M Jr)(SiVW:|_:|_O405_)]4_ (l\/|Jr = Li*, Naf, K+) The data
presented above establish the reaction conditions and concentra-
tions necessary for the selective oxidation of BRionomeric

is often the case that reaction pathways unimportant during theand not dissociated into BPHand H") to DPQ by kinetically

initial phase of a reaction can become kinetically significant at

well defined outer-sphere electron transfelltdrhe extensive

high conversion after reactant concentrations have decreaseefforts needed to obtain this information were undertaken so
well below their initial values. Nonlinear least-squares regression that further kinetic data could be used reliably to establish the
analysis of absorbance versus time data was used to providel:1 stoichiometry of formation of the ion pairs, [(}

further support for eq 29 (at constant i such that eq 29
reduces to rate= kopd 1][BPH2]), and to confirm that the reaction
obeys this relationship to high (9®5%) conversion of BPH

to DPQ. An explicit expression was derived for the reaction
and stoichiometry in eq 1 by integration of the effectively

(63) Lowry, T. H.; Richardson, K. SVlechanism and Theory in Organic
Chemistry 3rd ed.; Harper & Row Publishers: New York, 1987.
(64) The ky curve was generated by fitting data from initial rate

(SIVW1104°7)]4 (MT1, M+ = Li*, Na*, K*), to determine
associated formation constants, and to investigate in detail the
fundamental role of alkali metal cation size on ion pair structure
and on the energy and rate of electron transfer from BeH
M™1 pairs.

Reaction Conditions and Rate Law.To avoid dimerization
of BPH, to (BPH),, the experiments described in this section
were carried out by using BRHoncentrations below 3.0 mM;

measurements obtained at 10 pH values (only three of these are shown inconcentrations of anionic BPHwere limited to kinetically

Figure 4; the others are shown in Figure 3) to eq 36 by varying two
parametersggpr, andkepr-Ka,. This curve ifunctionallyequivalent to that
in Figure 3 (rate versus [H). The kp curve was generated by fitting data

from initial rate measurements obtained at three pD values to a function

identical in form to eq 36 by varyinggpn, andkspxKa,.

insignificant levels by using alkali metal acetate MOAc/HOACc
buffers to maintain solution pH values at 4.76. Under these
conditions, reaction rates obey eq 38, ratk,n 1][BPH_], with

kobs from eq 36 equal to a single terrkgpy,, i.e., the [H]-
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Figure 6. Potential Ey/, of the 1/1,eq couple (1.0 mM THAL) in 2:3
(v/v) HO/t-BUOH at 60°C in the presence of 25200 mM tetran-
hexylammonium nitrate (THAN) electrolyt&;/, values are referenced
to Ag/AgNO; (see Experimental Section).

dependent term in eq 36 is small.

1_ d[lrecil
2 dt

= kgpy,[1][BPH,] (38)

Electron Transfer in the Absence of lon Pairing.A baseline
value forkgpp, in the absence of ion pairing was obtained by
use of an effectively nonassociating quaternary alkylammonium
cation (RNT) as countercation td. An appropriate counter-
cation was chosen from among the series Rthyl, n-propyl,
n-butyl, n-pentyl, n-hexyl. Unlike the Li", Na*, and K" salts
of 1, most of the tetraalkylammonium saltsbbénd1,eq possess
very low solubilities in 2:3 (v/v) HO/t-BuOH, even at 60C.
Of the alkylammonium ions listed here, tetrdiexylammonium
was exceptional in that homogeneous solutionsidifeixyLN™)s1
(THAsL) (obtained from Lil by cation exchange) could be
prepared. It was hoped thadthexyL N is sufficiently large and
hydrophobic that it, effectively, would not form ion pairs with
1 in the low dielectric and substantially hydrophobic solvent
system (the dielectric constant of 2:3 (v/v}®1t-BuOH at 60
°C is estimated from literature data to be 239)f present,
ion pairing betweem-hexyyN* and1 or 1,eg would result in a
positive shift in the potential of th#1,.q couple upon increase
in the concentration afi-hexyl,N-salt electrolyte®® However,
no increase or decrease inBalues of solutions of (1 mM)
were observed when concentrationsidfexylyN*NO;™ (tetra-
n-hexylammonium nitrate, THAN) were varied from 25 to 200
mM (Figure 6)56

Next, initial rate methods were used to measksg., for
reaction of THA1 with BPH,. The reactions were carried out
by using 0.5 mM THAL and 2.0 mM BPH in 2:3 (v/v) H,O/
t-BuOH at 60°C. Prior to addition ot-BuOH, the water used
to prepare the solvent system was acidified to a pH of 4.76 by
addition of tetran-hexylammonium hydroxide and acetic acid
(THAOH and HOAc; 1 mM OAC). Initial rate data were also
used to calculaté,ps values after addition of 50 and 100 mM
THAN. ThekypsVvalue obtained in the absence of added THAN
is the rate constant for oxidation of BRKkgpn, in €q 38) by
effectively nonpairedl. Consistent with minimum pairing
between THA andl, effectively identicalkops values (within

experimental error) are observed after additions of 100 and 200

mM THAN (Figure 7).

(65) Akerlof, G.J. Am. Chem. S0d.932 54, 4125-4139.

(66) The Ag/Agd reference electrode used contained 0.01 M Agisiad
0.1 M THAN in 2:3 (v/v) HO/-BuOH. In this cell, acceptable results (at
least quasi-reversible electrode kinetics and relatively small ligligghid
junction potentials) required electrolyte concentrations of at least 25 mM.
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Figure 7. Plot of initial rate (d[Led/dt) in the presence of 0, 100, and
200 mM THAN, [THAOAc] = [HOAc] = 1 mM, [THAs1] = 0.5 mM,
and of initial rate versus [M (Mt = Li*, Na" and K'); [M*] = [MCI]
+ 5[Ms1] + [MOACc], [MCI] =0.0-0.2 M, [Ms1] = 1.0 mM, [MOACc]
= [HOAc] = 1 mM (2.0 mM BPH in 2:3 (v/v) H,Oft-BuOH at 60
°C).

Observed Dependence of Reaction Rate on [M (M =
Li*, Na*, K*). Initial rate data were then obtained for reactions
of Lisl, Nasl, and Ks1 as a function of added [MCI] (M =
Lit, Na, K*, along with buffers prepared by using LiOAc,
NaOAc, and KOAc, respectively); 2@,smeasurements in all.
For each alkali metal cation, M(Li*, Na*, or K*), kopsvalues
increase with an increase in [iY(Figure 7). Becausk,,svalues
are insensitive to changes in ionic strength (Table 2 and plot of
initial rate versus [THAN] in Figure 7), changes kg values
as a function of [M] are associated with ion pair formation
between M and the 5- anionl. The challenge presented by
these data, however, is to differentiate between contributions
to the ordering irkopsvalues (Li" < Na™ < K™) attributable to
ion pair stoichiometries, t&p values, and to the structures and
electronic properties of specific ion pairs.

Specific Functional Dependence df,,son [MT]. At infinite
dilution, dissolved POM salts exist as fully dissociated coun-
tercations, M, and POM anions. At finite [M] values, ion
pairing occurs. On the basis of electrostatic argun¥érfisand
numerous documented repotfs®72 ion pairing occurs se-
guentially, withKp for formation of the 1:1 pair in eq 3K{1)
larger thanKp values for the formation of higher order, i.e.,
2:1, 3:1, etc., ion pairs.

.K_M1_M+1

MT+1 (39)
where the equilibrium concentration of Ml is given by the
mass balance expressidfy; = [M*1)/([M T][1]). Expansion
of eq 38 to include rate constants associated with unpdired
(k1) and with 1:1 M1 pairs 1) gives

10lted _
2 dt

ky[L1[BPH,] + ky;[M "1][BPH,]  (40)

Use ofKuyi[M][1] = [M*1] and rearranging (see Experimental
Section) gives

(67) Fuoss, R. MJ. Am. Chem. S0d.957, 79, 3301-3303.

(68) Fuoss, R. M.; Kraus, C. Al. Am. Chem. Sod 957, 79, 3304
3310.

(69) Fuoss, R. MJ. Am. Chem. S0d.958 80, 5059-5061.

(70) Lindmark, A. F.Inorg. Chem.1992 31, 3507-3513.

(71) Andreu, R.; Calvente, J. J.; Fawcett, W. R.; Molero, MPhys.
Chem.1997 101, 2884-2894.

(72) Capewell, S. G.; Hefter, G. T.; May, P. Nlalanta1999 49, 25—
30.
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1 d[Led _ Ky + kyiKua[M +]VM
Z 1+ KyyM +]VM

[U[BPH,]  (41)

The complex rate constant in eq 41 is a rectangular hyperbolic
function equal tdk; at the low [M*] limit, and which asymp-
totically approacheky as [M*] increases to large valuég’*

The solid curves in Figure 7 were calculated by simultaneous
nonlinear least-squares fitting of all the alkali metal cation data
(20 kops values) to the complex rate constant in eq 41, with the
stipulation that all three curves converge to a sirglealue.
Convergence to a singleps value (k) at infinite dilution is
implicit to derivation of eq 41. At the same time, the three curves
(one for each of the cations, 1iNa"™ and K") each provide
Unique values fOle and Km1, i.e., kLiL kNal: kKl, Kii1, Knat,
and Kk1.

The rate constant in eq 41 is formally a function of activities
of all species present. However, the changes in activities of
and BPH, whose initial concentrations are small and constant
in all experiments, are much less significant than changes in
the activities of the alkali metal cations, whose concentrations
vary from 5 to over 200 mM (concentrations based on grams
of salts MCI present per liter of solution). To minimize the
number of adjustable parameters so thataningful k, ku1, and
Km1 values could be calculated by nonlinear least-squares
regression of the kinetic data, the single most significant activity
coefficient,yy (for M*), was retained®40.7

lon Pair Stoichiometry. Three lines of evidence establish
the stoichiometry in eq 39: (1) agreement betwkggvalues
and the complex rate constant in eq 41 over a statistically
meaningful range of [M] values’® (2) convergence of all three
curves (for Lif, Na*, and K") to a single low [M] limit k;
value; and (3) near identity between the calculateki value
and thekyps value determined by using THA

Calculation of Ky1 and kwi. Having established the stoi-
chiometry in eq 39, nonlinear least-squares fitting of the alkali
metal cation data in Figure 7 provides reliable valueXgi
andky, respectively associated with the formation and reactivity
of the 1:1 alkali metal cation, POM anion pairs; M Calculated
values forKy 1 increase in the ordé€ i, = 21 4+ 10, Kya = 54
+ 10, andKk; = 65+ 6 M~ (uncertainties are 95% confidence
intervals determined by statistical analysis of the nonlinear least-

(73) Connors, K. ABinding Constants: The Measurement of Molecular
Complex StabilityJohn Wiley & Sons: New York, 1987; pp 5%9 and
Appendix A, pp 373-384.

(74) Blackbourn, R. L.; Hupp, J. Them. Phys. Lettl988 150, 399-
405.

(75) [M*] values shown in Figure 7, and used to fit the data to eq 41,
are the sum of [M] from analytical (initially added) concentrations of MClI,
POM countercations, and buffer. However, ion pairing betweenavid
ClI~ is also possible. The association constant for the formation oM
ion pairs,Kyci, could be explicitly included in eq 41 by substituting [MCI]/
Kwmci[CI7] for [M *]. At the same time, ion pairing of the added 1:1 alkali
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Figure 8. Plot of Ei versus [M] (M = Lit, Nat, and K"); [M*1] =
[MCI] + 5[Ms1] + [MOACc], [MCI] = 0.0-0.2 M, [Ms1] = 1.0 mM,
[MOAc] = 1 mM, [HOAc] = 1 mM, 60 °C, Ey, versus Ag/AgCI
electrode. (Solid curves are from nonlinear least-squares fitting of the
data to eq 42.)

squares regression data). TKg; values increase as the size
of the crystallographic radii of the cations become larger.
Although electrostatic arguments dictate tKgh values should
decreasas the radii of the pairing ions become larger (see refs
84—85, below), the ordering oKy1 values reported here
(discussed in detail below) is consistent with the formation of
solvent-separated ion pairs (independent data in support of
solvent-separated ion pairs is provided y NMR, below).

As the crystallographic radii of the alkali metal cations increase,
their charge densities decrease. Accordingly, the radii of the
solvated cations decrease fronTlto Na" to K*.21.22.78.79ore
significantly, now that ion pair stoichiometry ard,, values
have been quantified, the rectangular hyperbolic functional
dependence df,,s values on [M] makes it possible to assign
unique rate constantiy, to the three M1 pairs. These increase

in the orderk.i; = 0.065,kna = 0.137, andkc; = 0.225 M!

s 1. The acquisition of rate constants for specific 1:1 ion pairs
is an indispensable prerequisite to assessing the energetic and
structural role of alkali metal cation size in electron transfer.
These issues are now addressed by combined use of cyclic
voltammetry,’Li NMR, and chronoamperommetry.

Energy of Electron Transfer to Solutions of 1:1 M*1 Pairs.
Cyclic voltammetry was used to measure the dependence of
the reduction potential€f,, values) of solutions ot (1 mM)
upon addition of alkali metal salts, MCI, M= Li*, Na*, and
K™*, under conditions identical to those used to obtainkie
data in Figure 7. For each catidf,, values for 1€ reduction
of V(V) in 1to V(IV) (reduction of1 to 1,9 increased with
[M*] (Figure 8; 22E;, values).

A fundamental distinction must be drawn between the kinetic
data in Figure 7 and the thermodynamic data in Figure 8. As

metal halide salts is but one of several phenomena that contribute to valueseStablished above (Results and Discussion, part ), the rate of

of ym and is one reasopy is retained in eq 41. Values for the activity
coefficient,ym, were calculated by using the extended Debléickel law
with a linear empirical correction term: log. = —AZ[uY%(1 + Bau'/?)]

+ bu, wherey;, is the activity coefficient of a single ion of charge A
(1.825 x 10°(eT) 32 mol~Y/2 L2 K32) and B (50.29¢T)"Y2 A~1 mol~1/2
LY2 K1¥2) are constants (ref 40, pp 23@31) that change with the
temperature and dielectric constant of the solvent,aaaddb are adjustable
parameters. Values @ andB used to calculate the solid curves in Figure
7 wereA = 2,55 mot?2 |12 K32 agnd B = 0.563 A1 mol~V/2 L12 K172,
Values fora are approximated here by use of standard values (ref 39, p
47) commonly assigned to £j Na*, and K" in water, andb was set equal
to zero.

(76) Statistically meaningful support for the 1:1 stoichiometry in eq 39
requires measurement &f,s values and agreement with the rectangular
hyperbolic function (rate constant in eq 41) from 20 to 80% of complete
saturation: (a) Deranleau, D. A. Am. Chem. Sod.969 91, 4044. (b)
Deranleau, D. AJ. Am. Chem. S0d.969 91, 4050.

oxidation of BPH by 1 is independent ofleq. As a result,

(77) In the effective absence of ion pairingkgs value of (3.4+ 0.7)
x 1073 M~1s 1 (measured by using THA and THAN, as described above,
Figure 7) was obtained. The two systems (THA and alkali metal cations)
differ in experimentally significant ways from one another: (1) the THA
system uses a THA acetate buffer whose degree of self-association in the
2:3 waterf-BuOH solvent system differs from that of the alkali metal acetate
buffers; (2) the extent and possible effect of interaction between THA and
BPH, has not been quantified; and (3) in the effective absence of ion pairing
between THA and. or 1,4 the potential of théd/1,eq4 couple is sufficiently
negative that rapid back-reaction betweéps and BPH't prior to
irreversible fragmentation of the successor complex, [BPHL.4 cannot
be excluded.

(78) Stern, K. H.; Amis, E. SChem. Re. 1959 59, 1-64.

(79) Sorensen, T. S.; Sloth, P.; Shroder, Mtta Chim. Scand1984
A38 735-756.
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Scheme 1 to a single valueEy, = Ej2°, as [M'] approaches zero. The
Koy excellent fit (solid curves in Figure 8) provides independent
aSiVYW, 04" —_— [(MOYe-SiVVW, 05 support for theKy; values calculated from the kinetic data in
M Mt o) Figure 7. Calculate,., values are as follow: for M= Li™,
130+ 30 M™% for Nat, 570+ 120 M~%; and for K, 2000+
300 M~ (uncertainties are 95% confidence intervals determined
1 e “ e by statistical analysis of the nonlinear least-squares regression
- - data).
The formation constant&y; increase with size (crystal-
o . Krea R s, lographic radii) of the M ions. According to the EigenFuoss
a-SiVIW 11049 = [M)@SiV Wi,0,7)] modeP485 for tight association between hard spheres (contact
(Lpea) M M1, ion pairs) in an unstructured dielectric continuulg, values

possess an inverse exponential dependence on the distance,
(actually a® ed), between the centers of the two paired ions.
Accordingly, the increase iiiy; values from Li to K™ suggests
thatd values decrease as the crystallographic radii of the cations
become larger. To the extent that the straightforward electrostatic
arguments used to derive the Eigdfuoss model apply, the
increase inKy; values suggests the formation of solvent-
separated ion pairs within which the solvated radii of the cations
decrease from Li to K*.8 Upon reduction ofl to 1.,
formation constants increase by factok§.(,./Km1) of ca. 6
for Li™, 11 for Na", and 31 for K. Again consistent with the
effect of Coulombic attraction between ions in solvent-separated
pairs, the increase i values, as the charge produziz,
increases from 5 to 6—, is greater for the more tightly
associated ion pairs of the less highly solvated cations.
Solvent-Separated lon Pairslon pairing between Li and
1 was demonstrated by the functional dependencidiMR
chemical shift values on the total concentration ofll{Figure
9a). Evidence that these pairs are solvent separated was then
provided by the small value of the molar paramagnetic contact
shift (d¢) in “Li NMR spectra paramagnetic solutions of e
reduced Lilieq (Figure 9b)37.88
Eight solutions of L1, varying in concentration from 0.3 to
15 mMin1 (1.5-75 mM Li") were prepared in 2:3 (v/v) $D/
t-BuOH and heated to 60.0C in the NMR probe. Exchange
between free Lfi ions and those paired fois sufficiently rapid
on the NMR time scale that a singlei NMR signal is observed
(rapid exchange limit). The chemical shift of this signal moves
downfield as the fraction of L paired tol gradually increases
" with [Lis1]. The data in Figure 9a are consistent with effectively

the formation constanKp, for pairing between M andl,eqis
neither directly relevant to, nor available frokys data. The
situation is very different when measuring the reduction
potentials of solutions ol in the presence of M Here, the
standard Gibbs free energy of formatiohG:°) values of all
reactants and products of electron transfer from the electrode
to solution contribute to the value of thH#1.eq couple?®80
Species that must now be considered incltdend M"1, 1eq
and M"1,f%¢ (Scheme 1; following conventionkp for
formation of M1 is labeledKoy, while Kip for formation of
M 1eq is labeledKeg).

Accordingly, the Nernstian expression describing the de-
pendence ok, on [M*] includes bothKyy and K398t

1+ KretIM +]'VM
1+ KodM Ty

RT, [Vox
— In|—| (42
nF Yred ( )

RT
Eyp=Eyp’ nE n

In the absence of absolute values Kqgq or Ko, €9 42 can, at
best, provide information aboledKoyx ratios. Notably, how-
ever, theKy; values calculated by using the data in Figure 7
and eq 41 (i.e., 21, 54, and 65 respectively, foKyi1, Knat,
andKg1) correspond to th&,x values in Scheme 1 and eq 42.
Thus, combination of the kinetidd,9 data in Figure 7 with
the thermodynamicH;,) data in Figure 8 provides access to
information KeqVvalues) not readily obtained by either approach
alone.

KreqValues associated with the three alkali metal cations, i.e.
Klites KNater and Kki., Were calculated by simultaneous
nonlinear least-squares fitting of all the data in Figure 8 to eq  (83) The extended DebyeHuckel law with a linear empirical correction
42. The result is shown by the solid curves in Figure 8. To term was used. The same valuesfoB anda (for Li*, Na*, and K') as
minimize the number of adjustable parameters, only the most those listed above in ref 39 (p 47) were used as well, whileas now

. L . . . #ad 42 ¢ allowed to vary. Values of used as starting points (prior to nonlinear
essential activity coefficients, i.e., those inclutred eq 2 {m, regression) to calculatg.,, and y.eq Were averages of published effective
Yox, @ndyred), were used. Moreover, the same Deby#ickel hydrodynamic radii ofL, a 5 anion, and of AIVW10.5°~, a 6 anion,
parameters used (o calculalg n eq 41 were also used here . SHanc Jor e ST e e o BONETL og

83 ; ure, i i u . Final valu
tO_ CalCUIateyM’ 7/_°X' andyfed’ The CalCUIat!on \_Nas performed (after nonlinear fitting) were in _asimilar range: 4.66 A foin calculating
with the stipulation that the three curves in Figure 8 converge y,, and 6.16 A fora in calculatingyec.
(84)K = (47NcP/3000) expt-Ug/RT), whereU = z12:2{Dgd(1 +

(80) (a) Lexa, D.; Rentien, P.; Saast, J.-M.; Xu, F.J. Electroanal.
Chem.1985 191, 253-279. (b) Way, D. M.; Cooper, J. B.; Sadek, M.;
Vu, T.; Mahon, P. J.; Bond, A. M.; Brownlee, R. T. C.; Wedd, A.IGorg.
Chem1997, 36, 4227-4233. (c) Way, D. M.; Bond, A. M.; Wedd, A. G.
Inorg. Chem1997, 36, 2826-2833. (d) Prenzler, P. D.; Boskovic, C.; Bond,
A. M.; Wedd, A. G.Anal. Chem1999 71, 3133-3139. (e) Bond, A. M,;
Vu, T.; Wedd, A. G.J. Electroanal. Chem200Q 494, 96-104.

2d); x = (87NEu/100DRT)Y2 (from ref 85).

(85) Billing, R.; Rehorek, D.; Henning, H. IRPhotoinduced Electron
Transfer in lon PairsMattay, J., Ed.; Springer-Verlag: Berlin, 1990; Vol.
158.

(86) The Eiger-Fuoss model givek j; = 230 M1 (ad value of 8.3 A
for 1 mM Lis1in 202 mM LiCl, u = 2.17 x 10~ mol/cn¥, was estimated
by using effective hydrodynamic radii of the ion pairs;, published in ref

(81) In previous work (ref 21), a rectangular hyperbolic function was 21, and takingd = res). Analogous calculations giviéng = 482 M1 (d
used to model the dependenceEaf, on Kyi[M*]. While not rigorously = 7.7 Afor 1 mM Nal in 110 mM NaClu = 1.25 x 10~4 mol/cn?) and
correct, the rectangular hyperbolic function served as a practically useful Kx; = 2145 M1 (d = 6.8 A for 1 mM Ks1 in 85 mM KCI, u = 1.00 x
and internally consistent method for establishing ion pair stoichiometry. 10~4 mol/cnP). Concentrations of added M(Li*, Na" and K") were
Equation 42, however, not only is more rigorously correct, but also provides estimated, on the basis @fxperimental I values, to give solutions
values for botrKy1 andKwuz,., containing 93% 1:1 paired M.

(82) The coefficienyw is associated with [M], a quantity that is varied
over a wide range of valueg,x and yrq are experimentally significant
and, from a purely mathematical perspecthg; values possess a significant
functional dependence oRT/F) In(yox/Yred-

(87) Screttas, C. G.; Heropoulos, G. A.; Steele, B. R.; Bethel\iagn.
Reson. Chenml998 36, 656—662.

(88) Micha-Screttas, M.; Heropoulos, G. A.; Steele, BJRChem. Soc.,
Perkin Trans. 21999 1999 1443-1446.
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0.292 In the present case, therefore, boghk andd. must be evaluated
a as molar values (ppm M).88 From the data in Figure 9 §ps
0.29 = 3.62 ppm M), values ofdpyk = 4.72 andd. = —0.55 ppm

M~1 are obtained (333 K ang = 1/, i.e., one unpaired
electron)®” An absence or only a very small contributiondgf
to dops SUggests that the paired ions (whose formation is shown
in Figure 9a) are substantially electronically insulated from one
another by solvent and, hence, likely exist in solution as solvent-
separated ion paifs.
0.282 Relative Sizes of the Solvent-Separated lon Pairs, ™
(M* = Li*, Nat, KT). Relative molecular volumes of the 1:1
0.28 pairs were compared affectve hydrodynamic radii. These radii
0 0.005 0.0t 0.015 0.02 were estimated by using the StokeSinstein equation:D =
[Lig1] (M) kT/6xyr (D is the diffusion coefficient of a sphere of radius
in a solvent of viscosity).89-91 The viscosity of 2:3 (v/v) HO/
t-BUOH at 60°C was measured by using a capillary viscometer.
Concentrations of Ui, Na", and K" required to prepare
027 1 solutions containing 93% 1:1 paired and 7% unpaitesere
determined by mass balance ([liJ/[ 1] = Ku1[M *]) using the
0.26 1 Kwm1 values listed in Table 3 (below). (LiCl (202 mM), NaCl
(110 mM), and KCI (85 mM), respectively, were added to 1.0
mM solutions of L1, Nasl, and Ks1.) Diffusion coefficients,
0-25 1 D, of the three 1:1 ion pairs, i, Na"1, and K1, were then
determined by single-potential step chronoamperomniétry.
‘ While theabsolutevalues of radii assigned to t1, Na1, and
0 0.005 0.01 K*1 must be regarded as approximate, Stekeisstein provides
[Lig1rea] (M) an internally consistent means for comparing the relative

_ ] _ ) _ ) molecular volumes associated with specific diffusion coefficient,
Figure 9. (a) Chemical shift of théLi NMR signal (relative to 1.0 M D. value2.93

LiClin D0) as the concentration of4l is increased from 0.3 to 15 In pure water as solvent, the diffusion coefficients of solutions
mM (1.5-75 mM Li*) in 2:3 (v/v) HO/f-BuOH at 60°C. A digital p '

resolution of 0.061 Hz (0.0004 ppm) was used to accurately measurepf 1,(MCI concentrations correspondlrjg to the plateau regions
the relatively small changes in chemical shift values. Solid curve: N Figure 7) are the same for added LiCl, NaCl, or KCl and all
nonlinear least-squares fit to eq 28 (see Experimental Sectignr; give the same Stoke<instein radius, 5.6t 0.2 A, as that
0.287 ppm,d; = 0.336 ppm K1 = 65 + 35 M1 (95% confidence reported for the unpaired Keggin ions in water (i.e., 5.6 A for
interval). (b) Chemical shift of théLi NMR signal as the concentration ~ PW;,04¢3~ and for SiV,04¢*7).24 In 2:3 (v/v) HO/t-BuOH at
of Lislredis increased from 0.5 to 10 mM in 2:3 (v/v),8/t-BUOH at 60 °C, however, 1:1 ion pairing occurs. Now, the diffusion
60 °C. The slope £doss M~?) is 3.62 ppm M* (R? = 0.998). coefficients and effective Stokeg&instein radiidecreases the

) . L . crystallographic radii of the alkali metal cations become larger
no ion pairing at the low concentration limit (1.5 mM‘Land (Table 3, below). Crystallographic (Shannon and Prewitt) radii
0.3 mM 1) and the formation of 1:1 ion pairs, 11, as [Lis]] of hexacoordinate L, Na*, and K" ions increase, respectively,
increases. At each [1], the chemical shift of théLi NMR from 0.90 to 1.16 to 1.52 A8 However, the solvated radii of
signal is a weighted mean of contributions from unpaired and {hase ions decrease with charge densdy, in the same
paired Li* ions. A nonlinear least-squares fit of the data to a 4e789697Thys the volumes of the solvated’cations, and hence
model expressing the change in chemical shift for the 1:1 yh¢ effective hydrodynamic radii of the solvent-separated 1:1
association reaction in €q 39 as a function of thell{see eq 5y pairs decreaseas the radii of the “naked” alkali metal
28, Experimental Section) gives a formation constafyt( cations become larger.
value) of 654 35 M~ (uncertainty is a statistically determined Role of Alkali Metal Cation Size in the Energy and Rate
95% confidence interval). Despite the very small range of of Electron Transfer to Solvent-Separated lon Pairs, M1
values, theKyj; value calculated from these data is nonetheless (M* = Li+, Na*, K*). The outer-sphere electron-transfer
within statistical uncertainty of that obtained independently from ’ ' '
Kobs data (i.e., 214 10). (89) Hydrodynamic (StokesEinstein) radii of Keggin anions estimated

Once it was demonstrated that the NMR technique gave from diffusion coefficient data match those obtained by velocity ultra-
a reasonable value fdf.i;, spectra of paramagnetic solutions centrifugation and from viscosity and density data (refs 90 and 91).

. - 90) Baker, M. C.; Lyons, P. A.; Singer, S.J.Am. Chem. Sod.95
of the 1e-reduced complex, kleq Were obtained (Figure 9b). 77'(20)11_2012_ Y g 3

0.288

0.286

3 (ppm)

0.284

0.28

8 (ppm)

0.24

The chemical shift of th€/Li NMR signal (Oong increases (91) Kurucsev, T.; Sargeson, A. M.; West, B. O.Phys. Cheml1957,
linearly with the concentration of paramagneticlis The 61, 1567-1569. . .

. . . . S (92) The StokesEinstein equation has been used successfully to provide
Obse.rveq chemical shift vaIEFe|§ a linear Comb'naﬂon of meaningful “average” radii when applied to nonspherical (but similarly
contributions from bulk susceptibilitydf,k, a concentration- shaped) ions (ref 93).

dependent result of macroscopic interactions) and contact shift, (93) Edward, J. TJ. Chem. Educl97Q 47, 261-70.

; ; ; ; (94) Pope, M. T.; Varga, G. M., Jmorg. Chem1966 5, 1249-1254.
ggnttg?t(grésefl(f[\c;;ninslpls_densny transfer from a paramagnetic (95) Shannon, R. D.; Prewitt, C. Acta Crystallogr.1969 B25 925
.g., red): 46

0

(96) The radii of hydrated L', Na*, and K" ions in water decrease from
= Oy T 20 (43) ca. 3.40 to 2.76 to 2.32 A as the waters of hydration decrease from ca.
u ¢ 25.3 to 16.6 to 10.5 (ref 97).
(97) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistryith
In the case of rapid exchangk,is also concentration dependent. ed.; Wiley: New York, 1980; p 255.

obs
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Table 3. Formation and Solution Properties of 1:1 Scheme 2
Solvent-Separated lon PéifgM *)(SiVYW1,040)]*~ (MT1) and BPH. 2+ M* 4 1
[(M +)(SiVIVW1104o)]57 (M+1red) 2+ +

cation, T eff, Km1 Km1 Eip KM1,g
MEA M) Mtsh)  mve M) =
Li* 83+04 21410 00650013 327 13030
Na- 7.7£02 54+10 0137+0011 338 570 120 . fun > It > fia
K* 68+03 65-6 0225-0010 362 200G 300 BPHe + ML = 1 <

aH,0/t-BUOH (2:3, v/v) at 60C. ® 93% 1:1 paired and 7% unpaired
1 by addition of LiCl (202 mM), NaCl (110 mM), and KCI (85 mM),

respectively, to 1.0 mM solutions of 41, Nas1, andKs1. ¢ Data from Jr 4 and
rapid an

Figure 8 at 202 mM LiCl, 110 mM NaCl, and 85 mM KCI versus ! !
irreversible

Kre .

Ag/AgCI (3 M NaCl). [BPH, M)(1)] = [BPH,, (M) ————=
kre

reaction of BPH with 1 includes ion pairing, local ordering of ' U

solvent molecules, and steric and orientational constraints. These
phenomena are not accounted for in the simplifying assumptions

used to calculate key parameters in theoretical models, such as, sected on the basis of Coulombic arquments. These trends
that of Marcus, that relate standard free energies of reaction, Xxp ' u ; gu i

AG®, to rates of electron transfeke -7 In Marcus theory, alone would account for the well-known observation that

the rate of electron transfer is a function of the energy associatedmfec'['ver?eSS n jc’pec'f'c cation catalysis Increases with alkall
with the formation of donoracceptor precursor complexes (a metal cat|on_3|ze._ at equal ™ va|+ues, a+|arger fraction of_the
Coulombic work termW) and the reorganization energy, a_(:feptor anions is paired when*M= K™ than when M =
associated with subsequent changes in bond lengths and angle . . . .
(of solvent and reactants) that lead to the transition state for At the same time, however, we are now in a position to
electron transfer. In applications of this theory to the ideal case compare th_e relz_mve rates .Of o_><|dat|on (.)f a common substrate
of electron transfer between spherical molecules in an unstruc-by well-defined ion pairs differing only in the nature ofM

red delectrc coninuum,te Colombic vork (e and |1 42 SrSirtiy, 255008 1 <00l o PAY e
the outer-sphere (solvent) reorganization enekgy, can both 9 ) yrep P

be calculated. While the inner-sphere reorganization enésgy, kinetic data to the hypothetical case in which all the anidns,

is less readily calculated, it can often be determined experi- present in sqlunon ex_lsthas 1d:1 pzﬂrs W'th:MThe_SE rate
mentally from reaction rate (self-exchange and cross reaction) ConStaEtSle' mcrelasimt € ordét;; = 0.065< kyg = 0.137
data. In the reaction of with BPH,, however, the reactants = ke " 0.225 M s M(oeanw_hlle, the reoductlon_ potentials
are not only nonspherical, but are sterically hindered (BPH of solutions containing 93% paired and 7% unpaitefisted

) . ) o .
and must be oriented so that local donor and acceptor sites ar ncﬁiﬂi 31) I?ﬁéizsti?rgf)?nr::lrlrll){cﬂ\?gagg :Ecl lﬁjsestr:]gr\:\tlrr:blz tions
proximal to one another. In addition, changes in nuclear ’ y

. ) : ; : from energies associated with the formation of Mpairs, with
coordinates (both £ and Za), associated with the paired electron transfer itself (i.e., with reduction of V(V) ih to

cation and its solvation sphere must be considered, and there isv ; . .
: : o : . (1V)), and with the concurrent formation of Mg pairs. As
no readily applicable quantitative model for doing this. Related the size of M increases, the effective hydrodynamic radii of

to this general problem is the fact that, even in stoichiometrically ) : S .
well characterized systems such as ours, the precise location Oltek;:c%r.c}sgilc E?Irjngﬁ?slergzjggféﬁﬁir:z ::ﬁ:ile?nngg?ebiﬁzlri;t];
the paired cation within the doneacceptor precursor complex . static arg ’ )

ion pairs is expected to be more energetically favorable.

is extraordinarily difficult to determine. As a result of these Moreover. analvsis of electrochemical data reveals that. s M
uncertainties, no comprehensive model describing the role of . ' Y ’

the alkali metal cations in electron transfer to ion pairs such as INCreases in SIZEKwm1,eq values_ mcrease_dramatlcally. These
M+1 is available increases ikm1,, Values reflect increases in the energy A&’

The absence of such a motfels due, in some part, to the —RTIn Ky, associated with the formation of the™leg
difficulty encountered in efforts to determine the structure and pairs. Thus, as Mincreases in size, the energy associated with

physicochemical properties of specific ion pairs and to correlate 'f?:ep:r;:;cé;m;“rzgénﬂzkm?éf Ia[?ﬁésceoinr:grbelg's%ns t|cr)1 tiZﬁ ;:Eﬂgrd
these properties with reaction rate data. This problem is directly energy are very likely re]zlxt;.cted in the relative energies of
addressed by the data summarized in Table 3, which eStab“Shreductions of M1 pairs to M Lgin the activated complex (i.e
fundamental relationships between the physicochemical proper-, he el 1L pairs & ’E" 1] — [BPH. IVFI)+1 n
ties of solvent-separated™M pairs and rates of electron transfer. N th €e e;:trczlf\r:c trans;'slons_[ RiM é [ dt TZVL d “?d]’

In Scheme 2, these relationships and properties are associateglchrrgr? tr;.nsfel:s,cgr?triblftﬁ;ass%gje (ggﬁem% Z)rngSl(J)lginagte d
with the key speciesM™1 pairs, as well as transient precursor with ion pairing, itself (proportionaflt 10~ RT In(Kyt,_/Knrr)
?Eg S; ccedssor cofmp;lexepertinen;[ tof asseBs,;iEr;)glthAe\ err:ergy increase with cation size. Usingwi,., and Ku1 vamlées f?/lolm

°ep and rate of electron transfer from . As the - ; S lre o

crystallographic radii of the alkali metal cations increase from T‘T"b'e 3’. con'Fr|b}Jt|ons of ion palrlng.energyms o |Ecrease
0.90 A for Lit, 1.16 A for Na', to 1.52 A for K*, the effective with cation size: —RT In(Kuy,/Kua) (in keal mol™) = —1.2

it = — +
hydrodynamic radii of the solvent-separatedMpairsdecrease forULr: dcynub%ésdlfortkll\tlaa;’hggdeszifiI)?\r P;i}in enerav realized unon
from 8.3 A for Li*1, 7.7 A for Na'1, to 6.8 A for K*1. This A 9 pairing energy P

e o . . reductions of M1 to M*1,ginclude changes in solvation energy
trend in ion pair size parallels the decrease in the radii of the . - . 4
) - .~ ._ .~ as well as changes in potential energy that are primarily
solvated M ions. Moreover, the decrease in ion pair size is

. : : ; electrostatic in origin. Furthermore, both of these energetic
reflected by anincreasein formation constantsiys, as is contributions tAAG®¢; involve changes in the relative positions

(98) Piotrowiak, PInorg. Chim. Actal994 225 269-274. of solvent molecules and ions. In addition, the precise effect of

I Kitred < Knatred < Kmtred
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changes imM\G°¢;on the rate of electron transfer requires detailed pairs, M1, that possess larger electron affinitiegr] and
information about these changes in nuclear coordinates (i.e.,suggest that, upon reduction oflto M 1,.qin the activated
the reorgnization energies, associated with local changes in complex, increases in ion pairing energy make increasingly
solvent structure and ion position). Ready assessment of sucHarger contributions taAG°e.

A values is beyond the current level of theory. Nonetheless, for
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