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The application of Marcus theory to understanding bimolecular 
excited-state quenching has been pursued vigorously, especially 
for electron-transfer reactions.1_4 Most studies involve the analysis 
of the driving-force dependence of the quenching rate constant 
among a series of homologous quenchers using the expression 

RT \n kQ' = RTIn kQ'(0) - AG/2 - AG2/4\ (1) 

where ktf is the quenching rate constant corrected for diffusion, 
X is the reorganizational energy, and AG is the free energy of the 
excited-state reaction.1 The quantity ICQ'(0) is defined as 

V ( ° ) - (*H*22)1/2 (2) 
where ^11 and k^ are the self-exchange rate constants for the 
quencher and the excited state, respectively. In general, members 
of a homologous series of quenchers will have similar fcn's that 
are usually fast (~109 M-1S"1),1,2 suggesting a small intrinsic barrier 
to quenching. The applicability of eq 1 to excited-state quenching 
in a homologous series suggests that eq 3 should describe any 
general excited-state quenching reaction, 

Scheme I 

ReO2(Py)4
+' + H+ - ^ * 

KQ — (^n^22^eq) 
1/2 (3) 

where K^ is the equilibrium constant for the excited-state 
reaction.4 To our knowledge the applicability of eq 3 in cases 
where ku is slow and significantly different between quenchers 
has not been demonstrated for excited-state reactions. 

Application of Marcus theory to excited-state proton transfer 
reactions is difficult in organic systems, such as styrenes, because 
excited-state distortions lead to values for a (=dAG'/dAG) that 
are significantly less than 0.5 at AG = 0, which must be the case 
for eq 1 to apply.5,6 We have been studying excited-state proton-
transfer reactions of the fra«j-dioxorhenium(V) complex 
ReC>2(py)4+ in acetonitrile solution.7 We expected this complex 
to exhibit smaller excited-state distortions than related organic 
species and, hence, more symmetrical proton transfers. The long-
lived (d;,,,)2 -»• (dx>,)

1(d„,>,r)
1 excited state is efficiently quenched 

by proton transfer from water and other proton donors with a 
large deuterium isotope effect.7'8 The collective evidence points 
to the quenching mechanism shown in Scheme 1, where the 
transfer of a proton to ReO2(Py^+* (ICQ) leads to the formation 
of a very short-lived excited state, ReO(OH)(py)4

2+*.9 The 
protonated excited state decays to the ground state before an 
excited-state acid-base equilibrium can be established, and proton 
transfer therefore leads directly to excited-state deactivation. 
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Two factors complicate study of excited-state proton-transfer 
quenching relative to study of related electron-transfer reac
tions: the existence of hydrogen-bonded intermediates and a 
greater variability of self-exchange rate constants for potential 
acid quenchers.6'1''12 For example, the driving force dependence 
reported previously of the quenching OfReO2(Py)4

+* by common 
oxygen and nitrogen acids is suggestive of the behavior predicted 
by eq 1, but analysis using eq 1 has been hampered by concerns 
over hydrogen bonding of the acid to the ground state of 
ReO2(Py)4

+ prior to excitation.7 In fact, quenching by 2,6-di-
rerf-butylpyridinium, which is sterically prohibited from forming 
a hydrogen bond, is an order of magnitude slower (&Q = 1.8 X 
108 M-1 s"1) than quenching by hydrogen-bonding acids with 
similar pAVs,7 indicating that hydrogen-bonded species can indeed 
mediate the proton transfer. Carbon acids are less likely to form 
hydrogen bonds; however, proton-transfer reactions of carbon 
acids proceed through large intrinsic barriers,6'13 and these 
quenchers consequently exhibit slow self-exchange rate constants. 
As a result, ICQ for nitroethane is 4.9 X 104 M-1 s-1,14 which is 4 
orders of magnitude slower than than those for nitrogen or oxygen 
acids of similar pATa that exhibit fast self-exchange.7 

The observation of slow quenching with nitroethane suggests 
that eq 3 may describe ICQ for excited-state proton transfer by 
quenchers of known k\\. In order to confirm this dependence, a 
family of quenchers must be chosen with pK^s and ku's that are 
known in acetonitrile. To simplify the analysis, these quenchers 
should not form hydrogen bonds to theoxo groups of Re02(py)4+. 
The kinetic and thermodynamic acidities of the metal hydrides 
CpM(CO)3H (M = Cr, Mo, W; Cp = C5H5) have been thoroughly 
characterized in acetonitrile,10'11 and proton-transfer reactions 
of these complexes do not proceed through hydrogen-bonded 
intermediates.15 Recent studies have shown that the kinetics of 
proton transfer between hydrides and anions of these complexes 
are described by eq 3.9 Because of extensive electronic reorga
nization of the M-H functionality upon deprotonation, intrinsic 
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barriers to proton transfer are large (9-14 kcal/mol) and fcn's 
are consequently slow. 

AU three metal-hydride complexes quench the emission of 
ReO2(Py)4

+* following Stern-Volmer kinetics (fcQ(Cr) = 5.5 X 
108 M"1 s-1, A:Q(MO) = 8.9 X 107 M-1 s"1, JfcQ(W) = 5.2 X 106 M"1 

s-i)i6 w e do not know the precise pA7a of ReO(OH)(py)4
+* or 

the self-exchange rate constant for excited-state proton transfer, 
so we cannot apply eq 3 directly, where K^ = A^(CpM(CO)3H)/ 
K2(ReO(OH)(Py)4

2+*)- However, A"a(ReO(OH)(py)4
2+*) and 

^22(ReO2(Py)4
+*) can be canceled by determining the ratio of 

any two quenching rate constants. This ratio can thereby be 
calculated from only the parameters of the metal-hydride 
quenchers (Ml and M2) according to 

*Q (M1)/*Q (M2) = 

[(Ar11(Ml) ATa(Ml))/(fcu(M2) AT/Ntt))]1 '2 (4) 

Excellent agreement between the measured and calculated ratios 
is observed, as shown in Table I. 

The agreement shown in Table I makes a number of interesting 
points. First, this is a unique quantitative demonstration that 
excited-state proton transfer is described by Marcus theory, which 
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Table I. Ratios of Stern-Volmer Rate Constants for Quenching of 
ReO2(Py)4

+' 

calcd using eq 4" measd 

fcQ(Mo)//fcQ(W) 24 17 
fcQ(Cr)//tQ(W) 130 110 
fcQ(Cr)//fcQ(Mo) 5.4 6.2 

- Calculated using kx 1 (Cr) = 18 000 M"1 s"1, Jt, 1 (Mo) = 2500 M"1 s">, 
fcn(W) = 650M-1 s-';pA:a(Cr) = 13.3,pKa(Mo) = 13.9, ptf,(W) = 16.1. 

apparently obtains because (i) there is no hydrogen bonding, (ii) 
there is relatively little excited-state distortion in Re02(py)4

+* 
compared to related organic excited states, and (iii) the kinetic 
and thermodynamic acidities of the quenchers are fully char
acterized in acetonitrile. Second, fcn's have been determined 
only for the three metal-hydrides described here, because the 
cyclopentadienyl protons permit kinetic studies using NMR line-
broadening.12 There is no convenient method for determining 
/en's for many other metal-hydrides, such as ^ F e ( C O ) 4 and 
HMn(CO)S. By comparing the quenching rate constant for any 
metal-hydride of known pA"a to the data shown in Table I, the 
k\\ of the metal-hydride might be estimated. Thus, in addition 
to elucidating the fundamentals of excited-state proton transfer, 
studies of ReO2(Py)4

+* may also provide a convenient means for 
quantitating the kinetic acidity of metal-hydrides and other novel 
acids. 
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