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Complexes based on truns-Re02+ exhibit long-lived emission from the 3E, ligand-field excited state. This emission 
is quenched by proton transfer from a variety of acids. Reported here are results of emission quenching of Re02L4+ 
(L = py, 3-Cl-py, 4-OMe-py) by common nitrogen and oxygen acids. Marcus analysis of the free energy dependence 
of the quenching rate constants points to a low barrier to proton transfer (X - 4 kcal). The results of the analysis 
can be used to calculate a pK,* of 1 1.3 for the py complex, which is consistent with earlier results for metal hydride 
acids. For the py and 3-C1-py complexes, the standard Marcus relation can be used; however, fitting of the data 
for the 4-OMe complex requires the introduction of an asymmetry parameter, e, which is related to the degree of 
excited-state distortion in the chromophore. Comparison of the excited-state R e 4  stretching frequency obtained 
from low-temperature absorption spectra with the corresponding ground-state frequency obtained from resonance 
Raman spectra shows that there is a larger excited-state distortion in the 4-OMe complex. 

Transition-metal complexes exhibiting multiple bonding be- 
tween the metal center and a coordinated ligand are of interest 
in a wide range of Perhaps the simplest complexes that 
exhibit metal-ligand multiple bonding are metal-oxo ~omplexes .~ ,~  
Even though a large number of these complexes have been known 
for many years, several important issues involving the reactivity 
of these complexes remain unresolved. In particular, reactivity 
of metal-oxo complexes toward abstraction of hydrogen atoms 
from organic substrates is a consequence of coupling the redox 
chemistry of the metal center to the acid-base chemistry of the 
oxo ligand.s*6 This coupling has led to numerous useful catalysts 
and to unusual kinetic observations, such as large kinetic isotope 

There is considerable understanding of the factors 
influencing the electron-transfer reactivity of metal centers, but 
the proton-transfer reactivity of the coordinated oxo ligand is 
poorly understood in comparison. 

The emissive excited state of Re02(py)4+ (Xm,,(CH3CN) = 
650 nm, T(CH~CN)  = 10 ps) is created by promotion of an electron 
from the nonbonding d, orbital to the formally Re-0 n-anti- 
bonding dxzyz level:9 

Franck-Condon analysis of the vibronic structure seen in low- 
temperature absorption spectra of Re02+ demonstrates that the 
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Re-0 bonds lengthen by 0.07 A upon population of the 'E, state, 
consistent with the addition of an electron to an antibonding 
~ r b i t a l . ~  The removal of an electron from a nonbonding metal- 
based orbital and addition of an electron to an antibonding metal- 
oxygen orbital imparts a degree of charge-transfer character to 
the transition, thus making the oxo ligand more electron rich 
(and, hence, more basic) in the excited state than in the ground 
state. In addition, the lengthening of the R e 4  bond upon 
excitation creates an excited state that resembles the protonated 
form, which may dictate a low intrinsic barrier to protonation of 
the excited state.'&'S 

We recently reported that the long-lived excited state of Reoz- 
( p ~ ) ~ +  is readily protonated by a wide range of acids, and including 
typical oxygen and nitrogen acidsI6 as well as carbon acids and 
metal hydrides." In particular, we are interested in understanding 
the kinetics of the excited-state proton-transfer reaction as a 
function of thermodynamic driving force, kinetic acidity of the 
quencher, and the isotopes involved in the transfer reaction. We 
have reported that the kinetics of quenching of ReOz(~y)~+*  by 
common organic acids in acetonitrile solution follows a Rehm- 
Weller type dependence on free energy, with a parabolic region 
observed at  low driving force that levels off at  the diffusion- 
controlled limit.16 In addition to varying the pK, of the acid 
quencher, one can also control the driving force of the reaction 
by adding substituents to the pyridine rings of the metal complex. 
We report here detailed studies on the quenching of Re02(py),+* 
and substituted derivatives by common organic acids over a wide 
range of thermodynamic acidities. 

Experimental Section 
The complexes [ReOz(py)4](PF6), [Re02(4-OMe-py)4] (PFs), and 

[ReOz(3-CI-py)d] (N03) were prepared by established procedures.'*J9 
Handling and preparation of quenchers were done as described previ- 
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0us1y.~~ Quenching experiments were performed using a SPEX Fluoromax 
spectrophotometer fitted with a water-cooled sample holder for tem- 
perature-dependent quenching measurements, as described previously. l6J0 

Quenching rate constants were obtained from Stern-Volmer plots of 
emission intensity versus quencher concentration. At least five points 
andacorrelationcoeffcient of >0.99 wereobtained for each rateconstant. 
We have shown previously that intensity and lifetime quenching give 
identical results in this system.99'6 Low-temperature absorption spectra 
were measured using quartz cells and a liquid nitrogen Dewar flask with 
quartz windows. Spectra were acquired using an OLIS-modified Cary 
14. All fitting of data was performed using the Kaleidagraph software. 

Raman spectra were measured using an ISA UlOOO 1.0-m scanning 
double monochromator operated under computer control using software 
provided by the manufacturer.21 The same software controlled data 
acquisition. Photon-counting detection using a thermoelectrically cooled 
Hamamatsu R943-02 photomultiplier tube was employed. Spectral slit 
width was set at 5 cm-I. The Raman scattering was excited at 457.8 nm 
by a 5-W argon ion laser (Spectra-Physics Model 265). All samples 
were excited with about 50 mW of incident power, and Raman scattered 
light was collected at 135' fromincidence. Samples werespun to minimize 
local heating and any photodegradation of the sample. UV-vis spectra 
measured before and after the Raman experiment were compared to 
ensure sample integrity throughout sample illumination. 

Results and Discussion 
The application of Marcus theory to ground-state proton- 

transfer reactions has been s u c c e s s f ~ l . ~ ~ ~ ~ ~  In organic chemistry, 
proton-transfer kinetics are generally analyzed in terms of 
Bronsted plots of the logarithm of the proton-transfer rate constant 
versus the pKa of the acid donor; the slope of the plot gives the 
characteristic Bronsted a coefficient. The same rate constants 
can be also be analyzed using the Marcus equation 
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AG' = w' + (h/4)(1 + AG/h)* (1) 

where AG* is the free energy of activation, wr is the work required 
for solvent reorganization to form the encounter complex, AG is 
the actual free energy for the proton-transfer step itself, and X/4 
is the intrinsic barrier to reaction when AG = 0. The Bronsted 
coefficient a for proton transfer is just dAG*/dAG or 

Thus, for Marcus theory to obtain, a must be 0.5 at  AG = 0, 
which will occur only if the potential energy surfaces of the product 
and reactant have nearly the same shape (Figure l).23-25 

The extent of curvature of a Bronsted plot is then da/dAG or 
1 /2X. Slow reactions with large intrinsic barriers show essentially 
linear Bronsted plots, while fast reactions with small barriers 
should show distinct curvature.24 Excited-state proton transfer 
in many organic systems is adequately described by eq 1. 
However, in many systems, such as styrenes, application of Marcus 
theory is complicated by the fact that the potential energy surfaces 
of organic excited states are much shallower than those of the 
corresponding ground states (Figure l),24-25 leading to values for 
a that aresignificantly lower than 0.5. Using the Marcusequation 
in its usual form (eq 1) in these organicsystems results in calculated 
values for X and the pK,* that are clearly unreasonable; however, 
it can be estimated using a modified Marcus equation that, for 
rapid ( lo7 M-' s-l) proton transfers to occur, the intrinsic barrier 
must be on the order of X/4 = 1-3 k ~ a 1 . ~ ~  
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a = 0.5; AGt = h/4  a < 0.5; AGt t h / 4  
Figure 1. (A) Potential energy surfaces for a proton-transfer reaction 
that conforms to the unmodified Marcus equation. (B) Potential energy 
surfaces for a system where one partner of the reaction undergoes excited- 
state distortion. 

Table 1. Excited- and Ground-State Proton-Transfer Parameters for 
Reo*+ Complexes 

a- A, 
complex e ( ~ G = 0 ) 4  Zab pK.* kca14 

4.2 
3.9 

Re02(3-Cl-py)4+ 1 0.5 -0 .5  11.0 
R~OZ(PY)~+  1 0.5 -0.3 11.3 
Re02(4-OMe-py)4+ 0.70-0.78 0.35 0.5 12.0-12.5 44.8 

From fitting of free-energy dependence of quenching rate constants 
using eqs 3 and 8. Reference 3 1. On the aqueous scale. 

Scheme 1 

We have determined using the Stern-Volmer relation the 
quenching rate constants for reactions of the excited states of 
Re02(py),+, Re02(3-Cl-p~)~+, and Re02(4-OMe-py)4+ with a 
family of common nitrogen and oxygen acids. Addition of 
electron-withdrawing and -releasing substituents to the pyridine 
ligand shifts the pKa of the ground state of the complex, as shown 
in Table 1. In the analysis of the quenching dynamics, the kinetic 
scheme in Scheme 1 is used. In order for the kp determined from 
Stern-Volmer quenching plots to give the true rate constant for 
reaction of ReO2+* with the acid quencher, the excited-state 
decay of the protonated form, ReO(OH)2+, must be fast compared 
to deprotonation to form Re02+*; Le., 1 / T H  >> kb*. If this is the 
case, then the situation becomes completely analogous to excited- 
state electron transfer, wherequenchingofthe excited state always 
leads to the ground-state oxidized or reduced forms. Other 
transition-metal systems usually exhibit emission from the 
protonated form, which complicates the kinetic analysis but allows 
for a straightforward determination of pKa*.z"29 

The assumption that ~ / T H  >> kb* is consistent with the 
observation that proton-transfer quenching of the emission 
intensity gives diffusion-controlled rate constants that are in good 
agreement with those determined by lifetime quenching. Thus, 
there is no emission observed from the protonated excited state. 
In addition, solutions of authentic ReO(OH)(py)42+ can be 
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Table 2. Quenching Data for Re02+ as a Function of Ancillary Ligands 

Liu and Thorp 

kQ(3-Cl-pY), ~ Q ( ~ - O M ~ - P Y ) ,  M-l s-l c M-l Q-1 c 
kQ(py), M-I s-l c 

PK~" pKab 
quencher H20 CH3CN 

water (1) 15.7 30.W 9.5 x 105 4.0 x 105 1.8 x 107 
1,4-dihydro-4-imino- 1 -methylpyrimidine hydroiodide (2) 12.2 19.7c 3.5 x 107 3.6 x 107 1.9 x 107 

trimethylamonium tetraphenylborate (4) 9.8 17.6 3.4 x 108 7.9 x 107 5.4 x 108 
ammonium hexafluorophosphate (5) 9.2 16.4 3.9 x 108 4.0 X lo8 5.3 x 108 

4-nitrophenol (7) 7.2 20.9 1.2 x 109 

4-nitrobenzoic acid (10) 3.4 18.7 8.8 X lo8 1.0 x 109 1.1 x 109 

1.6 X lo8 6.5 x 107 3.1 X lo8 triethylammonium hexafluorophosphate (3) 10.7 18.5 

3-nitrophenol (6) 8.4 22.6 5.3 x 108 3.1 X 108 8.3 X lo8 
7.1 X lo8 

pyridinium p-toluencsulfonate (8) 5.2 12.3 9.5 x 108 9.6 X lo8 9.6 X 108 
benzoic acid (9) 4.2 20.7 1.3 x 109 1.3 x 109 9.0 X 108 

6.3 X 108 

Aqueous pK,'s taken from ref 16. Acetonitrile pK,'s taken from ref 36. Rate constants measured by Stern-Volmer emission intensity quenching 
in acetonitrile solution; error +lo%. dpKL value from ref 41. e Obtained by extrapolation from the aqueous value; see text. 

19.45 

19.40 

h k ~  19.35 

19.30 

19.25 

3.35 3.4 3.45 3.5 3.55 3.6 3.65 3.7 3.75 
I / T ~  103 

Figure 2. Temperature dependence of the rate constant for quenching 
of [ReOz(py),] (PF,) (0.27-0.35 mM) by 2,6-di-tert-butylpyridinium. 

prepared in strong acid,30 and these solutions show no emission. 
Hupp and co-workers have prepared ReO(OMe)2+ complexes 
that can be dissolved in nonaqueous solvents, and these complexes 
have identical absorption energies identical to those of ReO- 
(OH)2+ complexes but also have no measurable excited-state 
lifetime or e m i ~ s i o n . ~ ~ . ~ ~  Finally, the ligand-field absorption 
energy for ReO(OH)2+ is 4400 cm-' lower than that for Re02+, 
so the energy-gap law, which has been shown to apply to this 
family of complexes,33 predicts a much shorter lifetime for ReO- 
(OH)2+*. 

The values of kQ determined for the three metal complexes are 
given in Table 2. The calculated curvature (da/dAG, eq 2) for 
the rate constants for R e O z ( ~ y ) ~ +  is 0.13 kcal-1, as determined 
by published  procedure^.^^ This gives a value for X of 3.9 kcal 
and an intrinsic barrier of 0.98 kcal (points taken at  pKa < 8 were 
neglected because the diffusion-controlled limit clearly dictates 
the dynamics in this region). This low value of X is consistent 
withestimates by Yatesof barriers toexcited-state proton-transfer 
reactions that proceed at diffusion-controlled rates. To verify 
this low barrier, the quenching rate constant for 2,6-di-tert- 
butylpyridinium was measured as a function of temperature. The 
slope of the plot of In kQ versus 1/T (Figure 2) gives a AG* of 
1.2 kcal/mol, which is similar to the barrier of 0.98 kcal calculated 
from the curvature of the free-energy dependence of KQ. 

With a good estimate for X in hand, the data in Table 2 for 
ReO~(py)4+ could then fitted to the Marcus equation in the form 

RT In k,' = RT In kQ'(0) - AG/2 -AG2/4X (3) 

where kQ' is the measured rate constant corrected for d i f f~s ion , '~  

(30) Pipes, D. W.; Meyer, T. J. Inorg. Chem. 1986, 25, 3256. 
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Figure 3. (a) Free-energy dependence for quenching of ReOz(py)4+* by 
theacids in Table 2. The free-cnergy axis was calculated from theaqueous 
pK,'s of the quenchers and the pK.* obtained from fitting to eq 3 (solid 
line) with A held fmed at 3.9 kcal/mol. The fitted parameters are k~ ' (0)  
= 9.5 X lo7 M-I s-I and pKa* = 11.3 (aqueous scale). (B) Free-energy 
dependence for quenching of ReOz(py)4+* by quenchers 2-5. The free- 
energy axis was calculated from the acetonitrile pK,'s of the quenchers 
and the pKa* obtained from fitting to eq 3 (solid line). The fitted 
parameters are KQ'(O) = 8.1 X lo7 M-I s-I and pKa* = 19.1 (acetonitrile 
scale). 

k ~ ' ( 0 )  is constant for a particular series of quenchers, and X was 
held fixed at  thedeterminedvalue of 3.9 kcal. The two-parameter 
least-squares fit is shown in Figure 3 where the solid line was 
calculated using k ~ ' ( 0 )  = 9.5 X lo7 M-I s-l and pKa* = 1 1.3. This 
value for k ~ ' ( 0 )  is similar to others determined for electron- 
transfer reactions involving related excited states.34J5 Upon 
excitation, the pKa of Re(0)(OH)2+ changes by over 11 units, 
which is consistent with values determined for other excited- 

(34) Bock, C. R.; Connor, J. A.; Gutierrez, A. R.; Meyer, T. J.; Whitten, D. 
G.; Sullivan, B. P.; Nagle, J. K. J. Am. Chem. Soc. 1979, 101, 4815. 
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103,7349. 
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state proton tran~fers~~-29and with the increase in oxygen basicity 
that can be predicted from the electronic structure of the excited 
state.9-15 

Adequately describing the free-energy dependence of proton 
transfer to ReO2+* using eq 3 requires that the linear term be 
AG/2, giving a value for CY (=dAG*/dAG) of 0.5 at AG = 0. This 
implies that the ground- and excited-state potential energy surfaces 
look relatively similar (Figure 1). This probably results from the 
largely metal-based character of the dxryr orbitals. As a result, 
the difference between pKa and pK,* is only 11 units as opposed 
to 15-20 units in organic  system^.^'-^^ 

A concern in our analysis of the data in Table 2 is that the 
experiments are performed in acetonitrile, but the pKis used in 
the analysis are for aqueous solution. The acetonitrile pKis are 
given for comparison in Table 2 and, as we have pointed out 
earlier,l6 do not give the same smooth trend with quenching rate 
constant as the aqueous pK,’s. The cationic nitrogen acids (3-5 
and 8) dissociate in acetonitrile in the same manner as in water,36 
so the behavior of these quenchers is analogous in both solvents. 
The quenchers are simply more basic in acetonitrile than water 
by approximately thesameamount across theseries. It is apparent 
from Table 2 that the acetonitrile pK,’s for these quenchers are 
greater than the aqueous pKis by 7.5 f 0.36 u n i t ~ , ~ ~ w h i c h  is in 
agreement with the difference noted by Norton for related acids.37 
Since quencher 2 is also a cationic nitrogen acid, it is reasonable 
to assume that its pK, will follow the same trend, which gives a 
value of 19.7, as indicated in Table 2. Quencher 8 is clearly in 
the diffusion-limited region, but this still provides four homologous 
quenchers (2-5) with pKis known in acetonitrile that can be 
analyzed. Fitting of eq 3 (with X = 4 kcal/mol) to the rate 
constants for these four quenchers gives the results shown in 
Figure 3B. The fitting provides a value of kQ’(0) = 8.1 X lo7 
M-I s-1, which is in very good agreement with that obtained by 
fitting the entire series of quenchers using the aqueous pK,’s 
(Figure 3A). More important, the pK,* obtained from Figure 
3B is 19.1 on the acetonitrile scale. This value is equivalent to 
a pK,* on the aqueous scale of 11.6, which is in good agreement 
with that determined from Figure 3A with the entire series of 
quenchers. Allowing X to float does not change the results 
significantly. 

Our earlier work on metal hydride complexes17 will also allow 
us to relate the analysis in Figure 3 to an analysis based on a 
family of quenchers with pK,’s that are known in acetonitrile 
solution. We have shown that metal hydride complexes quench 
the emission of ReO~(py)~+* efficiently and that the rate constants 
for quenching can be described using eq 4,17 where kll and k22 
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The kQ’(0) parameter represents the quenching rate constant 
at AG = 0, which, from substitution of Kq = 1 into eq 4, gives34 

(4) 

are the self-exchange rate constants for the metal hydride complex 
and the ReOz(py)d+* excited state, respectively, and KW is the 
equilibrium constant for the reaction. These quenchers have very 
large intrinsic barriers to proton transfer,22J8.39 so eq 4 is 
appropriate for analyzing the free-energy dependence of the kl  
are known. In our earlier work,17 we were able only to calculate 
ratios of kQ’S for different quenchers, because the values of k22 
for ReO(OH)*+* and the pK,* are not known. The results from 
the metal hydride quenchers, whose thermodynamic and kinetic 
acidities are well determined in acetonitrile, can be related to the 
results on oxygen and nitrogen acids discussed here via the 
parameter kQ’(0) obtained from fitting in Figure 3. 

(36) Coctzee, J.  F. Prog. Phys. Org. Chem. 1967,4,45. We are grateful to 
a reviewer for pointing this out. 
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A., Ed.; VCH Publishers: New York, 1992; p 309. 
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Whittenburg, S. L. Organometallics 1991, 10, 2357. 

(39) Eddin, R. T.; Sullivan, J. M.; Norton, J. R. J.  Am. Chem. Soc. 1987, 
109, 3945. Moore, F. J.; Sullivan, J. M.; Norton, J. R. J.  Am. Chem. 
SOC. 1986, 108, 2257. 

( 5 )  

A requirement for using eq 3 to analyze rate constants for a series 
of quenchers is that the quenchers must all have similar kll’s. 
The quenchers used here all under diffusion-controlled proton 
transfer,37 and we have shown previously that rate constants for 
carbon acids and metal hydrides, which have appreciable barriers 
to proton transfer, do not fit on the curve defined by the points 
in Figure 3.17 Thus, we can estimate that kll  = lo9 M-I s-I for 
the series of quenchers in Figure 3. From the kQ’(0) determined 
from fitting to eq 3, we can then estimate that k22 = lo7 M-I s-I 
for the self-exchange reaction of ReO(OH)2+. A rate constant 
for self-exchange for the rhenium complex that is somewhat lower 
than the diffusion-controlled limit can be attributed to electronic 
reorganization due to the change in multiple-bonding character 
in the Reo2+ unit upon protonation. 

From an estimate of k22 = lo7 M-I s-I, the rate constants for 
quenching by metal hydride complexes can be used to estimate 
pKa* using eq 4. This procedure will allow us to relate the rate 
constants determined here to those of the metal hydride quenchers, 
where complete thermodynamic and kinetic acidity data in 
acetonitrile are available and where we have shown that eq 4 is 
operative.17 Using the metal hydride rate constants, we estimate 
a pK,* (on theacetonitrilescale) of 19.6. Thisvalue is equivalent 
to a pK,* on the aqueous scale of 12.1,37 which is in reasonably 
good agreement with the values of 1 1.3 and 11.6 determined 
from fitting the data in Figure 3 to eq 3. Norton has suggested 
an error in correlating aqueous and acetonitrile pK,’s of f 1 unitb7 
and the range of pK, values determined by the three different 
methods described here (1 1.3-12.1) is consistent with this 
estimate. The good agreement between determined pK, values 
suggests that Marcus theory is operative both in the large-barrier 
metal hydride case1’ and in the small-barrier case discussed here, 
providing the appropriate equation is used to analyze the data. 

The analysis of the complete set of quenching data as a function 
of the aqueous pK, apparently gives a valid estimate of the pK,* 
in acetonitrile, since separate determination using the acetonitrile 
pK,’s in Figure 3B gives the same result. The calculation of the 
same pKa from the metal hydride quenchers further supports the 
validity of the analysis. The important question then is, Why do 
the aqueous pKis of the phenols and benzoic acids accurately 
predict the quenching rate constant when the acetonitrile pK,’s 
do not? The acetonitrile pK,’s of the phenols and benzoic acids 
do not fall in the trend defined by the cationic nitrogen acids 
because these neutral acids do not behave the same way in 
acetonitrile and water. In acetonitrile, these acids undergo 
extensive homoconjugation (eq 6) and often exist asdimeric species 
(eq 7).40 As a result, these acids appear considerably more basic 

HA + A- - AHA- (6) 

A- + 2HA - (HA),A- (7) 

than cationic nitrogen acids of similar aqueous pK,. A somewhat 
better correlation between the quenching rate constants and 
thrmodynamic acidity data for acetonitrile is obtained when pK.’ 
values are used. The value of pK,’ is derived from the pK, after 
correlation for the activity of the proton in the particular solvent 
used for the mea~urement.~’ Nonetheless, the pK,’ values for 
acetonitrile still do not fall in the same order as the quenching 
rate constants. 

(40) Coetzee, J. F.; Padmanabhan, G. R. J .  Phys. Chem. 1%5,69, 3193. 
(41) Barrette, W. C., Jr.; Johnson, H. W., Jr.; Sawyer, D. T. AMI. Chem. 

1984, 56, 1890. 
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Figure 4. Free-energy dependence for quenching of Re02(3-CI-py)4+* 
by the acids in Table 2. The free-energy axis was calculated from the 
aqueous pK.'s of the quenchers and the pKa* obtained from fitting to eq 
3 (solid line). 

We have suggested previously tht the dependence of the 
quenching rate constant on the aqueous pKa may result from the 
mediation of the proton transfer by a hydrogen-bonded inter- 
mediate.16 Within this hydrogen-bonded intermediate, the 
aqueous pKa may be the best measure of the thermodynamics of 
proton transfer. Since making this suggestion, we have dem- 
onstrated that hydrogen bonding does indeed accelerate the 
reacti0n.1~ This results in Table 2 can be understood if the species 
AHA- and (HA)2A- also quench ReOz(py)+* efficiently. While 
somewhat hindered sterically, formation of hydrogen bonds 
between these species and Re02(py)4+ will be encouraged by 
electrostatic interaction so that dimerization and homoconjugation 
may not affect the ability of the acid to quench the excited state. 
These observations present the idea that Re02(py)4+* quenching 
may ultimately be used to quantitate conveniently the intrinsic 
acidity of a given quencher in a nonaqueous solvent without 
complications arising from homoconjugation or dimerization. 

Since we have shown that fitting the complete set of data as 
a function of aqueous pKa gives the same results as fitting the 
data for the cationic nitrogen acids as a function of acetonitrile 
pKa, wewill fit thecompleteset ofdata for theother twocomplexes 
discussed here. Fitting of the free-energy dependence for 
quenching rate constants of Re02(4-OMe-py)4+ and Re02(3- 
Cl-py)d+ has also been undertaken. For the 3-C1-py derivative, 
analysis using the standard Marcus relation is straightforward 
(Figure 4), giving a value for A of 4.2 kcal, which is similar to 
that obtained for ReOz(py)4+. The determined pKa* for ReO- 
(OH)(3-Cl-py)42+ is 11.0, which is lower than the pKa* of ReO- 
( O H ) ( P Y ) ~ ~ +  by approximately the same amount as the difference 
in ground-state pKa's (Table 1). 

The 4-OMe-py complex, however, does not yield to straight- 
forward analysis. Fitting to eq 3 is not satisfactory, apparently 
because the linear AG/2 term cannot be accommodated by the 
data. Instead, the analysis of Yate~2~925 was undertaken, using 
the equation 

A c t  = RT In kQ'(0) - eAG/2 - c ~ ( A G ) ~ / ~ A  (8) 

where t is a parameter related to the degree of distortion in the 
excited state relative to the ground state. The value o f t  must 
be between 0 and 1, with e = 1 in the limit of no excited-state 
distortion. Thus, when t = 1, eq 8 reduces to the standard Marcus 
relation. It has been shown that e = m / n  where m is the force 
constant of a pertinent excited-state vibrational frequency and 
n is the force constant of the ground-state frequency for the same 
vibrational mode.25 

Analysis of the rate data for Re02(4-OMe-py)4+ using eq 8 
was performed by first setting A at 4 kcal on the basis of the fits 
for Re02(py)4+ and Re02(3-Cl-p~)~+. Fitting then yielded a 
value for e of 0.7 and a pKa* for ReO(OH)(4-OMe-py)42+* of 
12.0 (Figure 5). The data could also be subjected to a three- 
parameter fit by allowing t to float along with pKa* and A. This 
fit gives slightly higher values for all three parameters, with t = 

E: 10.5 - 
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Figure 5. Free-energy dependence for quenching of Re02(4-OMc-py)d+* 
by the acids in Table 2. The freeenergy axis was calculated from the 
aqueous pKis of the quenchers and the pK.* obtained from fitting to eq 
8 (solid line). 

Table 3. Vibrational Frequencies (cm-I) as a Function of Ancillary 
Ligands 

U- V-  Y- B- 

complex (ReO,,)O (Re4,,)b (Re4,p*)e (measd)d 
Re02( 3-CI-py)dt 814 900 740 0.7 
Re02(~~)4+ 816 907 744 0.7 
Re02(4-OMe-py)4+ 810 902 709 0.6 

K absorption spectra. e = [u(ReO,,,*)/~(Re0,,)]~. 

0.78, A = 4.8 kcal, and pKa* = 12.5. As seen in Table 1, the 
values for the pKa*'s closely track the ground-state pK,'s, providing 
support for the validity of the chosen model. The need for the 
t parameter suggests that greater excited-state distortion exists 
in Re02(4-OMe-py)4+ than in the other derivatives. This may 
be understood in terms of the electron-releasing character of the 
4-OMe-py ligand. A more electron-rich rhenium center may 
result in more covalent Re-0 bonds, which would in turn lead 
to greater excited-state distortion. 

The parameter t is associated with the degree of excited-state 
distortion in the functionality participating in proton transfer.25 
As stated above, the parameter is equivalent to m / n  where m is 
the force constant of an excited-state vibrational frequency and 
n is the force constant of the analogous ground-state frequency. 
The vibrational mode chosen to calculate t must be strongly 
coupled to the proton-transfer reaction, and the clear choice in 
our case is the Re-0 stretch. The asymmetric Re-0 stretch, 
obtained from IR spectra, does not change appreciably upon 
substitution of the pyridinerings (Table 3). The symmetric R e 4  
stretch was measured by Hupp et al. for the pyridine complex by 
resonance Raman spec t ro~copy.~~ As expected, the Re-0 mode 
is strongly coupled to the low-energy ligand field (dxy2- dxyldxzyzl) 
transition, as seen in low-temperature emission spectra.9 We 
have measured the analogous frequencies for the 3-C1-py and 
4-OMe-py complexes, and the spectrum of Re02(4-OMe-py)4+ 
is shown in Figure 6. The frequencies for the symmetric Re-0 
stretch in all three complexes are given in Table 3. 

Low-temperature absorption spectra of the ligand-field band 
in ReO2+ complexes show a vibrational progression in the excited- 
state, symmetric Re-0 ~ t r e t c h . ~  We have obtained spectra of 
the pyridine, 3-Cl-py, and 4-OMe-py complexes at  77 K. The 
spectrum of the 4-OMe-py complex is shown in Figure 7. The 
frequency determined from our spectrum of the pyridine complex 
is in good agreement with that determined by Winkler and Gray.g 
The values for the three complexes are shown in Table 3. The 
frequencies for the py and 3-C1-py complexes are similar, but the 
frequencies for the 4-OMe-py complex is significantly lower. 

Measured values of t can be calculated from the vibrational 
frequencies for the ground- and excited-state R e 0  symmetric 

0 From IR spectra.31J3 * From resonance Raman spectra. From 77 

(42) Johnson, C. S.; Mottley, C.; Hupp, J.  T.; Danzer, G. D. Inorg. Chem. 
1992, 31, 5143. 
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of the excited-state distortions are too small (Le,, t is close to 1). 
Fitting of data from organic systems where eq 8 is used requires 
t values of 0.33-0.5 in order to make reasonable estimates of 
A.24925 Clearly, these large distortions in covalent systems show 
much larger effects of inclusion of the t parameter, making 
determinations from fitting much easier. 

The model used thus far in describing the free-energy 
dependence of the proton-transfer kinetics is satisfying in a number 
of ways. Values for pKis are obtained that quantitatively track 
the ground-state p&'s across the three Reo2+ derivatives. The 
calculated intrinsic barriers (A - 4 kcal) are in good agreement 
with those estimated by others for proton transfers that occur 
with such rapid kineti~s.2~Js Temperature-dependent quenching 
experiments support these small barriers (Figure 2). The value 
of k ~ ' ( 0 )  is in good agreement with those determined in electron- 
transfer cases where self-exchange for both partners is rapid34 
and can be used to relate rate constants for quenching by acids 
with small barriers to protonation to those for acids with relatively 
large barriers.16J7 Using this k ~ ' ( 0 )  parameter, similar values 
of pK,* can be estimated from both families of quenchers. 

The ability to use the unaltered eq 3 in the analyses of the 
proton-transfer dynamics of Re02(py)4+ and Re02(3-CI-py)4+ 
is consistent with the largely ionic character of the Re-0 bonds 
in these complexes; however, addition of electron-releasing 
substituents such as OMe to the complex renders the rhenium 
center more electron-rich and increases the covalency, and hence 
the A* character, of the excited-state. This creates a need for the 
E parameter in analyzing the proton-transfer dynamics of Re02- 
(4-OMe-py),+. Measured ground- and excited-state vibrational 
frequencies are qualitatively consistent with the need for t in 
analyzing the rate constants for the 4-OMe-py complex. This 
points out that the dynamics of proton transfer can be profoundly 
affected by the electronic structure of the metal complex. Thus, 
the electronic structure of the metal complex can influence both 
the intrinsic barrier, in the form of A, and the position of the 
transition state along the reaction coordinate, in the form of e. 
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Figure 6. Resonance Raman spectrumof [Re02(4-OMe-py)4](PF6) (5.4 
mM) showing the symmetric Re-0 stretch at 902 cm-'. The band 
indicated with an asterisk is due to the acetonitrile solvent. 
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Figure 7. Absorption spectrum of Re02(4-OMe-py)4+ (0.62 mM) at 77 
Kin a 2: 1 2-methyltetrahydrofuran/methanol glass slowing thevibrational 
progression due to the excited-state symmetric R e 4  stretch. 

stretch. These t values are shown in Table 3. The 4-OMe-py 
complex does have a measurably lower value of e, which supports 
our use of eq 8 in analyzing the rate constants. In addition, the 
measured magnitude of e is in reasonably good agreement with 
the values obtained from fitting (Table 1). Nevertheless, the 
difference in e for the 4-OMe-py complex compared to the py and 
3-C1-py complexes is relatively small. Apparently, the fitting 
procedure is not sensitive enough to require the t parameter in 
the other two cases, probably because the absolute magnitudes 




