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Abstract

Recently the selective C–H bond cleavage under mild conditions with weak oxidants was reported 

for fluorenyl-benzoates. This mechanism is based on multi-site concerted proton-coupled electron 

transfer (PCET) involving intermolecular electron transfer to an outer-sphere oxidant coupled to 

intramolecular proton transfer to a well-positioned proton acceptor. The electron transfer driving 

force depends predominantly on the oxidant, and the proton transfer driving force depends mainly 

on the basicity of the carboxylate, which is influenced by the substituent on the benzoate fragment. 

Experiments showed that the rate constants are much more sensitive to the carboxylate basicity 

than to the redox potential of the oxidant. Herein a vibronically nonadiabatic PCET theory is used 

to explain how changing the driving force for the electron and proton transfer components of the 

reaction through varying the oxidant and the substituent, respectively, impacts the PCET rate 

constant. In addition to increasing the driving force for proton transfer, enhancing the basicity of 

the carboxylate also decreases the equilibrium proton donor-acceptor distance, thereby facilitating 

the sampling of shorter proton donor-acceptor distances. This additional effect arising from the 

strong dependence of proton transfer on the proton donor-acceptor distance provides an 

explanation for the greater sensitivity of the rate constant to the carboxylate basicity than to the 

redox potential of the oxidant. These fundamental insights have broad implications for developing 

new strategies to activate C–H bonds, specifically by designing systems with shorter equilibrium 

proton donor-acceptor distances.
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Introduction

The selective activation and cleavage of ubiquitous but relatively inert C–H bonds have been 

challenging problems in synthetic chemistry. Traditional strategies for C–H bond activation 

include oxidative addition, sigma bond metathesis, 1,2 addition, electrophilic activation, and 

metal-radical activation, all of which require metal catalysts.1–5 Recently, selective C–H 

bond activation was reported for 2-(9H-fluoren-9-yl)benzoate and its substituted derivatives,
6, 7 requiring only weak oxidants. This C–H bond cleavage mechanism is based on multi-site 

concerted proton-coupled electron transfer (PCET),8–15 involving intermolecular electron 

transfer to an outer-sphere oxidant coupled to intramolecular proton transfer to a well-

positioned proton acceptor. Due to steric effects, the fluorenyl C–H bond and the 

carboxylate group in these fluorenyl-benzoates are positioned in a manner that facilitates 

proton transfer from the carbon to the oxygen. The C–H bond cleavage reactions were 

carried out for a range of ferrocenium (FeCp2
+) and aminium (NAr3

•+) oxidants6 and for 

different substituent groups on the fluorenyl-benzoates7 in acetonitrile at room temperature.

In our previous work,16 we presented a study of the unsubstituted 2-(9H-fluoren-9-

yl)benzoate, corresponding to X = H in Figure 1, to explain the unusual relationship between 

the PCET rate constant and the oxidant redox potential, which directly influences the 

reaction free energy. We investigated this multi-site concerted PCET reaction with a 

vibronically nonadiabatic PCET theory9, 17–20 that incorporates proton transfer into Marcus 

theory21–22 for electron transfer. For a series of oxidants, a plot of the logarithm of the PCET 

rate constant, log kPCET, versus the logarithm of the equilibrium constant, log Keq, exhibited 

a shallow slope, denoted the Brønsted α, significantly smaller than 0.5. This shallow slope 

was explained by the high exoergicity of the dominant transitions between the reactant and 

product electron-proton vibronic states.

Herein we use this PCET theory to understand how the PCET rate constant changes with 

electron-donating (−OMe and −NH2) or electron-withdrawing (−CF3) substituents at the 

position para to the carboxylate group (Figure 1) in fluorenyl-benzoates. Recent 

experiments7 have shown that the rate constant depends more strongly on the pKa of the 

internal base than on the nature of the outer-sphere oxidant. These results were interpreted in 

the context of imbalanced transition states, implying asynchronous reaction paths, computed 

with density functional theory (DFT). However, these DFT calculations did not provide 

PCET rate constants and therefore could not reproduce the different dependence of the 

PCET rate constant on the external oxidant compared to the fluorenyl-benzoate substituent, 

corresponding to different Brønsted α values. Our calculations provide the PCET rate 

constants and produce these Brønsted α values for comparison to the experimental data. 

These calculations also provide a physical explanation for the significantly greater 

sensitivity of the PCET rate constant to the carboxylate basicity than to the redox potential 

of the oxidant.

Theory and Computational Methods

This section provides a brief summary of the vibronically nonadiabatic PCET theory9, 17–20 

and the computational methods used to compute the input quantities to the rate constant 
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expression. In this PCET theory, the electrons and the transferring proton are treated 

quantum mechanically, and the proton vibrational states are calculated for the reactant and 

product electronic states, resulting in two sets of electron-proton vibronic states. The PCET 

reaction is described in terms of nonadiabatic transitions between these reactant and product 

electron-proton vibronic states, which can be represented by two sets of stacked parabolic 

free energy curves along a collective solvent coordinate. Reorganization of the solute and 

solvent can lead to a degeneracy of two vibronic states, enabling simultaneous electron and 

proton transfer from their respective donors to their respective acceptors.

For a given proton donor-acceptor distance R, the PCET rate constant is expressed as17–18

k(R) = 1
ℏ

π
kBTλ ∑

μ, ν
Pμ Sμν(R)Vel

2exp −
ΔGμν

‡

kBT (1)

where the summation runs over all pairs of reactant and product electron-proton vibronic 

states, denoted by indices μ and v, respectively, Pμ is the Boltzmann population of the 

reactant vibronic state μ, Sμv(R) is the overlap between the reactant and product proton 

vibrational wavefunctions μ and v, λ is the total reorganization energy, and V el is the 

electronic coupling. Moreover, ΔGμν
‡  is the free energy barrier for the transition from 

reactant vibronic state μ to product vibronic state v, and it is related to the reaction free 

energy ΔGμν
0  for vibronic states (μ,v) through:

ΔGμν
‡ =

ΔGμν
0 + λ 2

4λ . (2)

The reaction free energy can be expressed as ΔGμν
0 = ΔG0 + Δεμν, where Δεμν = ϵν − ϵμ, and 

ϵμ and ϵv are the energies of the reactant vibronic state μ and the product vibronic state v 

relative to their respective ground vibronic states (i.e., ΔG00
0 = ΔG0).

The total rate constant kPCET is evaluated by calculating the rate constant k(R) for a range of 

proton donor-acceptor distances R and integrating over all R, weighting each value 

according to the probability distribution function P(R):

kPCET = ∫
0

∞
k(R)P(R)dR (3)

The probability distribution P(R) can be expressed as

P(R) = CN exp[ − βU(R)] (4)

where U(R) is the potential energy of the reactant relative to the potential energy U(R0) at its 

equilibrium proton donor-acceptor distance R0, CN is the normalization constant, which is 

assumed be approximately the same for all related systems studied, and β = kBT −1. All rate 
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constants and log Keq, which is computed as ΔG0/(2.303RT), were calculated at the 

temperature T = 298.15 K.

To evaluate the PCET rate constant k(R), we performed the following procedure for 

determining the required input quantities for each of the studied fluorenyl-benzoates (o-Flr)

(p-X)C6H3COO−. For this procedure, density functional theory (DFT) calculations were 

performed with the B3LYP23–24 functional and the 6–31++G** basis set,25–27 as well as the 

conductor-like polarizable continuum model28–29 for solvent, using Gaussian 09.30 All input 

quantities were computed in acetonitrile, which was the solvent used in the experiments. 

First, the equilibrium structures for the reactant (anionic) and product (neutral) states were 

optimized for each fluorenyl-benzoate. Then constrained reactant and product geometry 

optimizations with a fixed value of the proton donor-acceptor C–O distance R were 

performed for a series of R values. The electronic energies U(R) obtained for the reactant 

state from these constrained optimizations were used to compute the probability distribution 

function P(R), as in Eq. (4). Furthermore, at each value of R, an average geometry in 

between the optimized reactant and product geometries, corresponding approximately to the 

crossing point between the reactant and product states along an inner-sphere solute 

coordinate, was obtained. For each of these average structures, a one-dimensional proton 

potential energy curve for the reactant and product states (i.e., for the anionic and neutral 

states, respectively) was computed. Finally, the one-dimensional Schrödinger equation for a 

proton moving in the reactant and product potentials was solved numerically to provide 

reactant and product proton vibrational energy levels ϵμ and ϵv and their corresponding 

wavefunctions. The overlap integrals Sμv(R) were computed numerically from these reactant 

and product proton vibrational wavefunctions.

The reorganization energy λ was calculated as the sum of the inner-sphere reorganization 

energy31–32 λi, which is associated with the solute and oxidant, and the outer-sphere or 

solvent reorganization energy λs. The computed inner-sphere reorganization energies ranged 

from 27.4 kcal/mol for (o-Flr)(p-NH2)C6H3COO− to 29.6 kcal/mol for (o-Flr)(p-

CF3)C6H3COO−. The large inner-sphere reorganization energy computed for the fluorenyl-

benzoates can be explained by a significant rotation of the sizeable fluorenyl fragment due to 

the change in hybridization of the donor carbon from sp3 in the reactant to sp2 in the 

product. The inner-sphere reorganization energies for the oxidants were relatively small: 0.2 

kcal/mol for FeCp*2
+ and 2.6 kcal/mol for N(ArOMe)3

•+. The solvent reorganization energy 

was estimated based on the Marcus two-sphere model22 and was found to be 21.2–21.4 and 

18.6–18.8 kcal/mol for FeCp*2
+ and N(ArOMe)3

•+, respectively. The total reorganization 

energies ranged from 48.9 kcal/mol for FeCp*2
+ and 48.6 kcal/mol for N(ArOMe)3

•+ in the 

case of (o-Flr)(p-NH2)C6H3COO− to 51.0 kcal/mol for FeCp*2
+ and 50.8 kcal/mol for 

N(ArOMe)3
•+ in the case of (o-Flr)(p-CF3)C6H3COO−. Because the total reorganization 

energy is ~50 kcal/mol (Table S12) for all cases, we assumed it to be the same (i.e., 50 kcal/

mol) for all oxidants and all substituted fluorenyl-benzoates to retain simplicity. Moreover, 

as the two-sphere model can overestimate the solvent reorganization energy, we computed 

the PCET rate constants for two different values of the total reorganization energy λ: 50 

kcal/mol, which is the computed value, and 30 kcal/mol, which represents the approximate 

inner-sphere reorganization energy for all fluorenyl-benzoate molecules studied. The general 

conclusions are the same for both values of the total reorganization energy.

Sayfutyarova et al. Page 4

J Am Chem Soc. Author manuscript; available in PMC 2020 September 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



As shown in our previous work, the effect of changing the oxidant can be simulated by 

varying the reaction free energy ΔG0 for a given fluorenyl-benzoate.16 The range of ΔG0 

corresponding to the experimental conditions of these reactions was established using 

experimentally determined redox potentials of the oxidants and the reaction free energy of 

the oxidation of (o-Flr)(p-H)C6H3COO− by FeCp*2
+. The latter was estimated from 

experimentally measured effective bond dissociation free energies and used as a reference 

for reactions with other oxidants. Similarly, to determine ΔG0 for the oxidation of para-

substituted fluorenyl-benzoates, we computed the reaction free energy for each (o-Flr)(p-

X)C6H3COO− species and added a correction corresponding to the difference between the 

experimentally determined and calculated reaction free energies for (o-Flr)(p-H)C6H3COO−. 

For the analysis below, these free energies are computed relative to the species with the 

electron-withdrawing substituent CF3:

ΔΔG0 = ΔG0(X) − ΔG0 X = CF3 . (5)

Table S1 provides the ΔΔG0 values for the series of para-substituted fluorenyl-benzoates (o-

Flr)(p-X)C6H3COO−.

The experimentally measured second-order rate constant is the product of the equilibrium 

constant for the formation of a reactive complex between the fluorenyl-benzoate and the 

oxidant and the first-order PCET rate constant kPCET within this complex. The equilibrium 

constant is expected to be dominated by electrostatic interactions between the positively 

charged oxidant and the negatively charged fluorenyl-benzoate. Therefore, this equilibrium 

constant is not expected to be significantly influenced by different substituents on the 

fluorenyl-benzoate or by different oxidants, as long as the charge on each remains the same. 

Thus, our analysis assumes that the equilibrium constant for the formation of the reactive 

complex remains constant and does not impact the relative rate constants studied herein. 

Although this approximation appears to be reasonable for these systems, it is important to 

note that the variations in the experimentally observed rate constants may not be due solely 

to the concerted PCET step but could potentially be influenced by the bimolecular 

association of the reactants in solution.

Results and Discussion

The use of oxidants with different redox potentials, Eox, changes the electron transfer (ET) 

component of the free energy of the PCET reaction. To investigate the impact of changing 

the oxidant for a given fluorenyl-benzoate, we calculated the PCET rate constant as a 

function of the driving force. Figure 2 depicts the correlation between log kPCET and ΔG0/

(2.303RT)for four different para-substituents computed with two different values of the total 

reorganization energy (30 and 50 kcal/mol). The computed Brønsted α, defined as the slope 

of log kPCET versus log Keq, or equivalently, the scaled free energy ΔG0/(2.303RT), is higher 

than the experimental range of 0.19–0.22. However, the Brønsted α values obtained from the 

PCET theory are significantly lower than the value of ~0.5 typically observed for hydrogen 

atom transfer reactions involving C–H bonds33 and PCET reactions involving polar O–H or 

N–H bonds34–36 and thus qualitatively reproduce the experimental observations. The 

Brønsted α is slightly lower for the electron-donating substituents (i.e., NH2 and OMe) than 
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for H and the electron-withdrawing substituent (i.e., CF3), although these differences are 

smaller than the precision of the calculations and the experiments. As the results do not 

depend significantly on the reorganization energy within this physically reasonable range, 

we use λ = 30 kcal/mol for the remainder of the analysis.

For a given oxidant, such as FeCp*2
+, changing the functional group X at the position para- 

to the carboxylate group significantly affects the proton transfer (PT) component of the free 

energy of the PCET reaction. The dependence of the PCET rate constant kPCET on the 

electronic properties of the substituent can be explained in terms of a general PCET reaction 

involving an external oxidant Ox+, an acid A–H, and a base B−:

A−H + Ox+ + B− A + Ox + B − H .

For the oxidative PCET of fluorenyl-benzoates, A—H is associated with the C—H bond of 

the fluorenyl fragment, and B—H is associated with the O—H bond of the benzoate 

fragment (Figure 1). The reaction free energy ΔG0 is a function of Eox, the redox potential of 

Ox+, as well as EEPT, the proton-coupled redox potential of the fluorenyl fragment A—H, 

corresponding to the removal of an electron and the transfer of a proton to B−. Thus, the 

driving force, −ΔG0, corresponding to the oxidation of these fluorenyl-benzoates can be 

expressed as

−ΔG0 = F Eox − EEPT (6)

where F is the Faraday constant.

To simplify the analysis, we express the total rate constant given by the integral in Eq. (3) in 

terms of the dominant proton donor-acceptor distance R*, which is defined as the distance 

corresponding to the maximum of the integrand. Specifically, the total rate constant is 

expressed as the product of the integrand k(R)P(R) at R* and an effective width δR:

∫
0

∞
k(R)P(R)dR = k R * P R * δR . (7)

Combining Eqs. (3), (4), and (7), the natural logarithm of the total PCET rate constant can 

be expressed as

ln kPCET = ln k R * − βU R * + ln CN + ln δR . (8)

Moreover, U(R) can be treated as a function of EEPT because both quantities depend on the 

Hammett constant σ that characterizes the electronic properties of the substituent and thus 

influences the basicity of the benzoate. Assuming that δR is also a function of Eox and EEPT 

(or, equivalently, the Hammett constant of the substituent), the total PCET rate constant 

kPCET can be expressed as a function of Eox and EEPT.
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To compute the Brønsted α associated with a series of oxidants for a given para-substituent 

on the fluorenyl-benzoate, we calculate the partial derivative of log kPCET with respect to log 

Keq at fixed EEPT. This partial derivative, which is denoted αox, can be expressed as

αox =
∂ log kPCET
∂ log Keq EEPT

= ∂ log k R *
∂ log Keq EEPT

+ ∂ log δR
∂ log Keq EEPT

(9)

because the normalization factor CN and the potential energy U(R) only depend on the 

properties of the fluorenyl-benzoate and not on the oxidant. Note that R* is also assumed to 

be approximately independent of the oxidant, and this assumption is shown to be reasonable 

in Table S9. To compute the Brønsted α associated with a series of para-substituents for a 

given oxidant, we calculate the partial derivative of log kPCET with respect to log Keq at 

fixed Eox. This partial derivative, which is denoted ασ, can be expressed as

ασ =
∂ log kPCET
∂ log Keq Eox

= ∂ log k R *
∂ log Keq Eox

+ ∂U R *
∂ΔG0

Eox

+
∂ log CN
∂ log Keq Eox

+ ∂ log δR
∂ log Keq Eox

(10)

Eqs. (9) and (10) describe the free energy relationships between the logarithm of the PCET 

rate constant and the scaled driving force for changes in oxidant strength and changes in the 

para-substituent, respectively.

The Brønsted α for changing the oxidant, αox, is estimated by the first term in Eq. (9), 

which was shown in previous work16 to be:

αox =
∂ log kPCET
∂ log Keq EEPT

≈ ∂ log k R *
∂ log Keq

EEPT

= 1
2 + ΔG0

2λ + ∑
μ, ν

ωμν
Δϵμν
2λ

(11)

where ωμv is the percentage contribution from the reactant/product vibronic state pair (μ,v) 

to the overall rate constant. Note that the slope given by Eq. (11) depends on ΔG0 and 

therefore on Eox and EEPT, leading to a range of Brønsted α values for different oxidants and 

para-substituents. With total reorganization energy λ = 30 kcal mol−1, Eq. (11) produces an 

estimated Brønsted α of 0.27–0.38 (Table S17) for the oxidant FeCp2
+, where the range 

reflects the differences among the substituents. These values are in reasonable agreement 

with the slopes of the linear fits of the Brønsted plots (0.31–0.37) obtained using the full 

PCET rate constant expression given in Eq. (3) (Figure 2). This agreement indicates that the 

second term in Eq. (9) is small, i.e., the effective width δR varies only slightly with the 

oxidant potential Eox.
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Similarly, the Brønsted α for changing the substituent, ασ, is estimated as the sum of the 

first two terms of Eq. (10):

ασ =
∂ log kPCET
∂ log Keq Eox

≈ ∂ log k R *
∂ log Keq Eox

+ ∂U R *
∂ΔG0

Eox

. (12)

The first term in Eq. (12) is the same as the only term in Eq. (11) with a different quantity 

fixed. Because this term depends on ΔG0, which in turn depends on both Eox and EEPT, in 

practice it is computed with both quantities fixed. Thus, ασ can be estimated as the sum of 

αox, which is estimated by Eq. (11), and an additional second term, ∂U R * / ∂ΔG0
Eox

. 

Table 1 provides the Eox equilibrium reactant proton donor-acceptor distance, R0, the 

dominant proton donor-acceptor distance, R*, the reactant potential energy at R* relative to 

that at R0, U(R*), and the relative reaction free energy, ΔΔG0, as defined in Eq. (5), for each 

substituent. Using a total reorganization energy of λ = 30 kcal mol−1, Eq. (12) produces an 

estimated Brønsted α of 0.46–0.53 for the oxidant FeCp2
+, where the range reflects the 

differences among the four substituents. The Brønsted plot obtained using the full PCET rate 

constant expression given in Eq. (3) for the four para-substituents with the oxidant FeCp2
+ 

produces a linear fit with a slightly larger slope that is in good agreement with the 

experimentally measured value of 0.58±0.10 (Figure 3). This deviation provides an 

indication of the magnitude of the last two terms of Eq. (10), which are small but not 

negligible.

The Brønsted α for changing the para-substituent can be understood in terms of the electron-

withdrawing or electron-donating properties of the substituents. The electron-donating 

groups (NH2 and OMe) decrease the equilibrium reactant proton donor-acceptor distance R0 

because of additional electron density at the carboxylate oxygen that enhances its basicity 

and strengthens the hydrogen-bonding interaction with the C—H group. Conversely, the 

electron-withdrawing group CF3 increases this equilibrium distance R0. The substituents 

exert the opposite effect to a lesser extent on the dominant distance R*, which corresponds 

to the maximum of k(R)P(R). The dominant distance is determined by a balance among 

many factors that are not easily disentangled, preventing a straightforward interpretation of 

this trend. The most important trend is that the difference between R* and R0 increases as 

the substituent becomes less electron-donating or more electron-withdrawing. As a result, 

more energy is required to access the dominant proton donor-acceptor distance, leading to a 

larger U(R*), for the more electron-withdrawing substituent (see Figure S1). Furthermore, 

the reaction free energy for proton transfer is lower (i.e., proton transfer is more 

thermodynamically favorable) for the electron-donating substituents, leading to a larger 

ΔΔG0 for the more electron-withdrawing (and less electron-donating) substituents. On the 

basis of these trends across the series of substituents, ΔU(R*)/ΔΔG0, which approximates 

∂U R * / ∂ΔG0
Eox

 in Eq. (12), is positive, as indicated by the calculated data in Table 1. As 

a result of this additional positive term, the Brønsted α is larger when changing the 

substituent (Figure 3) compared to its value when changing the oxidant (Figure 2).
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A simpler explanation of this phenomenon is that the Brønsted α is approximated by the 

derivative of an effective free energy barrier with respect to the driving force, and the 

effective free energy barrier is the sum of two terms. The first term depends on both the 

oxidant and the benzoate substituent, which are associated with the ET and PT driving 

forces, respectively. The second term is related to the energy required to access shorter 

proton donor-acceptor distances that allow proton transfer and depends on only the benzoate 

substituent, which impacts the proton transfer interface. The sum of the two terms leads to a 

larger Brønsted α associated with varying the substituent compared to varying the oxidant 

because the second term only contributes to the former.

Conclusion

This work provides an explanation for the greater sensitivity of the PCET rate constant of 

these fluorenyl-benzoate systems to the carboxylate basicity than to the redox potential of 

the oxidant. Enhancing the basicity of the carboxylate not only lowers the reaction free 

energy for proton transfer, making it more thermodynamically favorable, but also decreases 

the equilibrium proton donor-acceptor distance, making the shorter proton donor-acceptor 

distances required for proton transfer more energetically accessible. This combined impact 

of changing the basicity of the carboxylate is greater than the impact of changing the redox 

potential of the oxidant, which influences the reaction free energy for electron transfer but 

not the proton donor-acceptor distance. An important distinction between electron transfer 

and proton transfer or PCET reactions is the much stronger dependence of proton transfer 

and PCET on the proton donor-acceptor distance. This analysis highlights the complexity of 

PCET reactions and the variety of strategies that can be used to tune PCET rate constants. In 

particular, altering the proton donor-acceptor distance provides an additional route for tuning 

the rates of PCET reactions compared to pure electron transfer reactions. These fundamental 

insights have broad implications for developing new strategies to activate C–H bonds, 

specifically by designing systems with shorter equilibrium proton donor-acceptor distances.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic depiction of the oxidative C–H bond cleavage of 2-(9H-fluoren-9-yl)-4-X-

benzoate (X = CF3, H, OMe, NH2) via multi-site concerted PCET, leading to the formation 

of a radical product. This work focuses on this concerted PCET reaction, but experimentally 

this radical is found to rapidly undergo oxidative deprotonation and cyclization to form a 

lactone.
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Figure 2. 
Computed correlation between the logarithm of the PCET rate constant and the scaled 

reaction free energy for λ=30 kcal/mol (left) and λ=50 kcal/mol (right). The rate constants 

were computed for the reaction free energy ranging from −1.4 to −27 kcal/mol, the 

estimated range of the driving forces for the oxidants used in the experiments.6–7
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Figure 3. 
Computed and experimental correlation between the logarithm of the PCET rate constant 

and the scaled free energy for four different para-substituents with the oxidant FeCp2
+ for λ 

= 30 kcal/mol. Note that the calculations used the experimentally determined driving force 

for the H substituent as a reference and the experimentally determined rate constant for the 

CF3 substituent as a reference to clearly illustrate the slopes.
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Table 1.

Parameters and Estimated Brønsted α for Changing the Substituent with FeCp2
+as the Oxidant and λ=30 

kcal/mol

Substituent X R0, Å R*, Å
a

U(R*),
b
 kcal/mol ΔΔG0,

c
 kcal/mol

∂ logk R *
∂ logKeq Eox

d ΔU R *
ΔΔG0

c
Brønsted α (fixed Eox)

e

NH2 2.96 2.69 1.81 −7.38 0.27 0.22 0.49

OMe 2.97 2.68 2.08 −5.69 0.30 0.23 0.53

H 3.03 2.65 2.96 −4.03 0.35 0.11 0.46

CF3 3.07 2.64 3.39 0.00 0.37 N/A N/A

a
The dominant proton-donor acceptor distance R* was determined as the position of the maximum of k(R)P(R) fitted to Gaussian distribution (see 

SI for more details).

b
U(R*) was determined by cubic spline interpolation of U(R), and U(R*) is defined relative to U(R0) (i.e., U(R0) = 0). Physically, U(R*) is the 

energy required to access the dominant proton donor-acceptor distance from the equilibrium distance in the reactant state.

c
ΔΔG0 and ΔU(R*) are defined to be computed relative to their values for X = CF3, i.e., ΔΔG0 =ΔG0(X) -ΔG0(CF3) and ΔU(R*) =ΔU(R*, X) - 

ΔU(R*, CF3).

d
This term is equivalent to the Brønsted α for changing the oxidant, evaluated using Eq. (11) with ΔG0 for the fluorenyl-benzoate with substituent 

X, the FeCp2+ oxidant, and λ = 30 kcal/mol. The individual contributions are given in Table S11.

e
The Brønsted α for changing the substituent, evaluated using Eq. (12) with ΔG0 for the fluorenyl-benzoate with substituent X, the FeCp2+ 

oxidant, and λ = 30 kcal/mol. Each value in this column is the sum of the values in the previous two columns, where the second term in Eq. (12) is 

approximated by ΔU(R*)/ΔΔG0. Note that the accuracy of the various components in this table depends on factors such as the DFT functional and 
the solvent model, and the accuracy of the Brønsted α also depends on approximations underlying the vibronically nonadiabatic PCET theory. 
Thus, the qualitative trends are more meaningful than the quantitative values.
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