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ABSTRACT: Developing new strategies to activate and cleave 
C–H bonds is important for a broad range of applications. Re-
cently a new approach for C–H bond activation using multi-site 
concerted proton-coupled electron transfer (PCET) involving 
intermolecular electron transfer to an oxidant coupled to intra-
molecular proton transfer was reported. For a series of oxi-
dants reacting with 2-(9H-fluoren-9-yl)benzoate, experimental 
studies revealed an atypical Brønsted α, defined as the slope of 
the logarithm of the PCET rate constant versus the logarithm of 
the equilibrium constant or the scaled driving force. Herein this 
reaction is modeled with a vibronically nonadiabatic PCET the-
ory. Hydrogen tunneling, thermal sampling of the proton do-
nor-acceptor mode, solute and solvent reorganization, and con-
tributions from excited states are found to play important 
roles. The calculations qualitatively reproduce the experi-
mental observation of a Brønsted α significantly less than 0.5 
and explain this shallow slope in terms of exoergic processes 
between pairs of electron-proton vibronic states. These funda-
mental mechanistic insights may guide the design of more ef-
fective strategies for C–H bond activation and cleavage. 

The activation and cleavage of C–H bonds is an im-
portant frontier in synthetic chemistry with a wide range 
of industrial applications. This process is particularly 
challenging because of the low polarity and high bond 
dissociation energy of C–H bonds. Typical mechanisms of 
C–H activation include oxidative addition, sigma bond 
metathesis, 1,2 addition, electrophilic activation, and 
metal-radical activation.1,2 Recently a new strategy for C–
H bond activation3 using multi-site concerted proton-
coupled electron transfer (PCET)4-15 was proposed. This 
C–H bond cleavage mechanism involves intermolecular 
electron transfer to an oxidant coupled to intramolecular 
proton transfer to a well-positioned proton acceptor.  

This strategy for C–H bond activation was demon-
strated for 2-(9H-fluoren-9-yl)benzoate, in which the 
benzylic C–H bond and the carboxylate group are posi-
tioned in a manner that facilitates proton transfer from 
the carbon to the oxygen (Figure 1). The C–H bond cleav-
age reaction was carried out in acetonitrile using a range 
of ferrocenium (FeCp2+) and aminium (NAr3•+) oxidants.3 
Experimental data indicate that the electron and proton 
transfer to different sites with no stable intermediates. 

An approximately linear correlation between the loga-
rithm of the reaction rate constant, logሺ𝑘௉஼ா்ሻ, and the 
logarithm of the equilibrium constant, log൫𝐾௘௤൯, (i.e., the 
scaled thermodynamic driving force) was reported.3 In-
terestingly, the slope, or the Brønsted α, of 0.21±0.01 ob-
tained for this reaction was significantly lower than the 
value of ~0.5 typically observed for hydrogen atom 
transfer reactions of C–H bonds16 and PCET reactions at 
polar O–H or N–H bonds.5,11-12 The H/D kinetic isotope 
effects (KIEs) with deuterium selectively substituted at 
the 9-position of the fluorene ranged from 1.6 to ~4.5 for 
the series of oxidants. 

 
FIGURE 1. Oxidation of the 2-(9H-fluoren-9-yl)benzoate is ac-
companied by C–H bond cleavage via multi-site concerted 
PCET, leading to the radical product. The calculations herein fo-
cus on this PCET step, but experimentally this radical is found 
to rapidly undergo oxidative deprotonation and cyclization to 
form a lactone. 

Herein we perform theoretical calculations of this 
PCET reaction to obtain mechanistic insights and explain 
the unusually low experimental value of the Brønsted α. 
These calculations are based on vibronically nonadi-
abatic PCET theory,6,17-20 which is an extension of Marcus 
theory for electron transfer. In this theory, the transfer-
ring proton as well as the electrons are treated quantum 
mechanically, and the reaction is described in terms of 
nonadiabatic transitions between reactant and product 
electron-proton vibronic states. These vibronic states 
are represented by two sets of stacked parabolic free en-
ergy curves along a collective solvent coordinate, corre-
sponding to the different proton vibrational states for 
the reactant and product electronic states.  According to 
this theory, reorganization of the solute and solvent 
leads to a degeneracy of two vibronic states, enabling 
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simultaneous tunneling of the electron and proton from 
their respective donors to their respective acceptors. 

The PCET rate constant at each proton donor-acceptor 
distance R (i.e., C–O distance) is computed by summing 
over all pairs of reactant and product vibronic states:17,18 

𝑘ሺ𝑅ሻ ൌ
1
ℏ ඨ

𝜋
𝑘஻𝑇𝜆

෍ 𝑃ఓห𝑆ఓఔሺ𝑅ሻ𝑉ୣ୪ห
ଶ

ఓ,ఔ

exp ቆെ
∆𝐺ఓఔ

‡

𝑘஻𝑇
ቇ.     ሺ1ሻ 

Here 𝜇 and 𝜈 denote the reactant and product electron-
proton vibronic states, respectively, 𝑃ఓ is the Boltzmann 
population of the reactant vibronic state 𝜇, 𝑆ఓఔሺ𝑅ሻ is the 
overlap integral between the reactant and product pro-
ton vibrational wavefunctions 𝜇 and 𝜈, 𝜆 is the reorgani-
zation energy, 𝑉ୣ୪ is the electronic coupling, and ∆𝐺ఓఔ

‡  is 
the free energy barrier for the reactant and product vi-
bronic state pair ሺ𝜇, 𝜈ሻ: 

∆𝐺ఓఔ
‡ ൌ

൫∆𝐺ఓఔ
଴ ൅ 𝜆൯

ଶ

4𝜆
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where ∆𝐺ఓఔ
଴  denotes the reaction free energy for vibronic 

state pair ሺ𝜇, 𝜈ሻ. The total rate constant 𝑘௉஼ா் is obtained 
by calculating the rate constants 𝑘ሺ𝑅ሻ for a range of pro-
ton donor-acceptor distances 𝑅 and integrating over 𝑅, 
weighting each value by the probability distribution 
function 𝑃ሺ𝑅ሻ: 

𝑘௉஼ா் ൌ න 𝑘ሺ𝑅ሻ𝑃ሺ𝑅ሻd𝑅

ஶ

଴

.                 ሺ3ሻ 

To compute the input quantities, the 2-(9H-fluoren-9-
yl)benzoate system was studied in its anionic and neu-
tral states, corresponding to the reactant and product, 
respectively (Figures 1 and 2). The oxidant was not in-
cluded in these calculations, but its effect was incorpo-
rated by varying the driving force ∆𝐺଴. For decame-
thylferrocenium, FeCp*2+, the reaction free energy was 
estimated to be ∆𝐺଴(FeCp*2+) ≈ –1.4 kcal/mol based on 
effective bond dissociation free energies.3 The calcula-
tions described herein were performed with unre-
stricted density functional theory (DFT) using the 
B3LYP21-22 functional and the 6-31++G** basis set23-25 in 
Gaussian 09.26 Solvent effects were included using a con-
ductor-like polarizable continuum model.27-28 Additional 
computational details are provided in the SI. 

The reorganization energy was computed as the sum 
of the inner-sphere reorganization energy 𝜆௜ associated 
with the solute and oxidant and the outer-sphere reor-
ganization energy 𝜆௦ associated with the solvent. The in-
ner-sphere reorganization energies20,29 of 2-(9H-flu-
oren-9-yl)benzoate, FeCp*2+, and N(ArOMe)3•+  were cal-
culated to be 28.4 kcal/mol, 0.18 kcal/mol, and 2.58 
kcal/mol, respectively. The large inner-sphere contribu-
tion for 2-(9H-fluoren-9-yl)benzoate is ascribed to the 
difference in hybridization of the donor carbon in the re-
actant (sp3) and product (sp2). The solvent reorganiza-
tion energy30 was calculated to be 21.4 and 18.8 kcal/mol 
for FeCp*2+ and N(ArOMe)3•+, respectively. Thus, the total 
reorganization energies are 49.98 kcal/mol for FeCp*2+ 

and 49.78 kcal/mol for N(ArOMe)3•+. These values were 
assumed to be the same for all oxidants of each type. 
Since our calculations show that the Brønsted α does not 
depend significantly on the reorganization energy within 
a wide physically reasonable range (Figure S5), these es-
timates do not impact the analysis or conclusions of this 
study.  The electronic coupling corresponding to electron 
transfer from the fluorenyl-benzoate to the external oxi-
dant is assumed to be independent of R and to be the 
same for all oxidants in this study. 

 
FIGURE 2. Equilibrium geometries for the reactant and product 
computed with DFT. 

As the PCET rate constant must be computed for a se-
ries of R values, we performed a series of constrained re-
actant and product geometry optimizations in which the 
C–O distance was constrained to specified values. The re-
sulting electronic energies of the reactant state were 
used to compute the probability distribution function 
𝑃ሺ𝑅ሻ. Moreover, for each value of R, we obtained an av-
erage geometry in between the optimized reactant and 
product geometries, approximately corresponding to the 
crossing point along an inner-sphere solute coordinate. 
For each of these average structures, we computed a 
one-dimensional proton potential energy curve for the 
reactant (anionic) and product (neutral) states. The pro-
ton vibrational wavefunctions and energy levels, as well 
as the overlap integrals, were computed numerically for 
each of these proton potentials. 

These input quantities were used to calculate the total 
PCET rate constant for the series of oxidants. Note that 
the second-order rate constant is the product of the equi-
librium constant for the formation of a reactive complex 
between the fluorenyl-benzoate and the oxidant and the 
first-order PCET rate constant within this complex.  This 
equilibrium constant does not impact the relative rate 
constants, assuming it is the same for all oxidants.  The 
resulting plot of log 𝑘௉஼ா் versus the scaled ∆𝐺଴ is ap-
proximately linear with a slope of 0.37, higher than the 
experimentally determined value of 0.21. However, both 
of these slopes are below the typical Brønsted α value of 
~0.5 for PCET reactions involving the cleavage of C–H 
bonds16 or polar O–H and N–H bonds.5,11-12 The relatively 
shallow slope can be explained by analyzing the 
Brønsted slope for a given pair of vibronic states ሺ𝜇, 𝜈ሻ in 
Eq. 1: 

𝑑log 𝑘ఓఔ

𝑑log 𝐾ఓఔ
ൌ 0.5 ൅

∆𝐺ఓఔ
଴

2𝜆
,                     ሺ4ሻ 

where log 𝐾ఓఔ ൌ– ∆𝐺ఓఔ
଴ /ሺ2.303𝑅𝑇ሻ. According to our 

analysis, ∆𝐺ఓఔ
଴  is negative for all pairs of vibronic states 
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contributing significantly to the PCET rate constant for 
the range of driving forces studied (Tables S9, S10). Sum-
ming over all pairs of vibronic states leads to an overall 
slope below 0.5. The calculated KIEs range from 3.1 to 
8.1, which are slightly higher than the experimental val-
ues. 

 
FIGURE 3. Computed (red) and experimental (blue) correla-
tions between the logarithm of the PCET rate constant and the 
logarithm of the equilibrium constant or the scaled driving 
force. Here log  𝐾 ൌ– ∆𝐺଴ /ሺ2.303𝑅𝑇ሻ, and ∆ log 𝐾  uses log 𝐾 
for FeCp*2+ with ∆𝐺଴= –1.4 kcal/mol as a reference. The slopes 
of the linear fits are given for both experimental and calculated 
data. For comparison the typical slope of 0.5 is shown with a 
gray dashed line. 

Our calculations provide an explanation for the rela-
tively shallow slope (Figure 3) and insight into the mech-
anism for this C–H bond activation and cleavage reaction. 
Although the equilibrium proton donor-acceptor dis-
tance 𝑅 (i.e., the distance between the carbon and the ox-
ygen) is 3.0 Å for both reactant and product, evaluation 
of the integrand in Eq.3 indicates that the dominant 𝑅 is 
2.65 Å because the rate constant increases significantly 
as 𝑅 decreases (Figure S3).   Moreover, our calculations 
indicate that the excited reactant and product vibronic 
states contribute significantly to this reaction (Tables S9, 
S12 and Figures S5, S6). These contributions are deter-
mined by a balance among the Boltzmann population of 
the reactant state, the free energy barrier, and the over-
lap between the reactant and product proton vibrational 
wavefunctions.8-10 Typically, the overlap is larger for 
moderately excited proton vibrational states because 
they are more delocalized (Figure S7). 

Figure 4 depicts the parabolic free energy curves along 
the collective solvent coordinate, as well as the proton 
potential energy curves along the proton coordinate and 
the associated proton vibrational wavefunctions at the 
dominant proton donor-acceptor distance.  For low driv-
ing forces, the dominant pairs of states are the ground 
and first three excited reactant states transitioning to the 

ground product state.  Although the Boltzmann popula-
tion always favors the ground reactant state, the excited 
reactant states contribute because the activation free en-
ergy barriers are lower and the overlap integrals are 
larger for these excited states (Table S9).  For higher 
driving forces, the dominant pairs of states are the 
ground reactant state transitioning to the ground and 
first three excited product states. Although the free en-
ergy barrier from the ground reactant state is lowest for 
the ground product state, the overlaps are larger for the 
excited product states (Table S10). Similar behavior is 
observed for larger proton donor-acceptor distances, but 
at these distances the contributions from higher excited 
states are greater (Tables S11, S12).  

The quantitative difference between the calculated 
and experimentally measured slopes, as well as the KIEs, 
is most likely due to the challenges associated with ap-
plying the PCET theory for this system.  In particular, the 
reactant and product states exhibit large structural dif-
ferences, and the proton transfer pathway does not ap-
pear to be collinear with the proton donor-acceptor axis. 
Consequently, the use of an average structure and one-
dimensional proton potential energy curves to obtain the 
proton vibrational wavefunctions and energy levels is 
expected to introduce quantitative error. Nevertheless, 
the qualitative mechanism, which involves significant 
contributions from excited vibronic states and simulta-
neous tunneling of the electron and proton, as well as the 
explanation for the shallow slope in terms of the domi-
nant exoergic terms in the rate constant expression, is in-
dependent of these details. 

Herein we presented a theoretical study of C–H bond 
activation and cleavage via multi-site concerted PCET in-
volving intermolecular electron transfer from a fluo-
renyl-benzoate to an oxidant and intramolecular proton 
transfer from the carbon to a well-positioned carbox-
ylate group. Our study indicates that the experimental 
results can be reproduced qualitatively with a PCET 
model in which reorganization of the solute and solvent 
enables simultaneous electron and proton tunneling, 
with significant contributions from excited electron-pro-
ton vibronic states. The relatively shallow slope with the 
Brønsted α less than 0.5 can be explained in terms of the 
negative reaction free energies associated with the dom-
inant pairs of vibronic states.  These fundamental mech-
anistic insights may have broader implications for strat-
egies targeting more effective C–H bond activation and 
cleavage.	
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FIGURE 4. Schematic representation of the main contributions to the rate constant for low (A) and higher (B) driving forces.  The 
parabolic free energy surfaces of the reactant (blue) and product (red) electron-proton vibronic states along the collective solvent 
coordinate are schematic, but the associated proton potential energy curves and vibrational wavefunctions are from the calculations 
at the dominant R of 2.65Å. For low driving forces, the dominant contributions arise from the lowest four reactant and ground prod-
uct states, while for higher driving forces the dominant contributions arise from the ground reactant and lowest four product states.  
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