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ABSTRACT: A combination of DFT calculations and kinetic models is applied to fully elucidate the seemingly complex
reactivity of α-cyano arylacetates toward metal-free photoinitiated aromatic perfluoroalkylation. The resulting mechanistic
framework rationalizes the observed quantum yield as well as the differences in reactivity and/or selectivity of seemingly similar
substrates. The use of a kinetic model for the chemical interpretation of the DFT-computed reaction constants is shown to be
critical.

The past few years have witnessed a resurgence of interest in
visible light-driven photoreactions.1 Synthetic chemists

recognize that light excitation can open new dimensions to
chemistry, since molecular excited states can react in completely
different ways compared with the ground state. In addition,
visible light photochemistry holds great potential for the design
of more sustainable and environmentally responsible chemical
processes.2 This has resulted in the recent development of a
variety of synthetically valuable photochemical reactions, mainly
exploiting the ability of photoredox-active transition-metal
complexes to excite organic molecules toward the generation
of radical intermediates.3 Recently, it was demonstrated that the
photochemical activity of electron donor−acceptor (EDA)
complexes,4 molecular aggregations which occur upon inter-
action of organic substrates, can also serve to photogenerate
open-shell reactive species under mild reaction conditions.5

Despite the synthetic potential of these photochemical
strategies, the mechanistic determination of a light-driven
reaction can be challenging, because of the presence of multistep
transformations involving transient intermediates. Computa-
tional chemistry is an established and useful complement to
experiment in dealing with mechanistic complexity,6 but its
application in photochemical synthetic processes has remained
largely underdeveloped so far. The main obstacle to a more
widespread application of calculations to photochemical reaction
mechanisms concerns the intrinsic complexity of the electronic
excited states involved. The appropriate tools for the quantum-
mechanical description of processes in the excited states are ab
initio multiconfigurational methods,7 which however become
too computationally demanding for most of the systems of
practical use. Density functional theory (DFT), in particular

time-dependent DFT (TD-DFT), is a useful technique in the
characterization of the excitation process, and it has been applied
with success to the description of charge-transfer (CT) states,8

free radical systems, and redox electron transfer.9 However, the
evolution of the excited state after the excitation remains a
challenge for DFT. We notice, however, that the electronically
complex part of a photochemical process is often limited to a few
steps after the excitation. Usually, the evolution of the system
rapidly leads to a new ground-state intermediate, which
undergoes a specific reactivity amenable to exploration by
conventional DFT approaches.
In this work, we successfully applied DFT methods to

elucidate the mechanism and understand the origin of the
regioselectivity of the photochemical aromatic perfluoroalkyla-
tion of ethyl α-cyano phenylacetate 1 (Scheme 1). This metal-
free, light-driven process, recently reported by some of us,10 has
two appealing features that make it suitable as test system for the
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Scheme 1. Model Reaction for the Visible-Light-Mediated
Aromatic Perfluoroalkylation of α-Cyano Arylacetatesa

aCFL: compact fluorescent light; TMG: 1,1,3,3-tetramethyl guanidine;
HexF: tetradecafluorohexane.
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efficiency of DFT modeling: (i) the availability of a variety of
experimental mechanistic data, and (ii) the existence of some
experimental observations that remain unexplained. We realize
that this particular system may be amenable to a more
sophisticated multiconfigurational method, but the calculation
would be much more expensive, and one of our goals is to prove
that this more elaborate description is not necessary for this
particular case.
The perfluoroalkylation proceeds regioselectively at the

aromatic ring of 1 to give the para and ortho functionalized
products 3 in a 2:1 ratio, with a minor amount of the ortho−para
bifunctionalized adduct. A quantum yield (Φ) of 3.8 was
determined (λ = 400 nm), suggesting a radical chain mechanism
as the main reaction pathway. The proposed mechanism
(Scheme 2), distilled out from experimental observations, was

based on a homolytic aromatic substitution (HAS)11 pathway
initiated by the photochemical activity of the EDA complex of
type II, formed by the aggregation of the enolate-type compound
I (generated upon deprotanation of 1 from 1,1,3,3-tetramethyl
guanidine, TMG) with the perfluorohexyl iodide 2. A visible-
light-driven single electron transfer (SET) led to the formation of
radical species RF•, which then reacted with the arene within the
enolate I to form the new C−C bond. The mesomeric effect of
the anionic substituent in I facilitated the C−C bond formation
leading to the cyclohexadienyl radical anion III. A SET to 2 was
proposed as the propagation step of the radical chain, with the
intermediate IV which was eventually deprotonated to form the
final arene product 3.
There are, however, some mechanistic aspects that remain

obscure and difficult to ascertain by purely experimental
approaches. In particular: (i) why the reaction takes place with
perfect regioselectivity for the aromatic ring of 1, while the
plausible formation of the α-carbonyl perfluoroalkylated adduct
4 was not observed (Figure 1a); (ii) why is the process
completely inhibited by small changes in the reactant 1, i.e.,
replacement of the cyano group by NO2, CO2Et or a keto moiety
(Figure 1b); in addition, α-para-nitrophenylacetate 5 behaves in
a completely different manner under the same reaction
conditions, the perfluoroalkylation taking place exclusively at
the sp3 carbon leading to product 6 (Figure 1c); the origin of this
divergence in regioselectivity remains unclear; and (iii) Finally,
what are the factors inducing a quantum yield of about 4, a
relatively small value for an HAS-type transformation.12 In order
to answer these questions, we carried out a thorough DFT
investigation of the system with calculations in solvent using the

ωB97X-D functional. Full computational details are provided in
the Supporting Information.
We chose a model system where perfluoropropyl iodide

(C3F7I, 2a) was used as the alkylating agent. The computed
mechanism is summarized in Scheme 3. The first step is the

formation of the EDA complex II, generated upon aggregation of
the enolate I and 2a, which then undergoes a photoinduced ET.
The existence of the EDA complex was confirmed by calculation.
A minimum was found where the shorter distances between
fragments, around 3.8 Å are between the carbon attached to
iodine and the phenyl ring. Through a TD-DFT calculation, we
found a HOMO−LUMO CT transition with a maximum
absorption at λ = 377 nm. Although not necessarily very accurate
because of the lack of vibronic corrections, it must be mentioned
that this vertical excitation energy is not in disagreement with the
experimental UV−vis spectrum. The excited EDA has an initial
energy 75.8 kcal·mol−1 above the reactants (5.9 kcal·mol−1 for
the EDA complex II in the ground state). The excited state
resulting from the vertical excitation can be clearly characterized
as an open-shell singlet. Our attempts to optimize its geometry as
an open-shell singlet state within the TD-DFT framework failed,
because of the difficulty to retain the same excited state from one

Scheme 2. Preliminary Radical Chain Mechanistic Proposal10

Figure 1. Additional experimental evidence. Standard photochemical
conditions refer to those explicitly mentioned in Scheme 1, including the
presence of a TMG base to deprotonate the substrate.

Scheme 3. DFT Computation of the Mechanisma

aFree energies (gray color) in kcal·mol−1.
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optimization step to the next. These other excited states are
however not relevant to the excitation process because they have
oscillator strength of zero. This technical problem prompted us
to estimate the behavior of the electronic state resulting from the
vertical excitation by studying the triplet state. The triplet state
geometry optimization leads to the barrierless breakdown of the
excited EDA adduct into three fragments: the radical
intermediate V, the radical perfluoropropyl RF•, and the iodide
anion. Two mechanistically relevant bifurcations take place at
this point, and we will analyze them separately. First, we will
discuss the propagation/termination dichotomy, while the
regioselectivity issue, associated with which of the possible
resonance forms of the substrate (I vs I′ or V vs V′) better
describes the reaction, will be considered later.
Concerning the propagation/termination dichotomy, RF• can

combine with V to form the intermediate IV (termination path),
which can easily lose a proton to restore aromaticity and form the
HAS product 3 (upon protonation of the intermediate VI). This
termination step has no significant barrier and is expected to be
diffusion controlled. Alternatively, the enolate I can trap RF• to
form the anionic intermediate III through the transition stateTS-
1 (structure shown in Figure S6 in the Supporting Information).
The intermediate III can transfer an electron via SET to 2a to
form a newRF• (propagation path) and the intermediate IV. The
barrier for the SET step was computed applying the Marcus
theory in the form detailed in the Supporting Information. This
SET step will not be further discussed because the barrier is too
low to affect the reaction outcome. It must be mentioned that the
computed barrier for the SET was introduced in the kinetic
model and confirmed to be not critical.
The highest energy point in the propagation cycle is in the

transition state TS-1 leading to III, 19.8 kcal.mol−1 above the
reactants, thus 9.2 kcal·mol−1 above the intermediate RF•. The
competition between the chain propagation manifold (9.2 kcal·
mol−1 barrier) and the termination pathway (barrierless,
diffusion-controlled) directly influences the quantum yield of
the overall process. If we were to evaluate this competition from a
pure comparison of the highest free energy points, as it is often
the case for competing processes in homogeneous catalysis,13 the
conclusion would be that the radical coupling dominates, with no
chain propagation taking place. This scenario would call upon a
quantum yield ≤1, which is in sharp disagreement with the
experimentally determined quantum yield of ≈4. This treatment
is however plagued by the large difference in the concentration of
the species involved. The enolate I, the key intermediate involved
in the chain propagation path, arises from an almost quantitative
deprotonation of the substrate 1 from TMG, while the radical
intermediate V (involved in the termination) is a transient
species.14 In order to take concentration differences into account,
we carried out a kinetic simulation.15 Details on the simulation
and the estimation of the quantum yield are described in the
Supporting Information. We would like to remark that this
problem could not be solved by changing the standard state to a
different concentration because the real concentration of the
intermediates involved in the reaction is not known beforehand.
The kinetic simulation requires a rate constant for the
combination of RF• and V to form IV, which is barrierless in
the potential energy surface.16 We used an experimental
estimation of the rate constant for diffusion-controlled radical
reactions in a polar solvent, which has been reported to oscillate
between 2 × 109 to 1 × 1010 M−1 s−1.17 The estimated quantum
yield, which strongly depends on such rate constant, ranges from
3 to 71. This value is in reasonable agreement with the

experimental quantum yield, considering the approximations
made in the simulation and that this parameter is very sensitive to
small changes in energy barriers.
Regarding the selectivity issue, experimentally we observed

that the HAS product 3 was exclusively formed with a para/ortho
ratio of 2:1, and no α-carbonyl perfluoroalkylated product 4 was
observed (Figure 1a). The regioselectivity-determining step is
the trap of the perfluoroalkyl radical by the intermediates I andV.
The barriers for the radical trapping step from I, determined for
all possible products, are ΔG⧧ = 11.2, 11.7, and 20.8 kcal·mol−1

for para-3, ortho-3 (the HAS products), and 4 (the α-carbonyl-
functionalized product), respectively. The calculated free energy
barriers are in very good agreement with the experimentally
observed regioselectivity. The origin of this selectivity was
investigated by carrying out a distortion/interaction analysis18 on
the corresponding transition states. This analysis, fully outlined
in the Supporting Information, indicates that key factor
precluding the attack to the α-carbonyl position (to give 4) is
the large cost for the distortion of the anionic fragment I
associated with this pathway.
We next tested the ability of our computational approach to

reproduce the reactivity of other enolates bearing similar
electron-withdrawing groups than I, which have however
afforded different experimental results (Figure 1b,c). The
nitro-substituted enolate Ia, where the cyano moiety has been
replaced with a nitro group, remained completely unreacted
under the standard reaction conditions. We found two
conformations for the enolate Ia having comparable energies
(Figure 2).

These conformations are true minima and differ by 1.2 kcal·
mol−1 in energy. The TD-DFT calculation indicates that the
maximum wavelengths of absorption for the EDA complexes,
arising from aggregation of these two conformations with RF-I,
are 266 and 299 nm, respectively. As a result, the system no
longer absorbs visible light. The initial electron transfer between
the reactants does not take place, and the whole process is
aborted. Responsible of the hypsochromic shift is the reduced
conjugation within Ia, since the steric hindrance of the nitro
group breaks the planar π system and reduces the delocalization.
The last test for our computational treatment comes from the

experiments presented above for α-paranitrophenylacetate 5
(Figure 1c). The challenge here is to reproduce the different
regioselectivity of the process. The TD-DFT calculation
indicates that the EDA complex between the enolate of 5 and
2 absorbs at λ = 388 nm, thus in the UV−vis region. The
transition states leading to the HAS adduct (not observed
experimentally) and product 6 have relative energies of 13.8 and
7.1 kcal·mol−1, respectively, thus reproducing the experimentally
observed product distribution. The inversion in regioselectivity
with respect to α-cyano phenylacetate 1 can be explained by
comparing the HOMO of the enolates I and Ib, derived from 1
and 5, respectively (Figure 3). The HOMO for I has a significant
component in the phenyl ring, which is substantially reduced in

Figure 2. Conformations of Ia. Free energies in kcal·mol−1.
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Ib. As a result, Ib has to pay an electronic reorganization penalty
to reach the transition state for the HAS process. It is worth
mentioning that the small participation of the phenyl ring in the
HOMO of Ib finds its origin in the same 90° dihedral rotation of
the arene reported above for the nitro-substituted enolate Ia. In
the case of 1a, steric hindrance from the nitro group distorts the π
system and breaks the delocalization, shifting the CT transition
of the EDA to the ultraviolet. The same distortion occurs for Ib,
although, in this case, the nitrophenyl ring allows for a greater
delocalization so that the excitation by visible light is still
possible.
In summary, we have demonstrated that mostly ground-state

DFT calculations can successfully complement experiments in
the mechanistic elucidation of a photochemical synthetic
process. The quantum yield above 1 was properly rationalized
after treating the rate constants emerging from the DFT results
with a kinetic model, which was critical to address this problem.
The potential of the computational approach was further
confirmed by explaining the nontrivial outcomes of enolates
bearing different electron-withdrawing groups. Specifically, the
discordant regioselectivity of Ib with respect to I was explained
on the basis of the shape of the HOMO orbital of the species
reacting with RF•. Our results show that DFT calculations can be
a useful tool in the study of photochemical processes, even with
their limitations in the treatment of the evolution of excited
states. The main practical problems are in fact not related to the
DFT calculation itself, but to its connection with experimental
results, which in this case required the use of a kinetic model in
order to reproduce the quantum yield. The mechanistic
clarification of this process can open the way for future
improvements in related processes and expands the scope of
computational chemistry for treating photochemical processes. It
is true that light is only used to generate the initial radicals in this
system, but the reported mechanism is likely to share features
with other photoinitiated processes that suggest a prominent role
for kinetic models in their computational description.
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Figure 3. HOMO of the enolates I (a) and Ib (b).
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