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Abstract

In this work we explored the excited state reactivity of triplet chlorobenzenes

with density functional theory and a cluster-continuum approach. We modeled

two competing reactions: a direct abstraction of hydrogen from a solvent mole-

cule and solvolysis via photo-SN2Ar. Electron donating (–OMe, –CH2SiMe3,

–SiMe3) and withdrawing (–CN) substituents not only have distinct effects on

the triplet geometries, inducing structural distortions due to the relief of

excited state antiaromaticity, but also affect the reactivity of the system. There-

fore, electron-rich chlorobenzenes favor the radical reduction, while electron

deficiency opens the possibility for solvolysis. Both reactions are energetically

comparable to or more favorable then the dissociation of the C-Cl bond to

form triplet or singlet aryl cations, the intermediates considered responsible

for these reactivities. Our findings can be correlated with experimental results

on similar systems available from the literature, deeming the proposed path-

ways as viable alternatives to established mechanisms involving aryl cations.
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1 | INTRODUCTION

The population of an excited state by photochemical
means alters the reactivity of an organic molecule, open-
ing pathways that are unreachable in the ground state.
Among all organic compounds, benzene and its deriva-
tives represent a key example of this ground-excited state
dichotomy. Indeed, benzene displays Hückel aromaticity
in the S0 (owing to its 4n+2 π electrons), and it becomes
antiaromatic in both multiplicities of its first excited state
(S1 and T1), according to Baird's rule.[1–6]

The geometric and electronic alterations arising from
excitation ultimately overturn the S0 reactivity rules of

substituted benzenes and give rise to reactivities, which
would be otherwise disfavored.[4,7,8] Taking halobenzenes
as an example, the introduction of a halogen leads to the
crossing of the first excited state π-π* surface with the
low lying π-σ* of the bond between the carbon and the
halogen.[4] Scission thus becomes possible from both the
S1 and T1 states: the weaker the bond, the higher the
photolysis quantum yield (I > Br > Cl).[4] Additional
groups on the ring can affect the nature of the photodis-
sociation channels through their relative position, induc-
tive, conjugation, or steric effects.[9]

Among the halogenated compounds, the chloro-
derivatives are particularly interesting from a synthetic
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perspective, due to their propensity to undergo photo-
chemical reactions with outcomes similar to the ground
state SN1Ar (photo-SN1).

[10,11] With electron-donating
substituents (e.g., –NR2 and –OR), the photolysis of aryl
chlorides has been shown to lead to the reduction of are-
nes, namely, H abstraction, C-C bond formation with π
nucleophiles or solvolysis products.[10,11] The current
understanding of these reactions involves a mechanism
on the triplet surface.[10–13] The dissociative T1 state is
populated by excitation to the S1 followed by efficient
intersystem crossing, or photosensitization (Figure 1A).
The cleavage of the C-Cl bond generates a triplet cation
intermediate stabilized by polar media (3Ar+, Figure 1A).
The π5σ1 cation is eventually trapped with a π nucleo-
phile, or it abstracts a hydrogen atom from its environ-
ment (Figure 1C), forming a radical cation that
eventually rearomatizes via electron transfer. The cation
can also populate its singlet (1Ar+, Figure 1B) with an
efficiency dependent on the nature of its substituents,[13]

leading to a closed shell singlet cation localized on the
empty sp2 orbital. This species is postulated to form sol-
volysis products (Figure 1B). The presence of other cleav-
able (electrofugal) groups in the structure, such as in

chlorobenzyltrimethylsilanes or chlorobenzylphospho-
nates, opens up additional reaction pathways.[14–16] The
second dissociation of the C-Si or C-P bond could happen
at the triplet cation stage, triggered by the presence of a
formal radical cation delocalized on the π orbitals
(Figure 1D). A σπ diradical species is consequently
formed, namely, didehydrotoluene (α,4-DHT for the
para derivative, in Figure 1D).[17–19] In contrast, a tri-
methylsilyl group placed in ortho to the chlorine induces
a higher stabilization of the singlet phenyl cation com-
pared to the triplet via the β-silicon effect (Figure 1E).[20]

As a consequence, the reactivity of such systems is theo-
rized to come from the singlet state leading preferentially
to solvolysis products.[20]

The formation of the key intermediate 3Ar+ from the
excitation of aryl chlorides has been postulated on the
basis of transient spectroscopy data.[21–23] Nevertheless,
the unequivocal presence of a triplet aryl cation 3Ar+ in
solution in the photoreaction of chloroarenes remains
elusive due to the spectral similarities with the radical
cation resulting from the reaction of 3Ar+ with a nucleo-
phile or the solvent (Figure 1C).[23] As a consequence,
the triplet cation reactivity and selectivity has been

FIGURE 1 (A) Generation of triplet aryl

cations from chloroarenes; (B) reactivity of

singlet aryl cations: solvolysis; (C) reactivity of

triplet aryl cations: reduction and attack of

π-nucleophiles; (D) generation of

didehydrotoluenes from triplet aryl cations. Box

below: Orbital interactions arising from the

β-silicon effect in triplet aryl cations.

(E) Solvolysis of singlet aryl cations stabilized via

the β-silicon effect. Box to the right: main orbital

interactions
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elucidated mainly via computational studies.[13,24–26] In
these works, however, the interaction between the
excited intermediate and a reagent, namely, a nucleo-
phile or the solvent, was to the best of our knowledge
studied at the singlet or triplet aryl cation stage and not
starting from the triplet excited halobenzene precursor,
in which the halogen cleavage is at its early stages.[27]

Analyzing the geometrical and electronic properties of
triplet chlorobenzenes, we can hypothesize two types of

reactivity for the undissociated triplet molecule. In order
to relieve excited state antiaromaticity, C1 of the benzene
ring puckers and/or the C-Cl bond bends outside the
plane[6] (these distortions can be characterized through
the definition of the proper dihedral α and the improper
dihedral β in Figure 2A), exposing the triplet SOMO on
the C1 carbon (Figure S1). The unpaired spin on C1 could
potentially abstract a hydrogen from the solvent already
at the C-Cl undissociated stage (Figure 2C), with

FIGURE 2 (A) Definition of proper and

improper dihedrals for the characterization of

ring puckering at C1 (α), out-of-plane bending of

the C-Cl bond (β), and out-of-plane bending for

a newly forming bond (γ). (B) Geometries of the

S0 and T1 minima of chlorobenzene. Natural

charges and spin (in brackets) for C1 (in gray)

and Cl (in orange) are also provided and were

obtained at the CPCM-(U)PWPBE95-D4/

def2-QZVP//r2SCAN-3c level; (C) proposed

mechanisms for the reduction and

(D) substitution (SN2Ar) of triplet aryl chlorides;

(E) compounds investigated in this work
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concomitant loss of the chloride anion to form the dehalo-
genated radical, which will eventually lead to the reduced
phenyl derivative after reductive electron transfer.

Moreover, the electrophilic site on the C1 carbon
becomes accessible to the solvent or to other nucleo-
philes, enabling a substitution mechanism that resembles
the single-step aliphatic SN2 reaction, which would be
otherwise impossible in the flat S0 structure
(Figure 2D).[10] This hypothetical photo-SN2Ar could also
be favored by the build-up of positive charge on the ring
predicted in polar solvents and more importantly by the
increased polarization of the C-Cl bond (Figure 2B).[28] A
third improper dihedral angle, namely, γ in Figure 2A,
could be used to describe the trajectory of the two pro-
posed mechanisms for the reduction and solvolysis at the
triplet state.

The nature of the Ar-Cl substitution mechanism on
the triplet surface poses a fundamental question related
to the reactivity principles of excited aromatic mole-
cules.[10,12,29] In this work, we explore computationally
the possibility for a direct hydrogen atom abstraction
(Figure 2C) and the photo-SN2Ar mechanism (Figure 2D)
in the photochemical solvolysis of differently substituted
triplet aryl chlorides (Figure 2E), as an alternative to the
more established mechanism involving the intermediacy
of a ‘naked’ aryl cation.

2 | COMPUTATIONAL DETAILS

Density functional theory (DFT) optimization of minima
and transition states, frequency, and single-point calcula-
tions were carried out with the ORCA 5.0.3 quantum
chemical package,[30,31] while xTB was used for semiem-
pirical tight-binding methods at the GFN2-xTB
level.[32,33] The CREST utility of xTB 6.5.0 in combination
with the Quantum Cluster Growth (QCG) algorithm was
used for the addition of three explicit methanol mole-
cules to the optimized transition state geometries, while
keeping the solute fixed.[34–36] Three solvent molecules
were the minimal that allowed for stabilization of the sol-
volysis transition state and product, by the formation of a
cluster where the chloride and a proton are exchanged.
The geometry for the reduction cluster is slightly differ-
ent from the solvolysis one because only one molecule
stabilizes Cl� as an anion while the third one interacts
with the reactive MeOH that donates the hydrogen atom.
The different arrangement is due to the different nature
of the reactions, however, all the molecules play a role in
the stabilization of either the chloride or the other inter-
mediates formed.

Calculations were performed both in gas phase and
with methanol as implicit solvent within the conductor-

like continuum polarizable model (CPCM).[37] Complete
active space self-consistent field (CASSCF) optimizations
were performed with OpenMolcas 20.10,[38,39] with an
(8,8) active space consisting of 3 π, 3 π*, 1 σC-Cl, and
1 σ*C-Cl orbitals. Natural bond orbital analysis was done
with NBO 6.0.[40]

A benchmark study for C-Cl bond lengths and
improper dihedral angles was carried on singlet (S0) and
triplet (T1) chlorobenzene, using the following methods
for optimization in the gas phase: (U)B3LYP/6-311+G
(2d,p),[41–43] (U)B3LYP/def2-TZVP,[41,42,44,45] M06-2X-D3
(zero damping)/def2-TZVP,[44–47] r2SCAN-3c,[48]

SA2-CASSCF(8,8)/def2-TZVP,[44,49,50] and GFN2-xTB.[33]

Electronic energies were corrected with (U)
PWPBE95-D4/def2-QZVP[44,45,51,52] single point calcula-
tions that were also used to obtain natural charges and
spin populations via NBO analysis.

The hydrogen atom abstraction (reduction) and sol-
volysis on the triplet surface of differently substituted
chlorobenzenes (Figure 2) were characterized in three
steps, both in the gas phase and with implicit solvation:

2.1 | Transition states with three solvent
molecules

After individual pre-optimization with GFN2-xTB (only
in gas phase), triplet minima were used to form clusters
with three methanol molecules. The clusters were opti-
mized as triplet transition states with xTB and used for
subsequent optimization with the composite method
r2SCAN-3c (from now on both in gas and implicit solvent
phase). Only one imaginary frequency was obtained for
each r2SCAN-3c transition state.

2.2 | Reactants and products

Preliminary geometries for reactants and products were
obtained from distortion of each transition state along
the respective imaginary mode. These were optimized as
triplet minima with r2SCAN-3c. Lastly, the triplet reac-
tants were optimized as ground state singlets with
r2SCAN-3c.

2.3 | Energies, natural atomic charges,
and spin populations

(U)PWPBE95-D4/def2-QZVP single point calculations
were performed on all the optimized transition states and
minimum geometries. Natural atomic charges and spin
populations were extracted from NBO analysis, while
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Gibbs free energy corrections from r2SCAN-3c frequency
calculations.

3 | RESULTS AND DISCUSSION

3.1 | Benchmark

Substituent effects on the generation of aryl cations from
triplet aryl chlorides and on their reactivity have been
commonly investigated with the (U)B3LYP functional
and a Pople basis set such as 6-311+G(2d,p).[6,28] How-
ever, the analysis of the systems was limited to implicit
solvation in the vast majority of the examples present in
the literature. The incorporation of explicit solvent mole-
cules using a cluster-continuum approach[53] could aid in
the stabilization of the intermediates and in the better
description of the underlying mechanism, starting
already from the undissociated C-Cl bond in the triplet
excited state of chlorobenzenes. Such an approach comes
with the drawback of increased computational cost, due
to the larger number of degrees of freedom to be com-
puted. In order to determine whether reliable geometries
can be obtained from more modern and inexpensive
methods, a benchmark study was conducted by optimiz-
ing the ground and excited triplet states of chlorobenzene
(see Table 1 for the triplet states and Table S1 for the
ground state singlets). On top of the optimizations, we
performed NBO analysis and single point calculations at
the CPCM-PW6B95-D4/def2-QZVP level.[54] As can be
seen in Tables 1 and S1, changing only the basis set from
the established optimization method to def2-TZVP
yielded S0 and T1 structures with minimal differences
from 6-311+G(2d,p). Another functional previously
employed for aryl cations, namely, M06-2X, resulted in a

shortening of the C-Cl bond for both states.[55] The par-
tial charges at the triplet stage differed from (U)
B3LYP/6-311+G(2d,p), with a charge underestimation at
Cl and a negative sign at the ipso carbon. Next, the
r2SCAN-3c geometries were similar to the (U)
B3LYP/6-311+G(2d,p) references in terms of the C-Cl
bonds, atomic charges, and spins, while the triplet ring
puckering was more pronounced. Judging from the
RMSD, the composite method r2SCAN-3c was therefore
comparable with (U)B3LYP/def2-TZVP at the ground
state and with M06-2X-D3 at the triplet state, but at a
lower computational cost. CASSCF resulted in the most
structural distortions from the (U)B3LYP/6-311+G(2d,p)
reference for the T1 geometry: shorter C-Cl, less ring
puckering and the highest RMSD value among the
methods considered. The ground state CASSCF structure
was also dissimilar from the corresponding reference,
with a relatively high RMSD, a longer C-Cl and partial
charge underestimation at both Cl and the ipso carbon.
Lastly, GFN2-xTB also gave shorter C-Cl bonds, along
with a higher degree of ring puckering of the triplet.
Interestingly, this semiempirical method performed rea-
sonably for the triplet geometry based on the low RMSD,
even though it was the worst for the ground state.

Given the acceptable triplet geometry optimized with
GFN2-xTB in the benchmark study, the method was used
in the pre-optimization of chlorobenzene triplet transi-
tion states in the presence of three methanol molecules.
The results for the two reactions considered, reduction
and solvolysis, can be seen in the supporting
information (Table S2). We decided to adopt r2SCAN-3c
for the geometry optimizations owing to the good perfor-
mances in terms of RMSD and the overall computational
cost. Consequently, the GFN2-xTB structures were used
as starting points for the r2SCAN-3c optimization for all

TABLE 1 Benchmark study of the triplet chlorobenzene, optimized at various levels of theory in gas phase

T1 state

C-Cl
(Å)

αb

(deg)
Cl
chargec

C1
chargec

Cl
spinc

C1
spinc

RMSDd

*10�2

(U)B3LYP/6-311+G(2d,p) 1.83 8.6 �0.09 0.02 0.22 0.84 0.0

(U)B3LYP/def2-TZVP 1.81 8.6 �0.07 0.00 0.22 0.83 0.7

(U)M06-2X-D3a/def2-TZVP 1.77 9.3 �0.03 �0.02 0.21 0.83 2.7

(U)r2SCAN-3c 1.84 9.3 �0.10 0.03 0.23 0.84 2.8

GFN2-xTB 1.79 9.8 �0.06 0.00 0.23 0.83 3.5

SA2-CASSCF(8,8)/def2-TZVP 1.80 7.2 �0.06 0.00 0.21 0.83 5.2

aD3 dispersion correction with zero damping.[47]

bDihedral angle characterizing ring puckering at C1, as defined in Figure 2A.
cCharges and spin populations derived from NBO analysis and CPCM-PW6B95-D4/def2-QZVP single point calculations.
dRMSD values reported relative to the T1 geometry optimized at the (U)B3LYP/6-311+G(2d,p) level in gas phase.
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the chlorobenzene derivatives (Figure 2E). In the case of
Si we considered two conformers at the triplet excited
state, namely, the one with the C-Cl bond and the –CH2-
SiMe3 substituent pointing in the same side (Si(Z)) or in
the opposite sides (Si(E)) of the ring. For all compounds,
we considered four species in the presence of three meth-
anol molecules for each reaction: ground state reactant
(R), triplet reactant (3R), triplet transition state (3TS),
and triplet product (3P). The structures are referred to in
the text by labels containing the substituent para to the
chlorine, the species concerned and the type of
reaction—red for reduction or solv for solvolysis—as
subscript. For instance, OMe-3Psolv corresponds to the
triplet solvolysis product of p-methoxy-chlorobenzene.

3.2 | Triplet chlorobenzenes

The structural parameters, NBO atomic charges and
spins and relative Gibbs energies obtained from calcula-
tions with CPCM (methanol) are listed in Tables 2 and 3;
gas phase results are shown in the supporting informa-
tion (Tables S3 and S4). It is noteworthy that the pairs
Rred/Rsolv and 3Rred/

3Rsolv correspond to the same spe-
cies, but they were generated by distorting different tran-
sitions states characterized by distinct arrangements of
explicit methanol molecules (TSred for Rred and 3Rred,
while TSsolv for Rsolv and 3Rsolv); for this reason, we
observed slight differences between their structural and
NBO properties.

TABLE 2 Structural parameters, natural atomic charges, spin populations, and relative Gibbs free energies for the ground state and

triplet geometries modeled for the reduction of aryl chlorides optimized with CPCM-r2SCAN-3c

Reduction

C-Cl
(Å)

C-H
(Å)

αa

(deg)
βa

(deg)
γa

(deg)
Cl
chargeb

C1
chargeb Cl spinb C1 spinb

ΔGc

(kcal/mol)

H Rred 1.77 0.2 �0.3 �0.02 �0.06 �80.4
3Rred 2.43 2.5 �48.5 �0.51 0.27 0.37 0.97 0.0
3TSred 2.43 1.58 2.2 �49.8 19.3 �0.49 0.13 0.40 0.79 5.0
3Pred 1.08 �0.45 �0.11 0.46 0.16 �16.6

CN Rred 1.75 �0.2 �0.1 0.02 �0.03 �73.7
3Rred 1.73 1.1 �1.6 0.07 �0.05 0.11 0.61 0.0
3TSred 1.94 1.49 3.3 �38.5 33.5 �0.17 �0.09 0.20 0.52 9.9
3Pred 1.08 �0.41 �0.10 0.50 0.11 �8.3

OMe Rred 1.76 0.1 �0.1 �0.01 �0.10 �71.8
3Rred 2.57 3.1 �48.9 �0.65 0.32 0.26 1.11 0.0
3TSred 2.68 1.58 1.0 �54.1 13.3 �0.69 0.19 0.24 0.92 5.0
3Pred 1.08 �0.78 �0.02 0.14 0.33 �17.0

OMe0 Rred 1.77 �0.1 �0.4 �0.02 �0.06 �70.1
3Rred 2.67 4.4 �56.9 �0.68 0.33 0.24 1.16 0.0
3TSred 2.93 1.54 2.0 �66.0 2.6 �0.78 0.20 0.16 0.94 4.4
3Pred 1.09 �0.75 �0.03 0.17 0.33 �15.9

Si(Z) Rred 1.77 �0.1 �0.2 �0.03 �0.07 �70.9
3Rred 2.51 6.1 �45.6 �0.63 0.28 0.27 1.10 0.0
3TSred 2.63 1.51 1.4 �50.7 15.3 �0.66 0.14 0.26 0.86 5.9
3Pred 1.09 �0.73 �0.04 0.19 0.30 �15.2

Si(E) Rred 1.76 �0.1 �1.0 �0.02 �0.07 �71.4
3Rred 2.55 3.3 �47.8 �0.65 0.29 0.26 1.11 0.0
3TSred 2.70 1.53 2.3 �53.9 12.6 �0.70 0.16 0.23 0.89 5.1
3Pred 1.09 �0.76 �0.04 0.16 0.31 �15.9

aDihedral angles as defined in Figure 2A.
bValues derived from NBO analysis and CPCM-PW6B95-D4/def2-QZVP single point calculations.
cElectronic energies from CPCM-PW6B95-D4/def2-QZVP single point calculations and Gibbs corrections from CPCM-r2SCAN-3c frequency calculations.
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The optimized singlet reactant geometries were pla-
nar with C-Cl bond lengths consistent across all com-
pounds considered, as expected for ground state
chlorobenzenes. The triplet reactants presented distor-
tions depending on the nature of the substituents. We
can consider H-3R as an illustrative example, where the
longer C-Cl distance compared to the ground state, puck-
ering at C1 and out-of-plane bending of the C-Cl bond
alleviate the antiaromatic character of the triplet benzene
ring (α increases from 0.2 to 2.5� and β from �0.3 to
�48.5�, Table 2).[6] Consequently, C-Cl becomes more
polarized with build-up of partial negative charge on Cl
and positive on C1.[28] The effect of solvation on the ring
puckering and C-Cl distance is evident. The ring pucker-
ing in the optimized structures of H-3R increases

following the series cluster-continuum[53] (three MeOH
with CPCM) < cluster (three MeOH in gas phase) < no sol-
vation (α = 2.5� < 4.2� < 9.3�, considering the reduction
path, see Figure 3 and Tables 1, 2, and S3), while the C-
Cl bond distance follows the opposite trend
(2.43 > 2.30 > 1.84 Å). This effect is consistent with a
greater stabilization of the opposite charges on the Cl
(partially negative) and on the ring (partially positive),
which favors a heterolytic bond scission in polar protic
media and a decreased interaction between the halogen
and the ring. As expected, one of the two unpaired triplet
spins is mostly localized at the C1 on the orbital that will
eventually form the sp2 hybridized σ radical of 3Ar+ (see
Figures 1 and S1). The second one is partially delocalized
on the ring and on the chlorine (see Tables 1–3 and

TABLE 3 Structural parameters, natural atomic charges, spin populations, and relative Gibbs free energies for the ground state and

triplet geometries modeled for the solvolysis of aryl chlorides optimized with CPCM-r2SCAN-3c

Solvolysis

C-Cl
(Å)

C-O
(Å)

αa

(deg)
βa

(deg)
γa

(deg)
Cl
chargeb

C1
chargeb Cl spinb C1 spinb

ΔGc

(kcal/mol)

H Rsolv 1.76 0.1 �0.1 �0.02 �0.05 �79.7
3Rsolv 2.43 2.7 �49.8 �0.52 0.27 0.37 0.97 0.0
3TSsolv 2.80 1.71 �5.6 �65.9 37.7 �0.75 0.33 0.18 0.87 7.8
3Psolv 1.41 �0.83 0.23 0.01 0.79 �4.1

CN Rsolv 1.75 0.0 �0.1 0.02 �0.03 �73.7
3Rsolv 1.73 1.2 �0.7 0.06 �0.05 0.10 0.62 0.0
3TSsolv 2.61 1.84 �2.5 �63.9 42.2 �0.60 0.28 0.33 0.82 14.0
3Psolv 1.36 �0.82 0.27 0.00 0.52 �9.5

OMe Rsolv 1.77 0.2 0.0 �0.03 �0.08 �70.7
3Rsolv 2.50 3.3 �43.8 �0.62 0.28 0.28 1.07 0.0
3TSsolv 3.11 1.66 �7.9 �62.0 34.4 �0.87 0.35 0.07 0.92 11.2
3Psolv 1.42 �0.84 0.24 0.00 0.81 �0.7

OMe0 Rsolv 1.78 0.0 �0.4 �0.04 �0.06 �67.4
3Rsolv 2.57 4.1 �47.5 �0.65 0.33 0.27 1.09 0.0
3TSsolv 3.39 1.68 �8.9 �71.9 34.9 �0.91 0.38 0.03 0.94 11.5
3Psolv 1.42 �0.85 0.30 0.00 0.85 2.4

Si(Z) Rsolv 1.77 �0.1 0.3 �0.03 �0.07 �71.4
3Rsolv 2.52 6.1 �45.4 �0.63 0.30 0.28 1.06 0.0
3TSsolv 3.05 1.67 �6.4 �64.9 35.3 �0.86 0.35 0.08 0.91 11.3
3Psolv 1.42 �0.84 0.23 0.00 0.79 1.2

Si(E) Rsolv 1.77 �0.1 �0.1 �0.04 �0.24 �72.2
3Rsolv 2.55 3.3 �46.6 �0.65 0.31 0.26 1.07 0.0
3TSsolv 3.07 1.68 �5.0 �64.7 35.2 �0.86 0.35 0.07 0.91 9.7
3Psolv 1.41 �0.85 0.24 0.00 0.80 �2.1

aDihedral angles as defined in Figure 2A.
bValues derived from NBO analysis and CPCM-PW6B95-D4/def2-QZVP single point calculations.
cElectronic energies from CPCM-PW6B95-D4/def2-QZVP single point calculations and Gibbs corrections from CPCM-r2SCAN-3c frequency calculations.
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Figure S1). The introduction of an electron-donor para to
the chlorine increased the C-Cl distance and polarization
in the order H-3R < Si(Z)-3R < Si(E)-3R < OMe-3R,
while two such substituents in ortho and para positions
(i.e., OMe0-3R) led to an even longer C-Cl and higher par-
tial charges. The electron donating substituents also
cause a partial shift of spin population from Cl to C1, sug-
gesting that an enhanced electron donation to the ring
promotes the heterolytic dissociation of Cl as a closed
shell anion.[28] The resulting fragments still interact with
each other as seen from the respective SOMOs
(Figures S3–S6). If the C-Cl bond was fully dissociated,
the ring would be flat as in a triplet aryl cation. Neverthe-
less, the puckering of the triplet reactants Si(Z)-3R,
Si(E)-3R, OMe-3R, and OMe0-3R is more pronounced
than the one for H-3R, while their Cl spin populations
are non-zero (0.24–0.37) and the Cl charges lower than
unity (�0.62 to �0.68). The structures could be thus con-
sidered in the first stages of bond dissociation, still main-
taining a directional interaction between the carbon and
the chlorine.

In contrast, the triplet CN-3R closely resembles the
ground state CN-R, when optimized with implicit solva-
tion, apart from the slight compression of the C-Cl dis-
tance by 0.02 Å and minimal out-of-plane C-Cl bending
(0.7–1.6 Å) and ring puckering (�1�). The interaction of
the CN substituent is extremely relevant, as it can be seen
by the diminished C–CN bond distance going from the
S0 (1.42 Å) to the T1 (1.38 Å) and the elongation of the
triple bond (from 1.16 to 1.18 Å). The spin population in
this case is more delocalized on the ring (Table S5) due to
the electron withdrawing nature of the –CN group,
resulting in lower Cl and C1 spins compared to H-3R.
Consequently, –CN reduced the unpaired π spin density
on the ring[6] relieving the triplet antiaromaticity without
large geometrical distortions. As a side note, the gas
phase CN-3R geometry has a more pronounced C-Cl out-
of-plane bending (Tables S3 and S4), indicating that the
polarizable medium from the CPCM calculations also

played a role in the stabilization of the antiaromatic pla-
nar structure.

3.3 | Reduction

We modeled the transition states for the hydrogen
abstraction by triplet chlorobenzenes according to the
mechanism proposed in Figure 2B (see also Table 2 and
Figures 4 and S2–S6). In the case of unsubstituted chloro-
benzene, H-3TSred maintains the characteristics of the
triplet reactant, more specifically the puckering at C1, the
C-Cl out-of-plane bending and the C-Cl distance. The
hydrogen atom donor, that is, a methanol molecule,
approaches C1 from the opposite side of the ring relative
to the C-Cl bending (the improper dihedral γ = 19.3�,
indicating the angle of approach of the H, with opposite
sign of the Cl bending dihedral β = �49.8� in Table 2).
The relatively low γ angle evidences the direct interaction
of H with the SOMO lobe of the triplet chlorobenzene on
C1 (Figure 5). The absolute value of the partial charge on
Cl decreases along the reaction coordinate (from �0.51 to
�0.45). At the same time, the Cl spin increases going
from H-3Rred to H-3TSred then H-3Pred (0.37 to 0.40 then
0.46), suggesting also a partial homolytic component in
the dissociation in the unsubstituted chlorobenzene. The
large reduction in the spin on C1 along the reduction
confirms the radical nature of the hydrogen abstraction,
leaving the benzene ring in H-3Pred as a radical cation.

The nature of the C-Cl cleavage could be shifted
toward pure heterolysis while still keeping the radical
character of the reduction by introducing electron donat-
ing groups on the ring. According to the evolution of the
charges and spins during the reduction of triplet Si(Z),
Si(E), OMe, and OMe0, all of them undergo heterolytic
dissociation as the Cl charge has a substantial rise and
the Cl spin drops (Table 2).[28] As opposed to chloroben-
zene, OMe-3TSred, Si(Z)-

3TSred and Si(E)-3TSred have
C-Cl distances longer by 0.11–0.15 Å compared to their

FIGURE 3 Triplet chlorobenzene structures with corresponding C-Cl distance (in blue), puckering dihedral (α), and C-Cl out-of-plane

bending improper dihedral (β) optimized at the r2SCAN-3c level with (A) no solvation; (B) with three explicit methanol molecules; (C) with

three explicit methanol molecules and implicit solvation with conductor-like continuum polarizable model (CPCM) (methanol)
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respective triplet reactants and the ring puckering (α in
Table 2) is diminished. The extended degree of C-Cl dis-
sociation in these structures is reflected also in the C1
and Cl partial charges, which are higher than in
H-3TSred. The transition states with one electron donat-
ing substituent thus start to resemble triplet aryl cations
as the rings flattened bringing the exposed SOMO lobe
into the plane of the ring. Consequently, the methanol
molecule has a different orientation relative to ring (i.e., γ

between 12.6� and 15.3�, lower than H-3TSred). With its
two electron donating groups, OMe0-3TSred represents an
extreme case: the hydrogen undergoing abstraction is
almost coplanar with the ring (2.6� vs. 13.3 of
MeO-3TSred), while the Cl spin is low (0.16) and the Cl
charge is the highest among all transition states (�0.78).
A complete heterolytic dissociation has possibly already
taken place at this stage, promoted by the electron rich-
ness of the benzene ring. The charges and spins of
OMe0-3TSred resemble its product more than its precur-
sor, indicating a late transition state.

Placing an electron acceptor group para to the chlo-
rine had an opposite effect on the transition state geome-
try. The structure of CN-3TSred lost the planarity
associated with its triplet reactant, puckering at C1 and
bending the C-Cl out of the plane (α = 3.3� and
β = �38.5�, Table 2). The higher ring distortion of
CN-3TSred compared to H-3TSred affected the SOMO and
consequently the orientation of the hydrogen atom rela-
tive to the benzene ring, as the γ improper dihedral wid-
ened (33.5� vs. 19.3�). Lastly, the C-Cl dissociation for
this case has partial homolytic contributions, since the
charges and spins of CN-3Pred are similar to H-3Pred.

Energetically, the reduction of triplet chlorobenzene
is comparable to its derivatives containing electron-
donating groups, with activation energies of 4.4–5.9 kcal/
mol and ΔGred between �17.0 and �15.2 kcal/mol. For
CN the barrier is almost double (9.9 kcal/mol), due to its
higher spin delocalization (and consequently lower spin
population at C1). ΔGred for CN is also less favorable
than for the other compounds (�8.3 kcal/mol) due to the
electron withdrawing substituent having a destabilizing
effect on the radical cation product. Considering just the
dissociation of triplet chlorobenzenes with similar sub-
stituents in the para position, the barriers computed in
previous research at the CPCM-UB3LYP/6-311+G(2d,p)
level for C-Cl stretching range from 9.5 and 10.6 kcal/
mol for p-CH2SiMe3 and p-OMe, to 18.6 kcal/mol for
chlorobenzene and 52.6 kcal/mol for p-NO2.

[28] The

FIGURE 4 Optimized triplet reactants, transition states, and triplet products (CPCM-r2SCAN-3c) for the reduction of chlorobenzene

FIGURE 5 Singly occupied molecular orbitals (SOMO and

SOMO-1) of the triplet reactants (A) and transition state (B) for the

reduction of chlorobenzene (isovalue = 0.03, CPCM-(U)

PWPBE95-D4/def2-QZVP//r2SCAN-3c)
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activations energies for the direct radical hydrogen
abstraction by undissociated triplet chlorobenzenes from
this study are therefore comparable to or even lower than
the generation of the triplet aryl cation. This comparison
is derived from different theoretical models and conse-
quently can be considered semi-quantitative at most; nev-
ertheless, it supports the formation of reduction products
via the triplet surface as a possible alternative pathway to
be considered together with the aryl cation hypothesis.

On another note, the barrier for C-Si dissociation
from the triplet p-CH2SiMe3 phenyl cation was previously
found as 20.3 kcal/mol (CPCM-CASSCF(10,10)/6-31G
(d)).[14] It is highly unlikely that the C-Si bond cleavage
could precede the reduction of the triplet chloro-
derivative even in polar protic environment, if the triplet
surface is populated. Indeed, the lifetime of the Ar-
CH2SiMe3 radical cations (a species that mimics the elec-
tronic interactions between the silyl substituent and the
ring comparable to 3Ar+ of Si) in HFIP solution was
found to be 14 μs.[56] Even considering a nucleophile/sol-
vent-assisted mechanism, the lifetime of the same sily-
lated radical cation is 56 ns,[56] which is considerably
longer than the one of the σ unpaired spin of the triplet
aryl cations, which have a lifetime as short as <15 ps in
solution.[21] Hence, it is challenging that the strong C-Si
bond dissociates before the unpaired spin on C1 reacts
with its environment. Thus, both these computational
results and the experimental lifetimes may not support
the photochemical formation of DHTs in solution.[19]

3.4 | Solvolysis

Photo-SN2Ar mechanisms have already been formulated
in literature, often involving the formation of a Meisen-
heimer complex in the excited state.[57–60] Such a reactiv-
ity seen, for instance, in the substitution of –NO2 by ethyl
glycinate in p-nitroanisole parallels the ground state
nucleophilic aromatic substitution via consecutive
addition-elimination processes.[61] In this work, we mod-
eled the transition states for the theorized photo-SN2Ar

solvolysis on the triplet surface (Figure 2D) in which the
leaving group departure and the nucleophilic attack hap-
pen concomitantly (Table 3 and Figures 6 and S2–S6).
This mechanism resembles the aliphatic SN2 reaction,
and it is made possible by the distortions of the ring at
the electrophilic site driven by the antiaromaticity relief
on the triplet surface.

Returning to the example of unsubstituted chloroben-
zene, in H-3TSsolv the nucleophile (i.e., alcohol group of
one explicit methanol molecule) approaches C1 from the
side opposite to the C-Cl bending (i.e., negative
β = �65.9� and positive γ = 37.7� in Table 3), similarly
to the previous reaction. The nucleophile is, however, ori-
ented relative to the plane of the ring at a wider angle
than the hydrogen atom in H-3TSred (γ as 37.7�

vs. 19.3�), indicating that different orbitals of the triplet
chlorobenzene are involved in the reduction and the sol-
volysis (see Figures 5 and 7). For the reduction, the
molecular orbital of the ring abstracting the hydrogen
from the methanol has a larger sp2 component on C1,
while for the solvolysis the nucleophile interacts with an
MO with a larger π character. This difference not only
explains the angle of approach for the H and the nucleo-
phile but is at the core of the Janus reactivity that we pro-
pose for the triplet chlorobenzenes.

As a consequence of the nucleophilic attack, the C-Cl
distance becomes longer by 0.37 Å and the ring pucker-
ing changes direction from the Cl side to the O side, a
change reflected in the sign of the α dihedral in H-3Rsolv

(2.7�) versus H-3TSsolv (�5.1�). The C-Cl bond in
H-3TSsolv is thus mainly dissociated, supported by the
large increase in Cl and C1 partial charges (�0.75 and
0.33, respectively). At the transition state, the bond
between C-O is only partially formed (1.71 Å), while the
methanol proton is still attached to the oxygen. The C-Cl
cleavage renders an even higher Cl charge (�0.83) in
H-3Psolv and a Cl spin population of only 0.1, evidencing
the heterolytic nature of the process. Simultaneously, the
proton detaches from the methanol nucleophile and is
transferred to the other explicit solvent molecules form-
ing a small hydrogen-bonded network, which interacts

FIGURE 6 Optimized triplet reactants, transition states, and triplet products (CPCM-r2SCAN-3c) for the solvolysis of chlorobenzene
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with the chloride ion. The implicit solvation also has a
stabilizing effect on the chloride: in the gas phase
H-3Psolv geometry hydrochloric acid is already formed
with a �0.38 Cl partial charge (Table S4), while in the
CPCM geometry Cl remains as an anion weakly interact-
ing with its environment. Next, the C1 charge decreases
in H-3Psolv (0.23), as it gets stabilized by the newly
formed C-O bond (1.41 Å). The spin population at C1 suf-
fers only a small drop along the reaction from H-3Rsolv

(0.97) to H-3Psolv (0.79), which is consistent with a nucle-
ophilic as opposed to a radical attack, giving rise to triplet
methoxy-benzene in H-3Psolv.

The C-Cl bond dissociation becomes more advanced
in the solvolysis transition state if the compound contains
electron donating substituents, with distances of 3.05–
3.11 Å for OMe and the two conformers of Si, or 3.39 Å
for OMe0. The ring puckering toward O in these TSsolv
geometries is also more pronounced (α = 5.0�–8.9�) and
the C-O distances (1.66–1.68 Å) are shorter than in
H-3TSsolv (1.71 Å), The negatively charged Cl is weakly
interacting with the benzene ring in the transition states
of Si(Z), Si(E), OMe, and OMe0, while in their products
it is stabilized by the explicit methanol molecules (vide

supra), explaining why the charges on Cl slightly
decrease in 3Psolv. Nevertheless, the charges and spin
populations in the TSsolv structures are comparable to
3Psolv and so it can be said that electron donation to the
ring pushes the transition state toward a later stage of the
reaction.

In parallel to the reduction, placing the –CN group
para to the chlorine has the opposite effect on the solvol-
ysis transition state. The C-Cl bond of CN-3TSsolv
(2.61 Å) is shorter than in H-3TSsolv (2.80 Å) while the
ring is flatter (α = �2.5�). The electron withdrawing
group therefore leads to less C-Cl dissociation in
CN-3TSsolv compared to the unsubstituted chlorobenzene
case, with a lower Cl partial negative charge (�0.60) and
a higher Cl spin population (0.33). The nucleophile is
also positioned further away from C1 (1.84 Å), indicating
that CN-3TSsolv is an earlier transition state than
H-3TSsolv. The cleavage remains heterolytic leading to a
chloride anion (�0.82 charge and 0.00 spin) and a triplet
p-cyano-methoxy-benzene in CN-3Psolv with the spin
population delocalized on the benzene ring (Table S5).

The photo-SN2Ar solvolysis via the triplet surface
appears thermoneutral for the compounds with electron
donating groups (ΔGsolv = �2.1–2.4 kcal/mol) and
slightly exergonic for unsubstituted chlorobenzene
(ΔGsolv = �4.1 kcal/mol). The reaction is most favorable
for CN (ΔGsolv = �9.5 kcal/mol), possibly due to the
extended conjugation in the product, characterized by a
push-pull substitution. In contrast, CN encountered the
highest activation energy (14.0 kcal/mol), as the electron
withdrawing substituent destabilizes the partial positive
charge that builds-up on the ring.

Overall, the barriers for the photo-SN2Ar (7.8–
14 kcal/mol) are higher than for the radical reduction
(4.4–9.9 kcal/mol), but they are still comparable with
triplet aryl cation generation. Undissociated triplet chlo-
robenzenes could therefore also acts as direct precursors
for solvolysis products in just one step (Figure 2D), with-
out forming a singlet cation via C-Cl cleavage followed
by ISC (Figure 1B). According to the ΔG values in
Tables 2 and 3, undissociated triplet chlorobenzene and
its Si and OMe derivatives would favor direct hydrogen
abstraction from a solvent molecule, which is consistent
with experimental product distributions.[15,62] While the
generally accepted mechanism attributes the prevalence
of photochemical reduction among chlorobenzenes with
para electron withdrawing substituents to triplet aryl cat-
ions, it can be argued that the pathway presented here
(Figure 2C) may also play a part due to its low energy
barriers.

Interestingly, based on the activation energy of
merely 4.4 kcal/mol, one would expect the direct hydro-
gen abstraction by triplet OMe0 to outcompete the C-Cl

FIGURE 7 Singly occupied molecular orbitals (SOMO and

SOMO-1) of the triplet reactants (A) and transition state (B) for the

solvolysis of chlorobenzene (isovalue = 0.03, CPCM-(U)

PWPBE95-D4/def2-QZVP//r2SCAN-3c)
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dissociation/ISC pathway leading to solvolysis
(Figure 1E). Experimental yields, however, revealed a 1:2
product ratio between reduction and solvolysis when
conducting the reaction in neat methanol.[20] It could be
that the presence of the two electron donating groups
render the C-Cl dissociation in the triplet state barrierless
similarly to p-chloroaniline or N,N-dimethyl-p-chloroani-
line, effectively forming 3Ar+ in solution.[28] The greater
stability of the singlet cation compared to the triplet in
OMe0-R could facilitate the ISC even before the triplet
reduction.[20]

4 | CONCLUSIONS

Starting from the distorted triplet geometries of chloro-
benzene derivatives, we described theoretically alterna-
tive pathways to explain excited state reactivities
commonly attributed to triplet and singlet aryl cations in
polar protic environment. The present results open the
possibility for the competing reactions associated with
the presence of these intermediates, namely, reduction
for 3Ar+ and solvolysis for 1Ar+, to occur via bimolecu-
lar transition states on the same triplet surface of the
chloro-derivatives. The calculations matched previous
experiments for para substituted chlorobenzenes. Ener-
getically, the complete dissociation of the C-Cl bond is
therefore not a prerequisite to explain the preferential
formation of reduction or solvolysis products, with the
reactants and transition states preserving various extents
of interaction between the chlorine and the benzene ring.

The difference in Gibbs free energies appears to con-
trol the relative feasibilities of the reactions. Electron
neutral or donating groups induce reduction over solvoly-
sis, while for electron withdrawing substituents the two
processes become comparable in terms of energy barrier
and exergonic character.

The extremely low barriers for H-abstraction of Si
suggest a stepwise mechanism in the reactivity that is
associated with the photochemical formation of DHT in
solution. While the net outcome of the reactivity is
unchanged, we propose an alternative interpretation for
the photochemical dissociation of Si, which involves the
H-abstraction from the solvent of the excited chloro-
derivative to form the radical cation of the reduced Si,
which will eventually dissociate to form a benzyl radical.
On the other hand, our current picture on the prevalence
of solvolysis for o-trimethylsilyl-p-chloro-anisole OMe0

appears incomplete. This result could be affected by the
increased electron donating character present on the
ring, which decreases the barrier for the formation of
3Ar+ opening up an alternative pathway to the one we
explored in this work. Consequently, more studies are

needed to decipher whether the mechanism indeed
involves two surfaces (i.e., dissociation in the triplet and
solvolysis in the singlet) or just one.
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