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Abstract: With the aim of generating new, thermally inacces-
sible diradicals, potentially able to induce a double-strand
DNA cleavage, the photochemistry of a set of chloroaryl-
substituted carboxylic acids in polar media was investigated.
The photoheterolytic cleavage of the Ar� Cl bond occurred in
each case to form the corresponding triplet phenyl cations.
Under basic conditions, the photorelease of the chloride
anion was accompanied by an intramolecular electron-trans-
fer from the carboxylate group to the aromatic radical

cationic site to give a diradical species. This latter intermedi-
ate could then undergo CO2 loss in a structure-dependent
fashion, according to the stability of the resulting diradical, or
abstract a hydrogen atom from the medium. In aqueous
environment at physiological pH (pH=7.3), both a phenyl
cation and a diradical chemistry was observed. The mecha-
nistic scenario and the role of the various intermediates (aryl
cations and diradicals) involved in the process was supported
by computational analysis.

Introduction

Diradicals are key intermediates in synthesis[1,2] and medicinal
chemistry, being often implicated in the mechanism of action
of several antitumorals.[3] However, the generation of species
featuring the concomitant presence of two unpaired electrons
is not always a straightforward process.[1] Such intermediates
can be obtained either thermally or photochemically, but the
latter approach, as largely documented,[4] is more versatile and
found widespread use in photoeliminations (e.g. photoextru-
sions or the formation of o-benzynes) and in Norrish type I/II
reactions.[4,5] As mentioned, diradicals may have a role even in
biology.[3] A prototypical case is that of p-benzynes (σ,σ-
diradicals) generated from antitumor antibiotics, such as
enediyne-based Dynemicin A,[3b] able to abstract hydrogen
atoms from DNA, thus leading to double-strand DNA
cleavage.[3c,6] Neocarzinostatin, another enediyne antibiotic, first
binds to DNA and then, after a nucleophilic attack by the thiol
group of glutathione, rearranges to form an enyne-[3]-cumu-
lene prone to give an aggressive 1,5-didehydro indene diradical
through the so called Myers-Saito cycloaromatization.[2a,7] In
some instances, the latter process was found to occur also
under photochemical conditions.[4] The success of this approach
for DNA cleavage relies on the formation of highly aggressive

species eager to take hydrogen atoms. One interesting option
in this field is the use of anticancer prodrugs that photorelease
aggressive species at will upon light exposure.

Accordingly, the design of routes enabling the photo-
generation of (new) diradicals, alternative to thermal pathways,
is highly desirable. A good starting point is the thermal Myers-
Saito reaction used to generate α,3-didehydrotoluenes (α,3-
DHTs, heterosymmetric σ,π-diradicals) from polyunsaturated
species.[2a] In fact, our group found that the very same
intermediates can be formed, even in aqueous phosphate
buffer solution (PBS, pH=7.3), by a one-photon double-
elimination reaction starting from an aromatic derivative.
Notably, this approach could be extended to the photogenera-
tion of all α,n-DHT (n=2–4) isomers (Scheme 1a).[8,9] This
process is based on the photoheterolytic elimination (via a
C(sp2)-X bond cleavage) of a nucleofugal group (usually, the
chloride anion) from the aromatic ring followed by the detach-
ment of a stable electrofugal group (EG, such as the trimeth-
ylsilyl cation,[8a–c] carbon dioxide[8d] or a metaphosphate anion[9])
from the benzylic position of the resulting phenyl cation.
Intriguingly, a different reaction course has been identified,
depending on the actual electrofugal group. The loss of the
Me3Si

+ moiety occurs spontaneously, thanks to the peculiar
stabilization of the positive charge offered by the silicon atom
(Scheme 1a, path a).[8a–c,10] An initial intramolecular electron
transfer (IET) process occurring at the triplet phenyl cation stage
operates, however, in the formation of α,n-DHTs when a
negatively charged electrofugal group is involved (� COO� or
� PO3

2� /� PO3H
� , Scheme 1a, path b).

However, α,n-DHTs cannot be considered aggressive dirad-
icals, since the unpaired electron at the benzylic site is stabilized
by resonance and this site is thought to be inefficient in the
abstraction of a hydrogen atom from the medium, accordingly.
Moreover, we found that changing the methylene group with a
heteroatom failed to induce the generation of the correspond-
ing (hetero)diradical.[11]
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We, reasoned that an IET could be the key to devise new,
interesting diradical intermediates, endowed with a tunable
character in terms of stabilization/reactivity. As a matter of fact,
electron transfer reactions are quite common in biological
systems.[12] In some cases, the intramolecular version of this
phenomenon is invoked to explain the outcome of a given
photochemical reaction, either in synthetic endeavors or in the
biological environment,[13] and may take place even at long-
range distance.[14] The success of some photochemical reactions
is based on IET, where an easily oxidizable (or reducible) moiety
is purposely tethered to the reacting system to donate (accept)
an electron to (from) a radical cationic (anionic) site in a remote
part of the molecule, thus allowing the formation of the desired
product. This moiety is sometimes called redox-tag,[15] as in the
case of the MeOC6H4 group in the photochemically generated
intermediate IV: it initially underwent an IET to afford V and
then was restored, allowing the formation of compound VI
(Scheme 1b). A radical ions couple may be alternatively formed
upon (photoinduced) IET. An exemplary case is that of
substituted phthalimides VII (Scheme 1c), wherein an IET leads
to the formation of two radical ion centers (see VIII). Thus, the
radical cation site triggers a desilylation (or decarboxylation),
allowing the thus formed radical-radical ion couple to undergo
cyclization to finally release tricyclic compound IX.[16]

As for the above, we envisaged that a thermal IET process
on a photogenerated intermediate may induce the generation
of a new class of (potentially aggressive) diradicals. The
designed models (chloroaromatics X, Scheme 2) feature the
presence of a carboxylate moiety in the double role of electron
donor and electrofugal group, and can benefit ofits good
oxidizability, biological compatibility and simplicity of installa-
tion in the desired substrate. A purposely designed X� Y spacer
then separates the COOH moiety from the aromatic ring. If a
triplet phenyl cation (see intermediate XI) is formed upon
photolysis of X, the occurrence of an IET would give XII, an
aggressive diradical able to abstract two hydrogen atoms from
the medium to give XIII via the formation of strong bonds
(Ar� H and COO� H). Alternatively, carbon dioxide loss from XII
to form diradicals XIV is another interesting issue, since it could
open the route to an unexplored class of diradicals, which
reactivity is virtually unknown and worth to be investigated.

Results

Experimental data

To test our idea, we investigated the photochemistry of
compounds 1a–e (Figure 1). Carboxylic acids 1a and 1e were
commercially available, whereas compounds 1b–d were readily

Scheme 1. Literature precedents relevant to the present investigation.

Scheme 2. Proposed approach for the formation of diradicals based on
Intramolecular Electron Transfer (IET).

Figure 1. Structures of compounds 1a–e.
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synthesized by following known procedures (see Experimental
section and Supporting Information for further details).

The fluorescence quantum yields for aryl propionic acids
1b–e are very low (ΦF <0.01), both in the protonated and in
the deprotonated form (1’b–e). Slightly higher values have
been determined for 4-chlorophenoxyacetic acid 1a and its
carboxylate anion 1’a (ΦF=0.021 and 0.019, respectively).

The photochemical reactions were carried out by direct
irradiation (centered at 254 nm, coming from low pressure Hg
vapor lamps) in different polar protic media, including neat
iPrOH, MeOH and an aqueous phosphate buffer solution at
physiological pH (7.3) to facilitate the photoheterolytic cleavage
of the Ar� Cl bond. 4-Chlorophenoxyacetic acid 1a was first
tested for different reasons. First, the anisole-like structure of
this compound assures an easy photogeneration of the
corresponding triplet phenyl cation.[17] Second, this is a good
candidate to investigate the proposed IET process occurring in
zwitterion XI, since the resulting diradical XII should be quite
prone to lose carbon dioxide due to the stability of the
corresponding diradical XIV. In fact, the phenoxymethyl radical
has been already described in the O-neophyl rearrangement of
1,1-diarylalkoxyl radicals[18] and directly detected by laser flash
photolysis of anisole in solution.[19] Moreover, the photosensi-
tized decarboxylation of acids of general formula ArXCH2COOH
(X=O, S) has been previously documented.[20]

Thus, irradiation of 1a in different polar media gave a varied
products distribution (see Table 1), showing a markedly differ-

ent behavior when moving from the free acid (1a) to the
corresponding carboxylate anion (1’a). The photoproducts
formed by irradiation of 1a may be classified in two main
families, namely chlorine-free products (2–4) and carboxylate/
chlorine-free derivatives (products 5–7). A set of photochemical
experiments were first carried out in alcoholic solvents under
base-free conditions (0.01 M 1a) upon a 60–120 min period.
Thus, irradiation in neat iPrOH led to the exclusive formation of
photodechlorinated phenoxyacetic acid 2 (Table 1, entry 1),
even when using acetone-sensitized conditions (in this case the
irradiation wavelength was centered at 310 nm by means of
low pressure phosphor-coated Hg vapor lamps; entry 2).[17] In
MeOH, the consumption of 1a was almost quantitative (entry 3)
and 2 was again the main photoproduct along with a small
amount of 2-(4-methoxyphenoxy)acetic acid 3. Similar results
were obtained when carrying out the reaction by using 0.02 M
1a (entry 4) or under sensitized conditions (entry 5). Adding
one equivalent of base (Cs2CO3, 5×10� 3 M) in the experiments
in MeOH made the consumption faster (ΦF=0.18) and drasti-
cally changed the products distribution. In fact, the irradiation
of 1a under such conditions gave only carboxylate/chlorine-
free products, including phenoxyethanol 5 and 1,2-diphenoxy-
ethane 6, independently of the concentration used (entries 6
and 7).

On the route towards physiological conditions, we tested
the photoreactivity of 1a in phosphate buffered solution (PBS,
pH=7.3)/MeOH 1 :1. The irradiation in this aqueous-alcoholic

Table 1. Photochemistry of 4-chlorophenoxyacetic acid 1a in polar media.[a]

Entry Conditions [Φ� 1]
[b] Time [min] 1a Consumption [%] Products, yield [%][c]

1 iPrOH (0.02) 120 85 2, 59
2 iPrOH[d] 120 40 2, 70
3 MeOH (0.07) 120 94 2, 62; 3, 7
4 MeOH[e] 120 46 2, 20; 3, 11
5 MeOH[d] 120 50 2, 28; 3, 6
6 MeOH+Cs2CO3 (1 equiv.) (0.18) 60 100 5, 49; 6, 7
7 MeOH[e]+Cs2CO3 (1 equiv.) 60 97 5, 54; 6, 16
8 MeOH:PBS[f] 1 : 1 90 87 2, 5; 3, 2; 4, 5; 5, 46; 6, 1; 7, 9
9 PBS[f] (0.07) 90 62 2, 10; 4, 44; 6, 5; 7, 40
10 PBS[f]+Glucose (0.05 M) 120 96 2, 23; 4, 23; 7, 52; 6, 2
11 PBS[d,f] 60 68 2, 25; 4, 16; 7, 28; 6, 3
12 PBS[d,f,g] 60 88 2, 16; 4, 11; 7, 32;

8+9, traces[h]

13 CD3OD,+Cs2CO3 (1 equiv.) 120 100 5-d3, 54; 6-d2, 12

[a] Irradiations were performed at 254 nm (8×15 W low pressure Hg vapor lamps) on a nitrogen-saturated 0.01 M solution of 1a in the examined solvent.
[b] Determined at λ=254 nm. [c] Yields based on consumed 1a. [d] Irradiations performed at 310 nm (8×15 W phosphor coated Hg lamps) in the presence
of acetone (20%v/v). [e] 0.02 M 1a. [f] Phosphate buffer solution (PBS) 0.05 M, pH=7.3. [g] Reaction carried out in the presence of tbutyl acrylate (2 equiv.).
[h] Compounds 8 and 9 detected by GC/MS analysis.
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solution gave a complex mixture, with an overall predominance
of carboxylate/chlorine-free products, being 5 the compound
formed with the highest yield (entry 8). Irradiation of 1a in neat
PBS gave roughly an equimolar amount of chlorine-free and
carboxylate/chlorine-free derivatives (4 and 7 as the major
products, respectively, entry 9) that was slightly affected by the
presence of 0.05 M glucose (entry 10).[9] Shifting the irradiation
wavelength to 310 nm led to the same products (entry 11),
while the addition of tbutyl acrylate (2 equiv.) as radical trap led
to the formation of adducts 8 and 9 in trace amounts, as
detected by GC-MS analysis (entry 12). Finally, irradiation of 1a
in CD3OD in the presence of 1 equiv. of Cs2CO3 caused the
formation of phenoxyethanol containing three deuterium
atoms (5-d3) or led to dimer 6-d2 (entry 13), as revealed by GC-
MS analysis (see Scheme S6 in the Supporting Information for
further details). The product distribution closely resembled that
obtained in basic MeOH (entry 6).

Next, we shifted our attention to 1b to evaluate the
feasibility of the decarboxylation step at the phenyl cation level
towards the formation of a tertiary radical (Table 2). Irradiation
in neat MeOH did not afford any decarboxylated species, since
only photodechlorinated 3-phenyl-2,2-dimethylpropionic acid
10 and 3-(4-methoxyphenyl)-2,2-dimethylpropionic acid 11
were formed. The consumption quantum yield (ΦF=0.02) was
quite low and unreacted 1b (37%) has been detected after 2 h
irradiation (entry 1). When switching to basic methanol, acid 10
remained the main product, but it was accompanied by
carboxylate/chlorine-free derivatives, namely 3,3-dimethyl-4-
phenylbutan-1-ol 13, (2-methoxy-2-methylpropyl)benzene 14
and traces of (2,2,3,3-tetramethylbutane-1,4-diyl)dibenzene 15,
according to GC-MS analysis (entry 2). Buffered water improved
the photoreactivity of 1b (ΦF=0.12) and dechlorinated 10 was
by far the major product along with solvent-incorporating
product 3-(4-hydroxyphenyl)-2,2-dimethylpropionic acid 12 (en-
try 3). Dimer 15 (formed in trace amounts) was the only
carboxylate/chlorine-free derivative detected.

We then considered α-benzyl propionic acid isomers 1c and
1d (Table 3). As a matter of fact, irradiation of 1c in methanol
even in the presence of Cs2CO3 (1 equiv., 5×10� 3 M) gave 3-
phenyl-2-methylpropionic acid 16 as the sole product (entries 1,
2). Experiments in PBS were not performed with this substrate,
due to solubility problems of 1c in this medium. Photolysis of
1d (5×10� 3 M) in (basic) MeOH consistently led to 16 (entry 4),
whereas in PBS (with the help of 5% MeCN for solubility
reasons) the photodechlorinated acid was accompanied by a
significant amount of 3-(2-hydroxyphenyl)-2-methylpropionic
acid 17 (entry 5). However, no products deriving from a double
chlorine/carbon dioxide elimination were formed.

The last carboxylic acid tested was 3-(4-
chlorophenyl)propionic acid 1e (Table 4). Experiments were
again carried out in methanol, methanol with 1 equiv. of Cs2CO3

(5×10� 3 M) and buffered water at physiological pH of 7.3 (PBS)
with 5% MeCN. In all solvents tested, the major product was 3-
phenylpropionic acid 18 along with the photosolvolysis prod-
ucts 3-(4-methoxyphenyl)propionic acid 19 and 3-(4-
hydroxyphenyl)propionic acid 20.

Computational data

To get additional insights into this multi-faceted photochemical
reactivity, we complemented the experiments carried out on
1a–e with a computational investigation on each of the
relevant steps of the process. The aim was to showcase the
validity of our initial hypothesis about the key IET step and to
study the dependence of the decarboxylation step onto the
structure of the starting substrate. We adopted a DFT-based
method, by employing the ωB97xD functional and the def2TZV
basis set, as implemented in the G16 software.[21] Solvent effects
were included with an implicit model (methanol bulk) via single
point calculations, as detailed in the Supporting Information.
Notably, given the open-shell nature of several of the key

Table 2. Photochemistry of 3-(4-chlorophenyl)-2,2-dimethylpropionic acid 1b in polar media.[a]

Entry Conditions [Φ� 1]
[b] Time [min] 1b Consumption [%] Products, yield [%][c]

1 MeOH (0.02) 120 63 10, 75; 11, 16
2 MeOH+Cs2CO3 (1 equiv.) (0.03) 120 65 10, 51; 11, 12; 13, 11; 14, 5; 15, traces[d]

3 PBS[e] (0.12) 120 100 10, 68; 12, 31; 15, traces[d]

[a] Irradiations were performed at 254 nm (8×15 W low pressure Hg vapor lamps) on a nitrogen-saturated 0.01 M solution of 1b in the examined solvent.
[b] Determined at λ=254 nm. [c] Yields based on consumed 1b. [d] Compound 15 detected by GC/MS analysis. [e] Phosphate buffer solution (PBS) 0.05 M,
pH=7.3.
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intermediates, the stability of the obtained wavefunction has
always been carefully checked and a re-optimization was
performed if an instability was detected (see Supporting
Information for full details).

At the beginning of our study, we investigated the detach-
ment of the chlorine atom from the ground state (S0) and the
lowest lying triplet excited state (T1) in carboxylic acids 1a, 1e
(taken as examples) and the complete set of carboxylate anions
1’a–e. Very similar results have been obtained for the different
structures investigated, as showcased in Figure 2, where the
data for 1a (part a) and 1e (part b) and the corresponding
carboxylate anions 1’a (part c) and 1’e (part d) have been
reported. Thus, Ar� Cl bond cleavage in the S0 state requires a
huge amount of energy (>40 kcalmol� 1 to elongate the Ar� Cl
bond of 0.7 Å), as demonstrated by the steep profile of the
corresponding potential energy surfaces (PESs; blue line with
square symbols in Figures 2a–d). On the other hand, the typical
out-of-plane arrangement of the Cl atom in the optimized
triplet state geometries was observed (see the top structures
reported in Figures 2a–d), with chlorine detachment easily
occurring (see the flat profile of T1 PESs, red line with circle

symbols): in this case the elongation of the Ar� Cl bond up to
ca. 3.0 Å is accompanied by a modest energy increase, ranging
from 3.5 to 11.7 for 1’a and 1e, respectively. Furthermore, it
can be observed that the Ar� Cl cleavage in all the investigated
T1 states occurs through a heterolytic pathway to afford a triplet
aryl cation and the chloride anion (3Ar+ +Cl� ), since a marked
negative charge localization is apparent upon C� Cl bond
elongation (e.g., in the case of 1a, the chlorine atom at the
equilibrium geometry of the T1 state shares a negative charge
equal to � 0.24, that shifts to � 0.69 upon elongation of the
C� Cl bond to ca. 3.0 Å; see Figure 2a). Indeed, the negative
charge localization in the case of 1a is larger than for 1e, in
accordance with the different electronic character of the two
aromatic derivatives (the former is expected to be more
electron-rich than the latter). In addition, when moving from
the carboxylic acids 1a/1e to the corresponding carboxylate
anions 1’a/1’e, an increase in the localization of the negative
charge on the chlorine atom of the respective triplet states is
consistently observed. The data related to 1’b–d reveal
essentially the same behavior (see Figure S2 in the Supporting
Information). Overall, this is a clear indication that the formation

Table 3. Photochemistry of 3-(4-chlorophenyl)-2-methylpropionicc acid 1c and 3-(2-chlorophenyl)-2-methylpropionic acid 1d in polar media.[a]

Entry Compound Conditions [Φ� 1]
[b] Time [min] 1c/1d Consumption [%] Products, yield [%][c]

1 1c MeOH (0.02) 120 73 16, 82
2 1c MeOH+Cs2CO3 (1 equiv.) (0.03) 120 80 16, 98
3 1d MeOH (0.07) 60 100 16, 85
4 1d MeOH+Cs2CO3 (1 equiv.) (0.07) 60 100 16, 57
5 1d[d] PBS[e]+5% MeCN (0.04) 120 80 16, 56; 17, 26

[a] Irradiations were performed at 254 nm (8×15 W low pressure Hg vapor lamps) on a nitrogen-saturated 0.01 M solution of 1c or 1d in the examined
solvent. [b] Determined at λ=254 nm. [c] Yields based on consumed 1c or 1d. [d] 5×10� 3 M 1d. [e] Phosphate buffer solution (PBS) 0.05 M, pH=7.3.

Table 4. Photochemistry of 3-(4-chlorophenyl)propionic acid 1e in polar media.[a]

Entry Conditions [Φ� 1]
[b] Time [min] 1e Consumption [%] Products, yield [%][c]

1 MeOH (0.04) 120 75 18, 29; 19, 8
2 MeOH+Cs2CO3 (1 equiv.) (0.05) 120 65 18, 77; 19, 23
3 PBS [d]+5% MeCN (0.07) 120 80 18, 24; 20, 41

[a] Irradiations were performed at 254 nm (8×15 W low pressure Hg vapor lamps) on a nitrogen-saturated 0.01 M solution of 1e in the examined solvent.
[b] Determined at λ=254 nm. [c] Yields based on consumed 1e. [d] Phosphate buffer solution (PBS) 0.05 M, pH=7.3.
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of a triplet phenyl cation is feasible in all cases and does not
depend on the protonation state of the substrate.

Next, we shifted our attention on the feasibility of the
claimed IET step. To do so, we adopted a previously reported
theoretical method to calculate the redox potentials of organic
derivatives.[22,23] Our aim was to predict the oxidation capability
of triplet phenyl cations deriving from substrates 1’a and 1’e,
taken as reference compounds. Accordingly, we estimated the
redox potential of the 3Ar+/Ar* redox couple. We postulated
that such redox potential is essentially dictated by the
substituents attached to the aromatic nucleus, so we adopted
the triplet p-methoxyphenyl cation/p-methoxyphenyl radical
and the triplet p-ethylphenyl cation/p-ethylphenyl radical,
respectively, as convenient surrogates for determining the
desired parameters in 1’a and 1’e. Table 5 gathers the obtained
data, showcasing that the alkyl-substituted phenyl cation is ca.
600 mV more oxidizing than the methoxy-substituted derivative

(entries 1, 2), as expected based on the electronic effect
imparted by such substituents on the aromatic nucleus.

We also reasoned that triplet phenyl cations share a peculiar
electronic structure, with the two unpaired electrons located in
non-interacting orbitals, respectively, in a sp2-hybridized orbital
at the dicoordinated carbon (aryl radical character) and
delocalized over the entire π system (aromatic radical cation
character).[24] Accordingly, the calculated redox potentials for
1’a and 1’e should parallel the oxidation potential of the parent
compounds (anisole and ethylbenzene) to afford the corre-
sponding radical cations. Our hypothesis was fully confirmed, as
apparent by comparing the data in entries 3 and 4 with those
in entries 1 and 2, respectively. The validity of the implemented
theoretical approach is corroborated by the close similarity of
the simulated data with the experimental ones available in the
literature (Table 5).

Figure 2. Potential energy surfaces (PESs) of the S0 (blue line with square symbols) and T1 (red line with circle symbols) states for: 1a (part a), 1e (part b), 1’a
(part c), 1’e (part d) at the ωB97xD/def2TZV level of theory in bulk methanol. The reported structures are the optimized geometries for the S0 (lower part) and
T1 (upper part) states. The values reported in magenta do refer to the charge localized at the chlorine atom (green) at the equilibrium geometry and upon
elongation of the C� Cl bond (evaluated on the last point of each curve). The values reported in blue (for S0 states) and red (for T1 states) refer to the energy
change associated with the last point with respect to the minimum for each curve.
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Turning to the key IET step relevant to this work, the
calculated redox potentials of triplet phenyl cations have to be
compared with those of typical carboxylate anions. In particular,
there is a little dependence on the actual structure of the group
attached to the carboxylate group, with redox potentials in the
+1.26 V (pivalate anion) to +1.47 V (acetate anion) vs. SCE
range, as previously reported.[22] As apparent from these data, in
any case, the predicted IET may occur through an overall
exergonic step since the oxidation potentials of the phenyl
cations formed in this work are always>ca. +1.7 V vs. SCE.

We next investigated the geometries and electronic struc-
tures of the triplet phenyl cations 321+a–e and triplet diradicals
322a–e (see selected examples in Figure 3) arising via chloride
anion detachment from 1a–e and 1’a–e, respectively. We found
that the latter parameter dramatically depends on the proto-
nation state of the carboxylic acid group, as shown in Figure 3,
wherein the spin density plots of the intermediates resulting
from 1a/1e (upper part) and 1’a/1’e (lower part) are reported.
Thus, it is apparent that the free acids feature the typical
electronic structure of a triplet phenyl cation, in accordance
with the radical/radical cationic description reported above. On
the other hand, in the latter case a diradical structure is easily
detected, with the two unpaired electrons located, respectively,
at the dicoordinated carbon and at the carboxyl group,
consistent with the occurrence of the claimed IET step. A rather

similar situation has been observed for all the remaining
substrates tested (see Figure S3).

To have more information on the reactivity pattern offered
by such intermediates, we optimized the geometries of all the
phenyl cations and diradicals arising from 1a–e and 1’a–e,
respectively, in the corresponding singlet spin manifold and
calculated the singlet-triplet (S� T) gap. The results are shown in
Figure 4, where a positive bar indicates that the singlet state is
more stable than the triplet and vice versa. In all cases, the
singlet phenyl cations (121+ , Scheme 3) arising from 1a–e are
more stable than the corresponding triplet congeners (321+) by
ca. 10–15 kcalmol� 1, with the only exception of the 4-meth-
oxyphenyl cation, where the two spin states are almost
isoenergetic (the S� T gap is very small, with the triplet more
stable than the singlet by a mere 0.5 kcalmol� 1). On the other
hand, all the diradical species 22 arising from 1’a–e show a
similar behavior with all the triplets slightly more stable (ca.
1.0 kcalmol� 1) than the corresponding singlets.

The possibility to observe a decarboxylation step from
either the singlet or triplet diradical species 22 (arising from
1’a–e) has been modeled next. To this end, we located the

Table 5. Calculated/experimental potentials of redox couples relevant to
the rationalization of the proposed IET step.

Entry Redox couple Calculated
redox potentials
in MeCN
[V vs. SCE][a]

Experimental
redox potentials
in MeCN
[V vs. SCE]

1 +1.68 –

2 +2.27 –

3 +1.76 +1.81[25]

4 +2.33 +2.14[26]

[a] The reported values have been calculated at the M06-2X/6-31+G(d,p)
level of theory in MeCN bulk, as reported in Ref. [22].

Figure 3. Spin density plots for intermediates 321+ arising from 1a (part a)
and 1e (part b), and intermediates 322 arising from 1’a (part c) and 1’e
(part d), as determined from ωB97xD/def2TZV calculations in bulk methanol.
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relevant transition states (tagged as 22-TS), describing the
C� COO* bond cleavage and the corresponding ΔG� are
reported in Table 6. The nature of the TSs has been fully
characterized through vibrational analysis and the correspond-
ing IRC plots (15 points in both forward/reverse directions) are
reported in the Supporting Information (see Figure S4), fully
confirming that the located TSs describe the desired C� C
cleavage. As for the observed energy changes with respect to
the parent diradical species 22, the trend clearly reflects the
stability of the diradicals accessible upon CO2 loss. Accordingly,

the ease of decarboxylation follows the order 22a>22b~22c~
22d@22e, independently from the considered spin manifold.

As a final consideration, we wanted to have insight into the
hypothetical diradical species arising from the decarboxylation
step (intermediates 23 from 1’a–e). Accordingly, we optimized
such species both in the singlet and the triplet states, thereby
calculating the S� T gap. The results of such simulations are
reported in Figure 4. As a matter of fact, also in this case, all the
diradical species share a very small S� T gap (up to ca.
1.4 kcalmol� 1), with the triplets consistently more stable than
the corresponding singlets.

Discussion

The experimental and computational evidences point to the
mechanistic scenario described in Scheme 3. Each of the
chloroaryl-substituted carboxylic acids 1a–e tested belongs to
the class of (slightly) electron-rich chlorobenzenes (the σp

+

values of the OMe and the CH2CH2COOH groups, taken as the
reference, are � 0.78 and � 0.07, respectively).[27] These com-
pounds, upon excitation in polar solvents, are known to lose
the chloride anion from the excited triplet state[28] to form the
intimate ion pair triplet phenyl cation (321+/chloride anion,
path a).[8d] The efficiency of the photoreaction is modest, since
Φ-1 did not exceed 0.1 in most cases. The occurrence of the
reaction from the triplet state is confirmed by acetone-
sensitized experiments that gave roughly the same product
distribution observed under non-sensitized conditions (see
Table 1, compare entries 3 and 4). At this stage, a different
chemistry from the carboxylic acids and the corresponding
carboxylate anions takes place. In the former case, the typical
reactivity of a triplet phenyl cation was observed, mainly
leading to dechlorinated derivatives via hydrogen atom
abstraction from the solvent (path b).[17] This is apparent when
the reaction is carried out in an excellent hydrogen-donating
solvent, such as iPrOH (Table 1).[29] Since phenyl cations may
exist both in the singlet and in the triplet state, an intersystem
crossing may take place between the two forms depending on
their relative energies. As shown in Figure 4, the singlet cations
are consistently more stable than the triplets (except for 21a+)
allowing the formation of 121+ (path c). In nucleophilic solvents,

Figure 4. Singlet-triplet (S� T) gaps for intermediates 21+ (green bars), 22
(red bars) and 23 (blue bars) as determined from ωB97xD/def2TZV
calculations in bulk methanol. A positive bar indicates a singlet ground-state
intermediate.

Scheme 3. Proposed mechanistic scenario for the photoreactivity of com-
pounds 1a–e.

Table 6. Ease of CO2 detachment from intermediates 22 expressed as
Gibbs free energy change (ΔG�) calculated at the ωB97xD/def2TZV level of
theory in methanol bulk.[a]

Transition state Singlet spin manifold, ΔG�

[kcal mol� 1]
Triplet spin manifold, ΔG�

[kcal mol� 1]

22-TSa 0.65 0.94
22-TSb 1.94 1.85
22-TSc 1.12 1.00
22-TSd 1.57 1.45
22-TSe 5.67 5.56

[a] The values reported have been determined by taking the appropriate
energy difference between the energy of the TS (22-TS) and that of the
corresponding parent intermediate 22.
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such as MeOH and water, solvent addition occurred to form the
corresponding phenols or anisoles, accordingly. The amount of
solvolysis products increased when the reaction was carried out
in a highly polar solvent (such as aqueous PBS) due to the high
stability imparted by the medium to the photogenerated
cation.[30]

This work again confirms that triplet phenyl cations 321+

have a radical cationic nature and we demonstrate a note-
worthy similarity with the radical cations obtained via mono-
electronic oxidation of the corresponding arenes. Nonetheless,
the typical benzylic deprotonation of such intermediates was
not observed here, as previously reported in the case of radical
cations of alkyl benzenes[31] and 4-phenylbutanoic acids.[32]

The feasibility of an IET step between the radical cationic
site of the triplet phenyl cations and the COO� group was
estimated by calculating the oxidation capability of the
aromatic nucleus (Table 5). Thus, it was demonstrated for the
first time that the triplet p-methoxyphenyl cation and the
anisole radical cation share a similar redox potential (Table 5),
confirming again that the two radical sites in 321+ are
independent from each other. With this important notion in our
hand, we could rule out an IET from the intermediates 321+

having a protonated COOH group, since this moiety is difficult
to oxidize (the E1/2

OX of phenylacetic acid is +2.51 V vs. SCE).[33]

The situation dramatically changes, however, in the case of
carboxylates 1’a–e. Irradiation of 1’a in basic MeOH led
exclusively to products lacking the carboxylic group, pointing
to an IET followed by decarboxylation (Scheme 3, paths d, e) to
give diradical 323a. The exergonicity of the IET step is
corroborated by the smooth oxidizability of the carboxylate
group (< +1.5 V vs. SCE) compared to its protonated form.
Moreover, the ΔG� of the decarboxylation step in 322a is very
low (less than 1 kcalmol� 1) independently of the multiplicity of
the diradical (Table 6). In aqueous PBS the decarboxylation is
not complete, however, since dechlorinated 2 and the water-
incorporating product 3 were likewise formed. In the latter
medium, IET seems to have a less important role compared to
basic MeOH allowing some phenyl cation chemistry. This
contrasts with the exergonicity of the IET that should funnel the
reactivity exclusively into path d to give 322a. A possible
explanation is that cation 321a+ is not “bare”, but rather exists
as an intimate ion pair with the leaving group (the chloride
anion). Such interaction hampers the IET step and, accordingly,
prevents decarboxylation.[8d] Moreover, the stability of phenyl
cations strongly increased when enhancing the proticity of the
medium.[30] The presence of a modest amount of glucose
(0.05 M, a good hydrogen donor) slightly increased the amount
of photodechlorinated 2, but did not affect carbon dioxide loss
(Table 1), as previously demonstrated in related cases.[9]

The next crucial point is the reactivity of diradical 323a. Such
diradical has not been formed previously, even under thermal
conditions, so its behavior is unprecedented. The radical nature
of this intermediate was however confirmed by both deutera-
tion experiments and the tbutyl acrylate-trapping experiment
to give adducts 8 and 9 in a low yield. Albeit the formation of
dimers (such as 6, path g) is reasonable, these diradicals,
similarly to α,n-DHTs, are surprisingly able to incorporate a

molecule of the reaction medium (whether MeOH or water).
These new species show again a diradical and a polar
dichotomy, in analogy with α,n-DHTs.[8b] In the former case
(path h), compound 5 was obtained via C� C bond formation. In
the latter case (path i) a C� O bond was formed and the addition
of water onto the diradical gave a hemiacetal (see compound
14) that readily hydrolyzed to phenol 7 (path j). Notably, a
double hydrogen abstraction by 323a has not been observed,
thus pointing out the great difference in stability between the
aryl and the α-oxy radical sites in this intermediate. Shifting to
compound 1b, the decarboxylation extent was rather limited,
despite the strong basic conditions (Table 2). This fact clearly
points out that the stability of the diradical 323b is the driving
force for CO2 detachment from 322b. Indeed, the 1-
phenoxymethyl-like radical formed from 1a is probably more
stable than the tertiary radical formed from 1b. In the case of
compounds 1c–e, the decarboxylation of the generated
diradicals 322c–e is completely prevented due to the high value
of the ΔG� of decarboxylation (Table 6), pointing to the poor
stability of the resulting 323c–e.

An intriguing question raises on the actual involvement of
diradicals 322 in the photochemistry of 1a–e. Specifically, a
double hydrogen abstraction from such species via path f is an
alternative route to the formation of photodechlorinated
derivatives via path b (Scheme 3). The hydrogen abstraction in
path f is largely favored by the strength of the C� H/O� H bonds
formed (the strength of the Ar� H bond in benzene is ca.
113 kcalmol� 1 and that of CH3CH2COO� H bond is
106.4 kcalmol� 1).[34] The intermediacy of 322 (and, accordingly,
the occurrence of IET at the 321+ level) is confirmed in the
photoreaction of 1a, wherein the chemistry of 323 via paths d
and e has been observed (at least in basic MeOH). The IET
pathway should in principle operates with the same efficiency
also in the photoreactions of 1b–e (see also Table 5) and an
exclusive chemistry from 322 or 323 should result. However, this
seems in contrast with the consistent presence of photo-
substitution products (diagnostic of the reactivity of 121+) in
those cases. We thus suggest that, since phenyl cations 321+b–
e obtained from 1b–e are less stable than that formed from 1a
(due to the lack of a stabilizing OR group; compare the energy
changes for chlorine detachment in the triplet states from 1a
and 1e; Figure 2), the ion couples 321+b–e/Cl� have a role,
therefore driving the reactivity to paths b, c at the expenses of
IET. The stabilizing effect of water seems likewise to favor a
phenyl cation chemistry.

Conclusions

This work demonstrates that new classes of diradicals may be
formed in a very mild way by having recourse to an IET
occurring in photogenerated triplet phenyl cations having
oxidizable moieties tethered to the aromatic nucleus by a
suitable spacer. The feasibility of the IET may be predicted by
calculations and tuned at will by choosing the substituents of
the aromatic nucleus (electron-donating groups can lower the
oxidation capability) and the redox potential of the oxidizable
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moiety. In addition, the latter group may induce a diradical
cascade, if lost as a stable molecule after the IET. In the present
work, the lack of the elimination of the electrofugal group may
generate in the same substrate two aggressive radical sites (an
aryl radical and a carbonyloxy radical), capable to abstract
hydrogen atoms from the medium.

More investigations are, however, needed to prove if these
diradicals may have a role as antitumoral species by abstracting
hydrogen atoms from DNA in analogy with the mechanism of
action of enediyne antitumor antibiotics.

Experimental Section
Irradiations were performed by using nitrogen-purged solutions in
quartz tubes in a multi-lamp reactor fitted with 10×15 W
phosphor-coated Hg lamps (maximum of emission at 310 nm) or
with 10×15 W low-pressure Hg lamps (maximum of emission at
254 nm). Quantum yields were measured at 254 nm (1 Hg lamp,
15 W). The reaction course was followed by both GC and HPLC
analyses.
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