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Abstract

Preparative and mechanistic studies on the photochemical reaction of a series of p-substituted benzanilides in polar and
nonpolar solvents have been carried out. The aim of this work is mainly focused to show whether the reaction solvent and
the electronic effects of the substituents affect the product distribution, the chemical yields and the rate of formation of the
5-substituted-2-aminobenzophenone derivatives. Application of the Hammett linear free energy relationship (LFER) on the
rate of formation of 2-aminobenzophenone derivatives, on the lower energy band of the UV—visible absorption spectra of
the benzanilides and 5-substituted-2-aminobenzophenone derivatives allows a satisfactory quantification of the substituent
effects. Furthermore, the solvent effect was also analyzed on the photoreaction by means of the Reichardt’s solvent parameter
(E(30). Finally, (TD-) DFT calculations have been carried out to support the trends observed experimentally.
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) . : . , 1 Introduction
Valentin Lucena and Matias I. Quindt contributed equally to this

work.
The photo-Fries rearrangement is a useful photoreaction
D4 Sergio M. Bonesi that leads to the facile preparation of 2-hydroxy- as well
smbonesi @qo.fcen.uba.ar as 2-aminobenzophenones [1-3] Anderson and Reese dis-

covered this photochemical transformation of aryl esters (or
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amides) in 1960 [4]. It is well-established that this process
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Fig. 1 The photo-Fries
rearrangement: competitive
pathways

X=0;N
R =alkyl, aryl

radical escape from the solvent cage provides the phenols
(or anilines), as depicted in Fig. 1 [1-3].

Pioneering studies on the photo-Fries rearrangement of
acetanilides and benzamide are known since 1963 and were
developed by Elad, Rao and Steinberg [5, 6]. Latter, Shi-
zuka and co-workers have studied in depth the photo-Fries
rearrangement of acetanilide in term of photoexcited state,
product distribution, and proposal of the reaction mechanism
[7, 8]. Furthermore, the photochemistry of benzanilide and
p-methylbenzanilide has been examined in detail at vari-
ous excitation wavelengths, in different solvents and in the
absence and presence of molecular oxygen, particularly, in
terms of quantum yields of photoproduct formation [9]. Lee
and co-workers have studied the photochemistry of benzan-
ilide and substituted 2-chloro-, 2-bromo- and 2-methoxy-
benzanilides [10]. Although direct irradiation of benzanilide
gave the expected photo-Fries rearrangement reaction, the
other 2-substituted benzanilides provided the substituted
phenanthridone derivatives due to an efficient photoinduced
6n-electrocyclization reaction marking a change in the reac-
tivity of benzanilides depending on the substitution pattern.
The direct irradiation (254 nm) of N-acetyl diphenylamide
and heteroaryl amides such as N-acetyl- and N-benzoylcar-
bazoles have been carried out in different solvents and the
photo-Fries rearrangement reaction occurred with notice-
able efficiency [11-13]. Likewise, the photochemistry of
acetanilides and benzanilides has been studied in water in
the presence of f-cyclodextrin and surfactants, respectively,
showing a noticeable product selectivity [14—16].

The photophysical properties of benzanilides have
been intensively studied. The dual fluorescence emission
in non-polar and polar solvents [18-29] was attributed to
the population of local excited state (LE) affording a short
wavelength emission, while the nature of the state that origi-
nates a longer wavelength emission was subject of debate.
Kasha and co-workers assigned the blue-green fluorescence
emission to the imidol tautomer of benzanilide [30]. Lat-
ter, it was found that several benzanilide derivatives dis-
play anomalous long-wavelength fluorescence due to the
twisted amide bond (TICT states), which are considerably
stabilized by charge delocalization onto the aniline moi-
ety and the phenyl group [19]. Further, the spectroscopic
behavior of six N-arylbenzamides has been deeply studied in
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methylcyclohexane toluene solution and in rigid glass matri-
ces concluding that the photophysical behavior depends on
the interactions between benzamide and aminoarene moie-
ties of the molecules [20-22]. Likewise, the luminescence
spectroscopy of p-methylbenzanilide, N-methyl-p-methylb-
enzanilide, p-nitrobenzanilides and N-benzylbenzanilide in
different conditions has also been studied. Steady-state and
time-resolved spectroscopy demonstrated that the relative
intensities depended on the solvent polarity [23-25].

More recently, a series of p-dimethylaminobenzanilides
with para or meta substituents at the amido aniline were
prepared to analyze the substituent effect on the fluores-
cence emission [26, 27]. A dual fluorescence emission
was observed, and surprisingly, it was found that the TICT
emission displayed an inverted parabolic dependence shift-
ing when correlated with Hammett substituent parameter
(o). This study suggested that the anilino group could be
a stronger electron donor than an aliphatic amino group.
Consequently, a series of para substituted benzanilides
modified exclusively on the aniline moiety has been stud-
ied. Dual fluorescence emission was detected, showing very
low fluorescence emission quantum yields (®;) [27]. On the
other hand, N-benzoylnaphthalenes displayed a noticeable
substituent effect of the TICT fluorescence band, provid-
ing a linear Hammett correlation [28, 29]. Furthermore, the
energy of the charge transfer band of such amides correlated
nicely with the reduction potential.

Although the photophysical properties of benzanilide
derivatives were the subject of extensive studies, their
photochemistry was scarcely analyzed [1-3] Herein, we
describe the results obtained on the direct irradiation of sev-
eral para-substituted benzanilides in homogeneous media
under steady-state conditions. We analyzed the solvent and
substituent effects on the photoreaction applying the Ham-
mett correlation on the reaction rates and the energies of the
absorption bands of p-substituted benzanilides. Computa-
tional analysis via DFT and TD-DFT supported the pres-
ence of substituent and solvent effects at the ground and
excited state supporting the linear correlations measured
experimentally.
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Scheme 1 The photo-Fries
rearrangement reaction of
p-substituted benzanilides

Iog WOz So o

1a-8a 1b - 8b

R =MeO ( ); PhO (2); Me (3); H (4); CI (5); COMe (6); CN (7); NO,, (8).

2 Results

The photo-Fries rearrangement reaction of 4-substituted
benzanilides. We systematically carried out the direct
irradiation (254 nm) under inert atmosphere of several
benzanilides substituted with different electron-donor and
electron-acceptor groups in para position. The photo-Fries
rearrangement reaction (see Scheme 1) of these compounds
was followed by UV-vis spectroscopy. The variation of the
UV-visible absorption spectra with irradiation time show
the presence of three isosbestic points located at ca. 220,
250 and 300 nm (see Fig. 2). This behavior shows that ben-
zanilides 1-8 are mainly converted photochemically into the
corresponding benzophenones (la— 8a). The variation of
the UV—visible absorption spectra with irradiation time of
benzamides (1 — 8) in all the solvents used in this study are
presented in Figures S1— S8 (see ESI).

The photolyzed reaction mixture obtained after irradia-
tion of benzanilides (1 — 8) during 24 h with UV light was
also analyzed by gas chromatography leading to the deter-
mination of the conversion of the chemical yields of the
photoproducts (see Table 1). We kept the photo-conversion
of the benzanilide derivatives lower than 20% to avoid possi-
ble secondary photochemical reactions. As is apparent from
the result, 1a — 8a were formed in moderate yields, along
with the corresponding p-substituted anilines (1b—8b). The
yields of benzophenones did not depend markedly on the
polarity of the solvent. Irradiation of benzanildes 1 and 2
in acetonitrile were also irradiated with 310 nm light. The
photoreaction proceeded smoothly, halving the yields of
benzophenones 1a and 2a, reflecting that the photoreaction
is faster with 254 nm light than with 310 nm (for a quantita-
tive treatment of the quantum yields of reactions, vide infra).

p-Nitrobenzanilide 8 shows a distinct photochemi-
cal behavior when compared with the other benzanilides.
Indeed, benzophenone 8a was obtained upon irradiation
of amide 8 in methanol at 254 nm in 16% yield, however,
no photoreaction was observed in acetonitrile or benzene.
Furthermore, irradiation of benzanilide 8 in acetonitrile at
310 nm provided only 4% of benzophenone 8a. No forma-
tion of the p-nitroaniline (8b) was observed upon irradiation
of compound 8 with both light sources in all the solvents
studied. The distinct photochemical behavior of benzanilide
8 was attributed to the presence of the nitro group attached to

the phenyl moiety that favors the singlet to the triplet change
of multiplicity in the excited state through intersystem cross-
ing due to spin—orbit coupling [30]. The ¢y quantum yields
of aromatic compounds bearing a nitro group are higher
than 0.50, demonstrating that the triplet state is populated
efficiently [31, 32]. Therefore, it is expected that for com-
pound 8 the intersystem crossing pathway competes with the
photo-Fries reaction, depopulating the singlet excited state in
favor of the unreactive triplet [1, 33]. Similar photochemical
behavior has been observed previously in nitro substituted
acetanilides[17] and benzoates [34].

The reaction quantum yields (¢y) of benzanilides 1-8
were measured in all the solvents studied at both excitation
wavelengths (254 and 310 nm, see Table 2). The data col-
lected in the table indicates that the photo-Fries rearrange-
ment of benzanilides proceeds efficiently in hexane while
in polar solvents such as methanol and acetonitrile the pho-
toreaction proceeds less smoothly. The ¢y values measured
in polar solvents diminish by one order of magnitude com-
pared with those measured in hexane. The trend observed
for polar solvents was also observed in benzanilides irradi-
ated with UV light of 310 nm. The photophysical behav-
ior of benzanilides in polar and nonpolar solvents has been
extensively studied and it is known that a significant charge
separation between the benzamido group (PhCONH-) and
the substituents in para position (R-Ph-) occurs favoring
a twisted amide bond excited state (TICT states) [18-27].
Polar solvents promote the stabilization of the TICT excited
state, favoring the deactivation of such species through
fluorescence emission and radiationless pathways and pre-
venting any photochemical reaction. On the other hand, this
interesting behavior does not occur efficiently when the
solvent is nonpolar (e.g. hexane). In this case the photo-
Fries rearrangement proceeds smoothly, showing ¢y values
higher than those measured in polar solvents (see Table 2).
Therefore, it is evident that there is an excellent correla-
tion between the literature on the photophysical properties
of benzanilides and the result obtained from the reaction
quantum yields (¢py). The polarity effect can be appreciated
optimizing the S1 excited state of 1-8 at the TD-wB97X-D/
def2-SVP level in gas phase or using acetonitrile as implicit
solvent (see Figure S20 and S21). In the gas phase only the
strong electron-donating groups MeO and PhO promote the

@ Springer
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Fig.2 (a) p-Methoxybenzanilide (1) in Hexane at 254 nm. (b) Benzanilide (4) in MeOH at 254 nm. (c¢) p-Chlorobenzanilide (5) in hexane at
254 nm. (d) p-Cyanobenzanilide(7) in MeCN at 310 nm. Blue line: zero time; red line: infinite time

formation of a TICT state, while only NO,, CN and COMe
maintain a planar S1 geometry in acetonitrile.

Effect of Substituents and nature of the solvent on both
the absorption spectra and the photoreaction rate constants.
The absorption spectra of benzanilides display two charac-
teristic bands. The main absorption band is centered between
255 and 287 nm, depending on the polarity of the solvent
and the nature of the substituent (see Table 3). Indeed, a
slight hypsochromic shift of the main absorption band of
benzanilide 1-5 was observed as the polarity of the solvent
increases moving from hexane toward methanol. However,
we recorded a bathochromic shift for benzanilides bearing
electron-acceptor substituents (6-8) as the polarity of the
solvent increases.

Applying the Hammett correlation on the electronic
transition energy of the p-substituted benzanilides [36, 37],
we confirmed that the spectroscopic behavior in this class
also depends on the nature of the solvent. We correlated

@ Springer

the energies of the lower absorption band measured in
hexane using the Hammett substituent constants ¢ [38],
obtaining a linear correlation with a slope (c) of +0.39
[Fig. 3(a)]. Consequently, the electron-withdrawing sub-
stituents promote a hypsochromic shift of the absorption
band. On the other hand, the energies of the lower absorp-
tion band measured in polar solvents such as acetonitrile
and methanol were found to correlate nicely with the Ham-
mett substituent constants ¢ but affording two linear rela-
tionships with opposite slopes, as can be seen in Fig. 3(b).
This surprising behavior showing a clear bell shape was
not observed when the solvent was hexane and deserves
additional comments.

The linear Hammett correlation that only involves elec-
tron-donor substituents (blue dash line in Fig. 3(b)) provides
a p value of +0.65 (R>>0.80) whereas the linear correlation
involving only electron-acceptor substituents [black solid
line in Fig. 3(b)] gives a slope value of — 0.88 (R*>>0.75).
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Table 1 Yields of photoproducts measured in different solvents®

Yields (%)
NHCOPh NH2Q NH,
R/O/ Solvent R/[j
R
MeOH 31 6
MeCN 48 11
MeO MeCNP 13 <1
Benzene 21 <1
MeOH 34 12
Me MeCN 63 13
MeCNP 19 2
Benzene 41 6
MeOH 32¢ 9
H MeCN 39¢ 5
Benzene 35¢ 6
MeOH 19 8
COMe MeCN 24 13
Benzene 15 3
MeOH 41 27
CN MeCN 47 18
Benzene 32 14
MeOH 16
MeCN <1 -
NO; MeCN® 4
Benzene <1 -

2Yield of photoproducts determined by GC of the reaction mixture. Preparative irradiation carried out with light of 254 nm.
Concentration of 4-substituted benzanilides: 5.0 x 107 M. PAeec = 310 nm. °4-Aminobenzophenone is also formed in

8-10%.

Table 2 Reaction quantum yield (¢g) measured in different solvents®

NHCOPh
/©/ dr x 10°
R
Solvent Aexe/nm MeO PhO Me H Cl COMe CN NO2
Hexane 254 26 41 20 37 40 10 4  Insoluble
MeCN 254 5 7 6 10 4 1 3 0.3
MeOH 254 2 2 2 2 2 04 1 0.2
MeCN 310 3 2 2 3 3 2 2 0.5
MeOH 310 0.1 0.5 1.0 13 1.2 1.8 1 0.5

*Concentration of aryl benzoates: 5.0 x 10~* M. Actinometer: KI (0.6 M), KIO; (0.1 M) and Na;B,07-10H,0 (0.01 M)
solution in water; ¢(I3—) = 0.74; Aexc = 254 nm.[35] Error: + 0.01.

Bold values indicate the data which are the most significant

These results led to conclude that both families of substitu-
ents electron-donor and electron-withdrawing substituents
promote a bathochromic shift of the absorption band with
respect to benzanilide (4). This dual behavior can be attrib-
uted to the significant polarization of the doubly substi-
tuted benzene ring. The amide group can behave as a weak

electron-donor group when located in para position with
respect to the electron-withdrawing substituent groups or as
a weak electron-withdrawing group when conjugated with
an electron-donor group in para position. Nevertheless, the
absolute values of the slopes point out that the amide group
tends to act as an electron-donor group. Therefore, in both

@ Springer
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Table 3 Energy (E) and maximum absorption wavelengths (A,,) values of the UV—visible lower energy band of 4-substituted benzanilides (1-8)
and 5-substituted-2-aminobenzophenones (1a-8a) in different solvents (5.0 X 1074 M)?

(a) 6.0

E/eV

5.5 1

5.0

4.5

4.0 1

3.5 1

3.0

Aabs / NM E/eV

NHCOPHh
. /Cf Hexane MeCN MeOH | Hexane MeCN MeOH
MeO 281 276 278 4.40 4.48 4.45
PhO 273 271 272 4.53 4.56 4.54
Me 272 269 269 4.54 4.59 4.59
H 266 264 264 4.65 4.68 4.68
Cl 270 267 268 4.58 4.63 4.61
COMe 287 293 296 431 422 4.18
CN 255 279 278 4.85 443 4.45
NO, Insoluble 322 318 -—— 3.84 3.89

NH
R Hexane MeCN MeOH | Hexane MeCN MeOH

[e]
MeO 380 400 401 3.25 3.09 3.08
PhO 379 390 392 3.26 3.17 3.15
Me 370 375 377 3.34 3.30 3.28
H 350 321 335 3.53 3.85 3.69
Cl 355 363 378 3.48 3.40 3.27
COMe 349 350 350 3.54 3.53 3.53
CN 355 358 362 3.48 3.45 341

Me

Cl
PhO

o

COPh

(b) 69 ;

5.5 1

O MeCN

5.0 1

E/eV

4.5 1

4.0

3.5 1

*Blue data refer to hypsochromic shift while red data refer to bathochromic shift.

3.0 T
-0.4

-0.2 0.0

0.2

04 0.6 0.8 1.0

Fig.3 Hammett Correlation of the UV—visible lower Energy band (E) of 4-substituted benzanilides in: (a) Hexane and (b) methanol and ace-
tonitrile, respectively. Confidence curves (95%) are reported for both Fig. 2a, b

cases a weak dipole can be developed and polar solvents
display a noticeable destabilization of such dipole in the
ground state. Conversely, no stabilization of the polarized
phenyl ring was observed when hexane, a nonpolar solvent,
is used and consequently, a hypsochromic shift was observed
with electron-withdrawing substituents.

@ Springer

The new band located between 320 and 450 nm in the
absorption spectra that grows-in with irradiation time
(Fig. 2) was assigned to the n, * electronic transition due
to the formation of the benzophenone moiety [31]. The
maximum absorption wavelength (m, ) and the energy
(E) values of such electronic transition (n, n*) belonging
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to 5-substituted-2-aminobenzophenones are collected in
Table 3. The energies of the lower absorption energy band
(E) diminish as the solvent polarity increases, resulting
in a bathochromic shift of the n, * band when moving
from hexane to methanol. However, no substituent effect
was observed on the lower energy band of benzophenones
1a—8a as can be judged from Fig. 4. In fact, the E energies
measured in all the solvents studied were correlated with the
Hammett meta substituent constants c,,, [38] without observ-
ing any linear correlation (Fig. 4). This trend suggests that
substituents attached to the phenyl ring at meta position do
not perturb the polarization of the carbonyl group responsi-
ble for the n,n* absorption band, both in nonpolar (hexane)
and polar (acetonitrile and methanol) solvents.

H
41 o Cl
A
o 0 CN g
H [u] a X
3 Me a COMe
> MeO PhO
©
w
21
1 O MeCN
A MeOH
O Hexane
0 T T T T T T T 1
-0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6
O

Fig.4 Hammett Correlation of the UV-visible lower Energy band
(E) of 5-substituted 2-aminobenzophenones in hexane, methanol and
acetonitrile

(3)1.07 cogo, g g oo o o o o o
o o©°
o ooO o [o]
0.8 ® 8 o
0p © °
0% o
00 o
061 0, .
g o
00 ° O MeO
0.4—00 O Me
o O PhO
o
g O o H
P o cCI
0.2 —Oo O COMe
8 O CN
0.0 & T T T T T T
0 5 10 15 20 25 30
t/ min

We analyzed the substituent and solvent effects on the
photoreaction of benzanilides following the relative forma-
tion of 2-aminobenzophenones 1a—8a, by measuring the
relative absorption values (A/A_). The concentration of
benzanilides 1-8 was 5.0 x 10~ and the absorbance values
at the fixed excitation wavelength were ca 0.45 a.u. The rela-
tive absorption profiles shown in Fig. 4 were measured in
hexane and acetonitrile upon irradiation of the benzanilides
at 254 nm, while those relative absorption profiles meas-
ured in methanol and in acetonitrile at both 254 nm and
310 nm excitation wavelengths are depicted in Figure S9
(see ESI). Comparing the relative absorption profiles meas-
ured at 254 nm in Fig. 5, it was found that the grow-in of
2-aminobenzophenones took place efficiently and resulted
to be ten times faster in hexane than in polar solvents such as
acetonitrile (compare time scales in Figs. 5(a—b) and metha-
nol (compare time scales in Figure S9). This behavior again
suggests the photoreactive excited state being stabilized by
polar solvents, favoring competitive radiation and radiation-
less deactivation pathways over the photochemical reaction
pathway. Conversely, the photo-Fries rearrangement reaction
proceeds smoothly in hexane because there is no stabiliza-
tion of the photoreactive excited state and no competition
with the deactivation pathways occurs. Furthermore, the
relative formation of benzophenones 6a and 8a was found
to proceed with rate constants slower than that observed for
the other benzophenone derivatives (Figs. 5(b) and S9(a)).
The competitive population of the triplet excited states of
benzophenones 6a and 8a that occurs efficiently due to the
spin—orbit coupling process promoted by the carbonyl and
the nitro groups attached to the phenyl moiety accounts for
the slow rate constants [30].

The substituent effect on the photoreaction of 4-substi-
tuted benzanilides was also studied quantitatively in terms of

(b) 1.0 og go o o o o Me
o ° 0 MeO
0 ° o o PhO
08 1 09 O CN
’ o o cl
% 6 o come
3 o NoO,
< 064 o H
= o o
< o
04 o
$ ° °
(]
o
2 .
0.2
o o
° o
o
0o °
0.0 T T T .
0 50 100 150 200
t/ min

Fig.5 Relative formation (A/A) profiles of 5-substituted 2-amino-benzophenone in (a) hexane and (b) acetonitrile upon irradiation with light
of 254 nm. The concentration of benzanilides 1-8 is 5.0x 10> M
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the Hammett linear free energy correlations[36, 37] accord-
ing to the Eq. (1)

log [k(R)/k(H)] = p.c,, (1)

where k(R) and k(H) are the rate constants of p-substi-
tuted benzanilides and benzanilide, respectively, p is the
slope that provides the magnitude of the substituent effect
and o, is the Hammett substituent constants [38]. The rate
constants (k(R) and k(H)) were easily calculated by apply-
ing a first-order kinetic procedure to the relative formation
profiles of the benzophenone derivative. Then, the corre-
sponding consumption rate constants were obtained from the
slope of the linear correlation between In(C/C,;) and reaction
time (¢) (Figure S10 in Supporting Information). Likewise,
the consumption rate constants were obtained from the slope
of the linear correlation between In(1-(C/C,)) and reaction
time () (see Figure S10 in Supporting Information). With
the rate constants (k) in hands, the Hammett linear correla-
tion plots were constructed and are depicted in Fig. 6.

As is apparent from the data shown in Fig. 5(a) a nice
Hammett linear correlation can be observed when the com-
pounds where excited at 254 nm in polar solvent. A p value
of — 0.59 (#*>0.95) was obtained after linear regression
fitting. The magnitude of the p value refers to a modest
substituent effect on the photoreaction of 4-substituted ben-
zanilides, whereas the negative sign denotes that electron-
withdrawing substituents slow down the rate of the pho-
toreaction. In contrast, electron-donor substituents operate
oppositely. A distinct trend was observed when the Ham-
mett correlation was attempted in nonpolar solvent such as
hexane. In fact, we obtained a bell-shape, suggesting that

(@) 27 _

z
=
3
=,
D .14 A
K]
Aexc =254 nm
2 O Hexane
A MeCN
O MeOH
-3 T T T T T T 1
-0.4 0.2 0.0 0.2 0.4 0.6 0.8 1.0
(o]

Fig.6 (a) Hammett linear relationship of the consumption rate con-
stants of 4-substituted benzanilides with the substituent constants (cp)
in hexane, acetonitrile and methanol upon irradiation with light of
254 nm. (b) Hammett linear relationship of the formation rate con-

@ Springer

electron-donor and electron-withdrawing substituents deac-
celerate the photoreaction. Thus, for the case of electron-
donor groups such as methoxy, phenoxy and methyl a p,;
value of + 1.77 (R?>0.90) was obtained, indicating that the
rate constants of these substituted benzanilides are lower
than that of benzanilide (4), whereas a p, value of — 0.59
was achieved for electron-withdrawing substituents such as
chloride, nitrile, acetyl and nitro). In the last case, the slope
suggests again that electron-acceptor groups display lower
rate constants than benzanilide (4). Furthermore, the p,/p,
ratio is 3:1, meaning that the electron-donor substituents
affect the photoreaction rate constants much more than elec-
tron-acceptor ones. This peculiar behavior could be probed
checking computationally the different substituent effects on
the stabilization of the reagent of the photo-Fries reaction
(1-8) vs. the cyclohexadienone intermediate (1a-8a). Using
an isodesmic reaction (see Figure S22 and S23) we could
demonstrate that both electron-withdrawing and electron-
donating groups stabilize more the benzanilide compared
to the respective cyclohexadienone. However, no Hammett
linear correlation was experimentally observed when the
photoreaction of benzanilides (1-8) was performed upon
irradiation at 310 nm in benzene, acetonitrile and metha-
nol (see Figure S11). As an example, Scheme 2(a) depicts
the induced polarization in benzanilides through resonance
effect when the X group is an electron-withdrawing sub-
stituent located in para position with respect to the PhC(O)
NH-, acting as a moderate electron-donor group. Thence,
the excited state of these benzanilides is modestly stabilized
and, consequently, the photo-Fries reaction proceeds slowly.

Figure 5(b) also shows a Hammett linear correlation when
the formation rate constants of benzophenone derivatives

(b) “7
Hexane (254 nm)
MeCN (254 nm)
MeOH (254 nm)
MeCN (310 nm)
MeOH (310 nm)
Benzene (310 nm)

oopoODO

log[k(R)/k(H)]

OPh COMe

-4 T T T T T 1
-0.2 0.0 0.2 04 0.6 0.8 1.0

Om

stants of 5-substituted 2-aminobenzophenones with the substituent
constants (c,,) in benzene, acetonitrile and methanol upon irradiation
with light of 254 nm and 310 nm, respectively. Confidence curves
(95%) are reported for both Fig. 6a, b
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(1a—8a) were plotted against the meta Hammett substitu-
ent constants (o,,) according to Eq. 1. The formation rate
constants (k) were easily calculated from the relative absorp-
tion profiles by plotting the In(1-A,) vs. time (see Figure
S10) in different reaction solvents and at 254 and 310 nm,
respectively. The linear Hammett correlation provided a p
value of — 0.77 (+*>0.95) and again the magnitude of p
reflects a moderate substituent effect on the formation of the
benzophenone derivatives while the negative sign leads to
conclude that electron-donor substituents accelerate the for-
mation of the benzophenones (1a — 8a). Scheme 2(b) depicts
the resonance structure of intermediate cyclohexadienone,
underlying the direct interaction of substituent X with the
hexadienone moiety. In fact, electron-withdrawing substitu-
ents stabilize the cyclohexadienone intermediate, slowing
down the rate of [1;3]-hydrogen atom migration involved
during the re-aromatization pathway of such intermediate
to provide the benzophenone derivatives. Conversely, elec-
tron-donor substituents accelerate the rate of [1;3]-hydrogen
atom migration promoting the formation of benzophenones
1a-8a.

The solvent effect was also analyzed on the photoreaction
of 4-substituted benzanilides 1-8 irradiating the solutions
at both excitation wavelengths, i.e., 254 nm and 310 nm.

Figure 6 depicts the profiles of the relative formation (A,)
of benzophenones 2a and 4a in different solvents recorded
at both excitation wavelengths. Similar formation profiles
were also recorded for benzophenones 1a, 6a and 7a in polar
and nonpolar solvents at 254 and 310 nm and are shown in
Figure S18 (see ESI). As can be seen in Fig. 7, the relative
formation profiles of benzophenones 2a and 4a measured
at 254 nm and 310 nm depend on the polarity of the reac-
tion solvent. In fact, the formation rate slows down as the
polarity of the solvent increases on moving from hexane
(benzene) to methanol. Likewise, a similar solvent effect
was also observed for the rate of formation of the other ben-
zophenones at both irradiation wavelengths (see Figure S18
in ESI).

Based on these qualitative results the solvent effect on
the photoreaction was then quantified using the Reichardt’s
solvent polarity parameter E1(30) [39]. The consumption
rate constants (k) of benzanilides 1-8 were obtained from
the slope of the linear regression fitting applied on the plots
of In(C/C,) vs. time (see Figures S13-S17 in ESI). Then, a
linear correlation between the reaction rate constant k and
the solvent parameter E+(30) can be described according to
Eq. (2) [39],

Scheme 2 Substituent effects (a) Moderate electron-donor (b) NH NH

on (a) 4-substituted benzani- I / group H H

lides and (b) cyclohexadienone H ) H Ph Ph
intermediate 2 f { \

X: electron-withdrawing
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Fig.7 Relative formation (A/A ) profiles of (a) benzophenone 4a and (b) benzophenone 2a in different solvents recorded upon irradiation with

light of 254 nm and 310 nm
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In(k) = m.E(30) + constant )

where m is the slope of the linear correlation that provides
the sensitivity of the photoreaction on changing the solvent
polarity. Figure 8 shows the plots of In(k) vs E£(30) and the
linear regression fittings for the cases of 4-methoxybenzani-
lide (1) and 4-acetylbenzanilide (6), respectively. The linear
correlations obtained for benzanilides 1, 6 and 7 are shown
in Figure S19 (see ESI). As is apparent from Fig. 8 good lin-
ear correlations were obtained when the irradiation of ben-
zanilides were carried out at 254 and 310 nm demonstrating
that the solvent influences the photoreaction. Application
of linear regression fittings to the plots shown in Fig. 8 and
Figure S19 provided the slopes m according to Eq. (2), these
values are collected in Table 4.

The slope m values collected in the table which were
obtained at 254 nm as well as at 310 nm and for each p-sub-
stituted benzanilides are similar, suggesting that the solvent
effect is independent from the excitation wavelength. Fur-
thermore, the magnitude of the slope m indicates that the
photoreaction rate constants (k) suffer the variation of the
solvent polarity to some extent, whereas the sign of the slope
reveals that nonpolar solvents such as hexane and benzene
accelerate the photoreaction rate constants and polar sol-
vents like acetonitrile and methanol operate oppositely. The
fact that polar solvents slow down the photoreaction rate
constants was attributed to the noticeable stabilization of the
singlet excited state of the 4-substituted benzanilides which
is the photo reactive state responsible for the homolytic frag-
mentation of the amide group. Instead, in nonpolar media
the homolytic fragmentation is favored and the photo-Fries
rearrangement reaction proceeds efficiently (Fig. 8 8).

3 Discussion

As it was described above, the photo-Fries rearrangement
reaction of 4-substituted benzanilides 1 — 8 proceeded
smoothly upon direct irradiation with light of 254 nm and
310 nm (see Fig. 1, Table 1). The benzanilides were photo-
converted with quantum yields (¢g) of 0.001 to 0.02 depend-
ing on the light source (Table 2), providing 5-substituted-
2-amino-benzophenones 1a—8a as the main photoproducts.
During the irradiation it was found that the photoreactivity
of benzanilides shows a noticeable dependence on the sol-
vent polarity and the nature of the substituents (Figs. 5, 7).
The proposed reaction mechanism for the photorearrange-
ment of benzanilides 1-8 is depicted in Scheme 3 and it was
supported by the results obtained under steady-state condi-
tions. Thus, direct irradiation of benzanilides with light of
254 (or 310) nm efficiently provided the singlet state, which
is the photoreactive state, as reported in the literature [1-3].
Two pathways are involved in the deactivation of the sin-
glet state, (i) homolytic fragmentation of the C-NH bond
(path (a); Scheme 3) affording two radical species in the
solvent cage, viz. aryl ammoniumyl A (ArNHe) and benzoyl
B (PhCOQOe) radicals, that evolves to 5-substituted-2-amin-
obenzophenones (1a—8a) and 4-substituted anilines (2a—8b)
and (ii) competitive photophysical deactivation of the singlet
state in terms of internal conversion and fluorescence emis-
sion pathways (k,; Scheme 3) that give the benzanilides in
their ground state. In the case of amides 6 and 8, which bear
a carbonyl group and a nitro group, respectively, the inter-
system crossing pathway must be considered as a process
involved in the physical deactivation pathway estimating a
¢ value around 0.50 [30-32]. Furthermore, when the reac-
tion solvent is a polar solvent such as acetonitrile and meth-
anol it is known that a twisted amide bond (TICT states)
excited state is formed from the singlet state of benzanilides
(path (b) in Scheme 3) [18-27]. Then, stabilization of TICT
excited state by polar solvents favors the deactivation of such

Table 4 Slopes from the linear relationship between In(k) and Reichardt’s solvent parameter (E1(30)) of some 4-substituted benzanilides meas-

ured at 254 nm and 310 nm

Slope m

NHCOPh
Benzanilides /©/ MeO(1) Me(2) H@) MeCO(6) CN(7)
R

254
?\,exc / nm
310

- 0.058

- 0.042

-0.073 -0.121 - 0.091 - 0.089

-0.076 -0.094 - 0.046 -0.119
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Fig. 8 Linear relationships of reaction rate constants (In(k)) of (a) 4-methoxybenzanilide (1) and (b) 4-acetylbezanilide (6) with the Reichardt’s

solvent parameter (E(30)) at 254 nm and 310 nm

state through k , pathway (path (b) in Scheme 3) preventing
in part the photochemical reaction as can be judged from the
quantum yields in polar solvents (Table 2). In fact, not all the
singlet excited state of benzanilides shifts to TICT states in
polar solvents and consequently, the homolytic fragmenta-
tion of benzanilides 1a—8a also proceeds smoothly in such
solvents (path (a) in Scheme 3).

The homolytic fragmentation of the amide group led
to the formation of two radical species within the solvent
cage, i.e., radicals A and B, which are consumed efficiently
through two competitive pathways, the in-cage coupling
(path (c)) and the out-of-cage escape (path (e)). The in-
cage ortho-coupling of radicals A and B led to 5-substituted
2-benzoylcyclohexadienone intermediates C that, in turn,
evolved to the 5-substituted-2-aminobenzophenone deriva-
tives (1a—8a) through an efficient coupled intramolecular
[1;3]-hydrogen atom transfer ([1;3]-HAT) and re-aromati-
zation according to path (d) in Scheme 3. The sequence
involving path (a), path (c) and path (d) is suggested to be
the main reaction pathway, because the benzophenones are
the main photoproducts formed upon direct irradiation of
benzanilides 1-8 (see Table 1). The bimolecular rate con-
stant associated with path (c) is expected to display values of
10°-10'° M~! s7! as it was found for the case of aryl benzo-
ates [34]. The formation of 4-substituted anilines (2b—8b)
resulted from the out-cage escape of radical A into the bulk
that can abstract a hydrogen atom from the reaction sol-
vent (path (e) in Scheme 3). Similarly, radical B proceeds
to afford benzaldehyde.

The substitution effect on the energy values (E) at the
absorption maxima of 4-substituted benzanilides and
the 5-substituted-2-aminobenzophenones is interest-
ing (Table 3). The Hammett correlations observed for

benzanilides depend on the solvent. A hypsochromic shift
of the absorption maximum is noticed with increasing Ham-
mett 6, values when the data were measured in hexane and
a p value of +0.39 was obtained [Fig. 2(a)]. However, a
bell-shape trend was observed in acetonitrile and methanol
and two p values were fitted: p= +0.65 and p= —0.88 [see
Fig. 2(b)]. This notable behavior promotes a red shift of the
absorption band, which is independent of the nature of the
substituent group with respect to benzanilide (4). Likewise,
the solvent and substituent effects were also analyzed on the
benzophenones derivatives. Indeed, the E values diminish
as the solvent polarity increases, showing a bathochromic
shift of the n,7* band when moving from hexane to metha-
nol. However, no substituent effect using o, was observed
on the lower energy band of benzophenones 1a—8a (Fig. 3)
meaning that the substituents attached to the phenyl ring at
meta position do not perturb the polarization of the carbonyl
group which is responsible of the n,z* absorption band.
On the other hand, the effects of the substituent and
the solvent polarity on the photoreaction of 4-substituted
benzanilides were also studied quantitatively and it was
found that both effects determine the reactivity of ben-
zanilides as well as intermediate C. In fact, the Hammett
linear correlation of consumption rate constants (k(R)) of
p-substituted benzanilides leads to p= —0.59 [Fig. 5(a)]
when the photoreaction was carried out at 254 nm in polar
solvents. Although the magnitude of p refers to a modest
substituent effect on the photoreaction, the negative sign
denotes that electron-withdrawing substituents slow down
the rate of homolytic fragmentation (path (a) in Scheme 3)
while electron-donor substituents operate in an opposite
way. We rationalized this finding suggesting that polariza-
tion in benzanilides through resonance effect, due to the
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Scheme 3 Proposed reaction mechanism of the photo-Fries rearrangement of benzanilides 1-8

location of electron-withdrawing substituents in para posi-
tion to the PhC(O)NH-, a moderate electron-donor group
(see Scheme 2). However, in nonpolar solvents a bell-shape
behavior was observed and two slopes were obtained, viz.
p;=+1.77 and p,= —059. Both kinds of substituents slow
down the reaction rate compared to the rate constant of ben-
zanilide (4). Furthermore, the p,/ p, ratio was found to be
3:1, indicating that the slowing down of the photoreaction is
higher with electron-donor groups than electron-withdraw-
ing substituents. Likewise, the substituent effect on the rate
of formation (k(R)) of 5-substituted-2-aminobenzanilides
was also analyzed and a p value of —0.77 was obtained in
all the solvents studied and at both excitation wavelengths
[Fig. 5(b)]. Indeed, the negative sign of the p value again
accounts for the slowdown of the rate constant when the
para substituent is an electron-withdrawing group, while a
noticeable acceleration of the rate of formation of benzo-
phenones is clearly observed with electron-donor substitu-
ents (see Fig. 5(b)). Therefore, electron-withdrawing groups
stabilize the 2-benzoylcyclohexadienone intermediate C
through direct resonance effect (see Scheme 2) slowing
down the intramolecular [1;3]-hydrogen atom transfer rate
constant of formation of the corresponding benzophenones
(path (d) in Scheme 3).

The solvent effect on the photoreaction was also analyzed
quantitatively using the Reichardt’s solvent polarity param-
eter E1(30). Nicely linear correlations were found when the
consumption rate constants as In(k) of benzanilides 1-8 were
plotted against the E(30) Reichardt parameter (see Figs. 7
and S19), providing m values which were similar at both
excitation wavelengths (254 or 310 nm) (see Table 4). The
magnitude of m indicates that the photoreaction rate con-
stants (k) depends on the solvent polarity and the negative
sign of m reveals that nonpolar solvents (hexane and ben-
zene) accelerate the photoreaction rate constants whereas
polar solvents operate oppositely. This phenomenon was
attributed to the stabilization of the photoreactive singlet

@ Springer

state of benzanilides responsible for the homolytic fragmen-
tation of the amide group (path (a) in Scheme 3). The photo
reactive singlet state is less stabilized in nonpolar media and
the homolytic fragmentation is favored, bringing efficiently
the photo-Fries reaction.

4 Conclusion

The photo-Fries rearrangement of 4-substituted benzani-
lides (1-8) examined in this paper takes place smoothly
in nonpolar solvents such as cyclohexane and benzene and
polar solvents (acetonitrile and methanol) at both irradiation
wavelengths, i.e. 254 nm and 310 nm. Indeed, 5-substituted-
2-aminobenzophenones 1a—8a were obtained in good yields
as the main photoproducts, along with 4-substituted anilines
detected in very low yields. The reaction quantum yields
(¢r) of benzanilides 1-8 suggest that the photoreaction pro-
ceeds efficiently when hexane is the solvent whereas in polar
solvents the ¢y values diminish by one order of magnitude,
reflecting a slowdown of the photoreaction. Polar solvents
possibly stabilizes the twisted amide bond (TICT) excited
state favoring the deactivation of such state through fluores-
cence emission and radiationless pathways and preventing
the photochemical reaction.

No substituent and solvent effects on the low absorption
band energy (E) values of 5-substituted-2-aminobenzophe-
nones (1a—8a) was observed when moving from cyclohexane
to methanol as well as when Hammett substituent correlation
was performed with the substituent constant 6, parameter.
However, the analysis of the E values of 4-substituted ben-
zanilides clearly displayed noticeable solvent and substitu-
ent effects. In fact, the Hammett correlation on the E values
measured in hexane showed a hypsochromic shift of the
absorption wavelength as the electron-withdrawing charac-
ter of the substituent increases. Conversely, a bathochromic
effect of the absorption band measured in polar solvents was



Photochemical & Photobiological Sciences (2022) 21:739-753

751

observed as the electron-donor character of the substituent
is increased.

The Hammett linear relationship on the consumption
of benzanilides and formation of benzophenones rate con-
stants (k(R)) was also analyzed. A modest role of the sub-
stituents on the homolytic fragmentation of the C-N bond
of the amide group as well as on the formation of the ben-
zophenones was observed in all the solvents studied at both
excitation wavelengths (254 nm and 310 nm). In fact, a p
value of —0.59 obtained for the consumption of the ben-
zanilides indicated that electron-donor substituents accel-
erate the homolytic fragmentation of the amide group. A
similar substituent effect was observed for the formation of
benzophenone derivatives because 2-benzoylcyclohexadi-
enone intermediates were stabilized by the electron-donor
substituents, as can be judged from the p value of —0.77.
This kinetic behavior was observed at 254 and 310 nm in all
the solvents studied.

The photo-Fries rearrangement reaction of benzanilides
was found to depend on the solvent polarity. In fact, the rate
of consumption of benzanilides as In(k) was observed to
correlate nicely with the Reichardt’s solvent polarity E+(30).
The negative value of the slopes m suggested that nonpolar
solvents such as hexane or benzene accelerated the photo-
reaction while more polar solvents such as acetonitrile and
methanol operate in the opposite way.

Finally, the obtained results showed how the reaction sol-
vent and the substituents’ electronic effects affect the photo-
reaction and the formation of the main photoproduct, viz. the
5-substituted-2-aminobenzophenone derivatives, in yields
up to 60% when nonpolar solvents were used.

5 Experimental section
5.1 Material and equipment

4-Substituted anilines, benzanilide, 2-aminobenzophenone,
4-aminobenzophenone, 5-nitro-2-aminobenzophenone,
5-methyl-2-aminobenzophenone, 5-chloro-2-aminobenzo-
phenone, 5-methoxy-2-aminobenzophenone, benzoyl chlo-
ride and pyridine were obtained from commercial sources.
Spectroscopic grade solvents were used as received. Pyridine
was distilled and stored over KOH pellets. Melting Points
were determined with a Fisher-Johns apparatus and are not
corrected. 'H and '*C NMR spectra were recorded in CDCl,
on a 500 MHz spectrometer; chemical shifts (8) are reported
in part per million (ppm), relative to signal of tetramethylsi-
lane, used as internal standard. Coupling constant (J) values
are given in Hz. The measurements were carried out using
standard pulse sequences. GC analysis was carried out on
a Hewlett Packard 5890 gas chromatograph using an Ultra
2 capillary chromatographic column. The chromatograms

were recorded with the following program: initial tempera-
ture: 100 °C, 2 min; gradient rate: 10 °Cmin~!; final tempera-
ture: 250 °C, 10 min. The UV-visible spectra were measured
with a Shimadzu UV-1203 spectrophotometer using two-
faced stoppered quartz cuvettes (1 mm X 1 mm) at 298 K.

5.2 Synthesis of 4-substituted benzanilides 1-8
5.2.1 General procedure

To a solution of the substituted anilines (0.010 mol) in
pyridine (10 mL) cooled in an ice-bath, benzoyl chloride
(0.012 mol) was added dropwise in 10 min under stirring.
Subsequently, the reaction mixture was kept under stirring
for 60 min. After total consumption of the starting material
was confirmed by TLC, the reaction mixture was extracted
with dichloromethane (10 mL) and washed with a solution
of diluted HCI (10 mL). The organic phase was then washed
with water, dried on Na,SO,, filtrated and evaporated under
pressure. The 4-substituted benzanilides were purified from
the solid residue by recrystallization using ethanol — water
mixtures giving the corresponding benzanilides in excellent
yields (>90%). The 4-substituted benzanilides were char-
acterized comparing the melting points (m.p.) and spectro-
scopic data ("H-NMR and '*C-NMR) with the ones reported
in the literature (see ESI).

5.3 Photoirradiations
5.3.1 General procedure

Photoirradiations of 4-substituted benzanilides in organic
solvents. A stock solution of a given benzanilide (1-8,
0.1 mmol in 200 mL solvent) was placed in a stoppered
Erlenmeyer quartz flask and degassed with argon for 30 min.
The flask was placed in a home made optical bench able to
switch between a four or eigth lamps irradiation setup. The
solution was stirred during the entire irradiation. Irradia-
tions with 4., =254 nm were carried with four germicide
lamps (Philips, each of 20 Watts). The reaction progress
was monitored by TLC [eluent: hexane—ethyl acetate (8: 2
v/v); spots were visualized with UV light (254 and 366 nm)]
and by GC analysis (Ultra 2 capillary column, vide supra).
When the conversion of the starting material was higher than
30%, the photolyzed solution was carefully evaporated to
dryness under reduced pressure. The yellowish solid residue
obtained was dissolved in chloroform-d; and the '"H-NMR
(500 MHz) were recorded. The spectra are collected in the
ESI.
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5.3.2 Computational analysis

All the structures were pre-screened using the CREST
driver in the xTB software [40], using the GFN2-xTB level.
In this way, the most stable conformers for each structure
were picked via the default series of metadynamics and
dynamics runs implemented in the driver, and re-optimized
at the ®B97X-D/def2-SVP level, modelling the mole-
cule in gas and acetonitrile via the SMD implicit solvent
method. The excited state geometries were optimized at
the TD-0B97X-D/def2-SVP level. All structures were con-
firmed to be minima by the absence of imaginary vibrational
modes. All the DFT and TD-DFT calculations were carried
out via Gaussian 16, Rev. B.01 [41].

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s43630-021-00149-0.
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