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Abstract

The photechemistry of two N-acyl carbazoles, N-acetyl and N-benzoyl carbazole, in ditferent pure and mixed organic solvemts is studied.
Depending on the properties of the medium, photo-Fries rearrangement and photoinduced single electron transfer (PSET) processes are
abserved yielding the former 1-acyl and 3-acy] carbazoles and the laster 3-chloro-N-acyl carbazole. kg, kg and ¢ for fuorescence emission,
conversion of N-acyl carbazole and product formation yields have been measured as well as the preperties of the N-acyl carbazole radical
cations formed during the PSET process (laser flash phatolysis experimenis). The Rehm-Weller eyuation is used in order to evaluate the

AG°g; of the PSET processes. © 1997 Elsevier Science S.A.
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1. Introduction

Although the photo-Fries rearrangement of N-acetyl car-
bazole had been previously studied, the results related with
the dependence of the products molar ratio ( L-acetyl to 3-
acctyl carbazole molar ratio) on the solvent used [ 1] and on
the initial N-acetyl carbazole concentration [2] were quite
contradictory. In 1981, Zander [1] described briefly the
photo-rearrangemeit of N-acetyl carbazole in cyclohexane
claiming that l-acetyl carbazole was the only product; the
experiments were conducted with an N-acetyl carbazole con-
centration equal to 1.9 10 * mol dm . Some years ago,
in 1970, Moritaet al. [ 2] described the photo-Fries rearrange-
ment of N-acetyl carbazole stating that: (a) 1-acetyl and 3-
acetyl carbazole were obtained with higher quantum yield of
the former than the latter; {b) the quantum yields for preduct
formation were higher in cyclohexane than in E1OH; and (¢}
the photo-rearrangement did not show any dependence on
irradiation time and on initial N-acetyl carbazole concentra-
tion; the authors apparently worked with the concentration
range 0.5% 1072 to 3,0 103 mol dm ~°.

The photochemical behavior of N-benzoyl carbazole has
also been described as quite contradictory. Thus, under oxi-
dative conditions in organic media (organic solvents+1;)
the photo-Frics rearrangement was reported as wavelength
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and solveai dependent [3.4]), while in the same organic
media, without [, the N-benzoyl carbazole was described as
totally photo-stable [ 5]. These authors did not pay any atten-
tion to the effect of the concentration on the photo-Fries
rearrangement.

In a previous paper we described some aspects of our
product study of the photolysis of N-acetyl carbazole in EIOH
and in CHLCL solution [6]. In this preliminary study we paid
only attention to the isolation and characterization of the
products obtained by photo-Fries rearrangement and in the
effect of the concentration of N-acetyl carbazole on the photo-
rearrangement process. As part of a program related with the
study of the influence of the propenties of the medium (elec-
wron affinity, proton and hydrogen donor character, polarity,
dielectric constant, viscosity, etc.) on the photoreactivity of
carbazoles [7-9] and aza-carbazoles (fB-carbolines, {10-
17]) we decided to study the photochemistry of N-acetyl
carbazole (1a) in a wide range of organic solvents {cyclo-
hexane, benzene, EtOH, CH,CN, THF, DMF, CH.Cl.,
HCCY,, CCl,, CCl-benzere, CCL-EiOH and CCl~
CH,CN) in different experimental conditions (different
atmosphere, A, sOurce intensity, irradiation time, concen-
tration. presence of photosensitizers, photoguenchers, radical
scavengers, etc), studying not only the photorearrangement
but also the photoinduced single electron transfer (PSET)
process which occurs when chloroalkanes are present in the
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reaction medium. Additionally in this work, we present a
study of the UV photochemical irradiation of N-benzoyl car-
bazole (1b) in benzene, MetOH, EIOH, CH,CN, CH,Cl,,
HCCI;, CCl, and benzene-CCl, and EIOH-CCl, mixtures
and of the products thus formed, The photo-Fries rearrange-
ment of 1b to 1-benzoy! (2b) and 3-benzoyl carbazole (3b)
(Scheme 1, reaction ) was observed in benzene, CH,Cl,
and EtOH without any wavelength dependence but with a
strong N-benzoyl carbazole concentration dependence. The
exciplex formation followed by a photoinduced single elec-
tron transfer process was observed in CClg and in EtOH-
CCl, mixtures yielding 3-chloro-N-benzoyl carbazole {6b}
as stable photoproduct. The kinetic aspects of the reactions
{kg. k.., and N-acyl carbazole consumption and products
quantum yield ¢) as well as the spectral properties of the
radical cation formed in the PSET process have been studied.
Finally. in order to explain some results obtained, semiem-
pirical calculations (computational chemistry; PM3 and
ZINDQ/S methods) were also attempted.

2. Experimental details
2.1, Materials

N-Acety! carbazole (1a) [6] and N-benzoyl carbazole
(1b) [18,19] were prepared and characterized (m.p., UV,
IR, 'H- and "’C-NMR and MS) as reported ¢isewhere. Car-
bazole, 1-dodecylmercapthane ( RSH) and tetramethyldiaze-
tine dioxide (TMDD) were purchased from Aldrich
Chemical Co. and were used withcut further purification.
Xanthone and benzophenone were purchased from BDH
Company and were recrystallized from EtOH. The purity of
the samples were checked hy comparing their m.p. and elec-
tronic absorption spectrum with published data [6,18-20].
Potassium ferrioxalate for Hatchard-Parker actinometer was
prepared according to the literature [21], poiussium hydro-
gen oxalate was purchased from BDH. N-Chlorobenzotria-
zole was prepared and characterized according to the
procedure described by Rees and Storr [22].

Spectrograde and HPLC grade bexane, benzene, MeOH,
EIOH, i-PrOH, tert-BuOH, CH,CN, EtOH, CH,Cl,, HCCI,,
CCl, were purchased from Mallincrodt,

Thin layer chromatograghy (TLC) analyses were best per-
formed on silica ge! plates (Merck, F254 nm}. Column
adsorption chromatography was performed with silica gel
(Merzk, Kieselgel 60, 70-230 mesh). Solvents for chroma-
tography and recrystallization were carefully purified and
dried before use {23].

2.2. Preparation of acyl carbazoles to be used as authentic
samples

Compounds 2a ( 1-acetyl carbazole), 2b (1-benzoyl car-
bazole), 3a (3-acetyl carbazole) and 3b (3-benzoyl carba-
zole) were prepared according to procedures described
elsewhere [6,16,19]. The chloro-N-acyl carbazoles 6a and
6b were prepared and purified according to the following
procedure. To a stirred solution of N-acyl carbazole
(3.25 % 10~ *moldm ™ ?) in HCCl, (50 ml), containing sitica
gel (6 2), a solution of N-chioro benzotriazole (3.25¢ 1073
mol dm™?) in HCC!; (50 ml) was added. The reaction mix-
ture was refluxed under stirring in the dark during 6 h, until
the TLC and GC analysis indicated that the conversion was
completed. The reaction mixture was then filtered off and the
silica washed with HCCI; (3 X 15 ml), the combined extracts
were washed with water (100 ml) and the organic layer was
dried aver X,C0,, filtered off and evaporated under reduced
pressure, The greenish solid residue obtained was separated
by column adsorption chromatography (eluent: hexane and
ethy! acetate-hexane mixturzs). From the eluted fractions the
products were isolated and characterized by their physical
and spectroscopical properties:

3-Chloro-N-acetyl carbazole (6a): white plates from eth-
anol, mp 123-125°C [24]. '"H-NMR (200 MHz, DCCl;): 8
{ppm), 8.15 (d, 1 K, 8-H, /=9 Hz), 8.07 (d, 1 H, 1-H,J=8
Hz), 7.89 (d, 1 H, 5-H, J=8 Hz), 7.86 (s, | H, 4-H) and
7.49 (m, 3-H, 2-, 6-and 7-H). *C-NMR {200 MHz, DCCl,):
8 {(ppm) 169.7 (CO), 140 (9a-C), 138 (8a-C), 1293 (3-
), 127.9 (2-C), 122.2 (7-C), 125.3 {da-, 4b-C), 123.8 (6-
C), 120.1 (4-C}, 1194 (5-C), 1175 {(1-C), 1159 (8-C)
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Scheme 1.
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and 27.6 (CH3). MS (70 eV): m/z (%), 275 (18.2), 273
(51.5),245(2.1),243 (M +,27.3),230(12.1),229 (33.3),
228 (45.5),227 (100),202 (12.1),201 (21.2), 200 (39.4),
199 (20.8), 164 (42.2), 138 (6.1) and 44 (27.3).

3-Chloro-N-benzoyl carbazole (6b): white plates from
ethanol, mp. 221-222°C [24]. 'H-NMR {200 MHz,
DCCl;): & (ppm), 7.95 (d, 1H, J=8.0 Hz, 4-H), 7.89 (s,
1H, 5-H), 7.69 (m, 2H, F=17.5 Hz, 12-H and 16-H), 7.53
(m, 2H,J=T7.9 Hz, 1-H and 8-H) and 7.31 (m, 6H, 2-H, 6-
H, 7-H, 13-H, 14-H and 15.-H). “C.NMR (200 MHz,
DCCl,): 8 (ppm). 169.4 (CD), 139.9(9a-C), 137.8 (8a-C),
135.4 (11-C), 132.7 (14-C), 130.7 (3-C), 128.9 (12-C, 13-
C, 15-C and 16-C), 127.3 (2-C), 126.7 (7-C). 126.1 (4a-
C), 1249 (4b-C), 123.5 (6-C), 119.9 (4-C), 119.7 (5-C),
116.8 (1-C) and 115.7 (8-C). MS (70 eV}: m/z (%), 307
(M*°,4),305(12), 271 (3), 203 (60), 201 (18), 166 (9),
164 (4), 105 (100) and 77 (43).

2.3. Equipment

UV absorption spectra were recorded using a Hewlett
Packard HP 8451 A UV--visible diode array spectrophotom-
eter; shoulder positions were identified with the first and the
second derivatives of the absorbance data. All the measure-
ments were made with 1 cm stoppered quantz cells at 298 K.

Fluorescence and phosphorescence measurements were
performed on a Perkin-Elmer LS 5 spectrofiuorometer whose
output is automatically corrected for instrumenial response
by means of a Rhoedamine B quantum counter and equipped
with a Hamamatsu R928 photomultiplier tube. The excitation
spectra were performed on the same spectrometer. The fluo-
rescence emission and excitation spectra of the solvent blanks
were rin in each case, to check that they showed negligible
emission over the wavelength range monitored for emission
and excitation experiments. The measurements at room tem-
peratere were recorded with stoppered quartz cells of 1 cm
using 90° mode. The spectra at 77 K were recorded in trans-
parent matrices produced by freezing the EPA (ethyl
etheriiso-pentane:EtOH, 5:5:2) solution contained in around
cell (2mm pathiength) with liquid N,. Using the front surface
acvessory (FSA), measurements of the intensity of the flu-
orescence from powdered carbazoles samples were made.
The powdered samples were previously kept in a dried vac-
uum atmosphere for at least 24 h. FSA was also used to
measwre fluorescence from the adsorbed phase. Carbazoles
were adsorbed by silica gel surfaces (TLC aluminium sheet
and silica gel 60, layer thickness 0.2 mm}). These surfaces
were treated as follows: the sheets were eluted with MeOH,
then irradiated with a 366 nm Hg lamp for 10 min, and were
finally kept at 110°C for 10 min. The carbazoles were placed
on the sheet. The dried strip of the sheet showing only one
fluorescent spot was placed on the FSA and the flsorescence
spectra were recorded. The emission and excitation fluores-
cence spectra at controlled temperaturcs were run on the same
spectrometer as well as those spectra run using triangular
fuorimetric cells, 45° mode.

Laser flash photolysis experiments were performed by
using a pulsed frequency quadrupled Nd:YAG laser (1. K.
Lasers HY?750, 15 ns FWHM, maximum cnergy 750 m) at
1.06 pm). the erergy of a single 266 nm pulse was monitared
by using a beam splitter and a pyroelectric energy meser
(Laser Preeision Corp.). Laser-induced transient transmis-
sion changes were monitored, perpendicular to the faser
beam, by using a Xe arc lamp (ILC UV 33P). The analyzing
light passed through a 2 mm wide section of the excited
sample and was then focused at the entrance slitof a0.25m,
double-grating monochromator (PTI £/4, spectral resolution
3 nm). A photomultiplier (Hamamatsu R936) and a Tektro-
nix R-7912 transient digitizer interfaced to a PCIBM Asyst.
Programs were used to acquire and process the signals. The
sequenice generators, lamp pulsing unit, and back-off sysiem
were home made.

Fluorescence lifetime values (7p,,) values were measured
using an Edinburg OBS00 fluorometer.

Gas chromatography (GC) analysis was performed with
a Hewlett Packard research gas chromatograph 5890 A
equipped with capillary column (Ultra-2, 25 mx02
mm X 0.11 um; carier, helium, 10 mk min ~'; oven temper-
ature program, 100-400°C; rate. 10°C min ~'; detector, fame
ionization (FID}). The same apparatus was employed for
quantitative analysis using internal standards and evaluating
calibration coefficients for ali compounds whose authentic
samples had been previously prepared. The quantitative data
for the other components of the complex reaction mixtures
are based on the relative areas related with those of the added
standards.

The mass spectra were run on a VG-MASS LAB-TRIO 2
apparatus at 70 eV, using the direct insertion technigue ata
source temperature of 230°C. The ratios m/z and the relative
intensities are reported in this work. GC-MS data were
obtained with the same apparatus employing the Ultra-2 cap-
illary column described above.

IR spectra were recorded o neat samples, using the Nujol
technique for solids, with a Perkin—Elmer M 710 B
spectrophotometer.

Nuclear magnetic resonance spectra { 'H- and >C-NMR)
were recorded with a Bruker AC 200 spectrometer at 200
MHz. Samples were spun in 5 mm tubes at approximately
27°C. Tetramethylsilane (TMS) was used as the internal
standard. Data are reported as & values in parts per million
(ppm). Relative integral ratios are given in parentheses.
DCCl, was used as the solvent in all the samples.

Melting points are uncorrected and were determined on a
Kofier hot-plate apparatus.

2.4, Quantum yield

Quantum yields were determined using potassium ferriox-
alate as an actinometer [21]. A 6% 10~? mol dm ~? solution
of K;Fe(C,0,4);-3H,0 was prepared for measurements at
about 366 nm, The N-acyl carbazole (3.69x1073 mol’
dm~?) was dissolved in the selected orgaaic solvent, and”
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irradiated simultanecusly with the actinometer using a high-
pressute Hg lamp (Hanau TQ 150) and glass filters or a low
pressure Hg lamp (Hanau TNN 15/32). The conversion of
the NV-acyl carbazole and the formation of the photoproducts
were monitored by GC. The guantum yields are shown in the
tables.

2.5. Determination of the oxidation potentials of N-acyl
carbazoles and reduction potentials of chloromethanes

All the electrochemical studies were carried out in CH,CN
(). T. Baker, HPLC grade), dried over molecular sieves (4
A) using tetracthy! ammonium perchioiate (TEAP, 0.1 ml
dm %, Fluka, polarographic grade) as the supporting electro-
lyte. The cell used was of conventional design. The potentials
were determined by cyclic voltammetry, with a sweep rate of
300 mV s~ . The working electrode was a platinum wire, the
auxiliary elecirode was a coifed platinum wire and the ref-
erence electrode was & saturated calomel electrode (SCE).
All potentials are reported vs. SCE. The experiments were
performed in an Ar atmosphere. The substrates concentra-
tions were 5.0 10~ mol dm ™2,

2.6. Photoirradiation

2.6.1. General method for photo-fries rearrangement
stuclies

Solutions of the N-acyl carbazoles 12 and 1b (10 mg)
were prepared in different organic media (organic solvent;
10 mi). A 2 mi aliquot of a solutich was placed in a 3 ml
quariz stoppered cell and was hubbled with Ar (or dry N, or
dry O,) during 20 min. This cell was placed in an optical
bench and was irradiated with a high pressure Hg lamp (450
W, Ealing Co.) whose radiation was collimated (quartzlens)
and filtered with an interference filier (Scholt, path band 5
nm) to give 2 nearly parafle] beam at 313 nm. lradiation
time was 133 min or it is indicated in each experiment. Exper-
iments using as lamp source a low pressure Hg lamp (Hanau
Quartz lampen TNK 15/32) and 2 medium pressure Hg lamp
{Hanau Quartz lampen TQ 150) were conducted following
the same methodology.

The progress of the reaction was monitored by two differ-
ent methods, Methed 1: TLC (eluemt, hexane-CH,COOCE!L
{7:3, v:v), spots were visualized with UV light (254 and 366
nm) and with I,). Method 2: GC analysis (Ultra-2 capitlary
column).

The photoproducts obtained, present in the photolyzed
solution were identified by comparison of their R, {retention
time in GC) and MS (GC-MS technique) with those of the
authentic samples. The composition as 2 percentage of the
photolyzed mixtures were determined by quantitative GC
using internal standards.

In order to study the dependence of the photo-Fries rear-
rangement on the concentration of N-benzoy carbazole, solu-
tions of different concentration were irradiated according the
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protocol above described. The restilts obtained are shownand
discussed in Section 3.

In order to isolate, purify and characterize the photoprod-
ucts obtained, preparative photolysis was conducted accord-
ing to the following procedure. A solution of N-acylcarbazole
(206 mg) in benzene (200 ml) was placed in a Pyrex Erlen-
meyer Pask and was irradiated with stirring under the selected
atmosphere (Ar, O., N, or air) employing an external
medium pressure Hg lamp and filters ( Hanau-Quartz lampen,
TQ 150, Ao, > 313) which were placed 10 cm from the flask.
The irradiation time was 24-30 h and the progress of the
reaction was monitored by TLC and GC. When the conver-
sion of the starting material was appropriate the photolyzed
solution was evaporated carefully to dryness under reduced
pressure. The yellowish solid residue obtained after the evap-
oration of the solvent was worked up by silica gel column
chromatography (¢luent: hexane and hexane-CH,COOEt
mixture). From the eluted fractions, the photoproducts were
isolated and characterized by comparison with authentic sam-
ples (Ry, R, m.p., IR, UV and 'H- and '*C-NMR and MS),

Irradiations of N-acyl carbazoles 1a and 1b in benzane
solution in the presence of (a) letramethyldiazetine dioxide
(TMDD), (b) xanthone, (c) 1-dodecyimecapthane {RSH)
and (d) cyclohexene were conducted according to the
method above described. The results obtained are presented
in Section 3.

Irradiations of N-benzoyl carbazole in benzene and in
MeOH solution in the presence of [, were performed accord-
ing to thc method above described and the results obtained
are shown in Section 3.

2.6.2. General method for irradiation af N-acyl carbazoles
in the presence of CCl,

Several solutions of N-acyl carbazoles laand 1h (10 mg)
were preparcd in different organic media (organic soivent;
10 mi). A 2 ml aliquot of the solution was irradiated accord-
ing 1o the methods described in Section 2.6.1 during 135 min.
The progress of the reaction was monitored as usual by TLC
and GC analysis, and simultancously the pH values were
measured on the corresponding aqueous extract obtained
from small volumes of the photolyzed solution and the Cl~
concentrations were delermined by using the AgNQ,/HNO,
test on the photolyzed solution (organic medium) and on the
corresponding aqueous extracts. The photoproducts obtained
in the photolyzed solution were identified by comparison of
their Ry (GC) and MS {GC-MS) with those of the authentic
samples.

The yields of the identified photoproducts, the pH values
measured and the presence of C1™ ions are discussed in Sec-
tion 3.

In order to isolate, purify and identify the photoproducts
the preparative photolysis were carried out according to the
procedure described in Section 2.6.1. The photolyzed solu-
tion was ¢vaporated carefully to dryness under reduced pres-
sure and a greenish solid residue was obtained. The solid
residue was separated on silica gel column chromatography
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(eluent, hexane) and from the eluted fractions the photo-
products were isolated and characterized (R, R, m.p., IR,
UV, 'H- and *C-NMR and MS).

2.6.3. Irradiation of N-acetyl carbazole and N-benzoyl
carbazole mixtures

Mixtures of N-acctyl carbazole and N-benzoyl carbazole
( 1:1, mok:mol) in benzene solution were itradiated following
the methodology described in Section 2.6.1. The results
obtained are presented in Sectior 3.

2.6.4. Irradiation of N-acetyl carbazole and carbazole
mixtures

Mixtures of N-acetyl carbazole and carbazole (1:1,
mol:mol) in benzene solution were irradiated following the
methodology described in Section 2.6.1. The tesults obtained
are presented in Section 3.

2.7. Calculations

The ground-state gecometry and heat of formation as well
as static charge distribution for predicting chemical reactivity
of N-acyl carbazoles 1a and 1b and possible reaction inter-
mediates, were calculated by using the semiempirical para-
metrized PM3 method as implemented in version of the
hyperchem 5.0 program, which has proved to be effective in
studies on molecules containing heteroatoms, compared with
other methods such as MINDO/3 or MNDO {25].

3. Results and discussion
3.1. Photo-Fries rearrangement

When N-acetyl carbazole (1a) (4.78 X 107 % mol dm )
in benzene, under an Ar atmosphere, was irradiated with
Mg =313 nm (high pressure Hg lamp, Ealing Co., 250 W,
s¢¢ Section 2), three main photoproducis were obtained. As
was expected, 1-acetyl carbazole (2a), 3-acetyl carbazole
(3a) and carbazole (4) were obtained together with small
amounts of acetaldehyde and diacety! (5) and unconverted
N-acetyl carbazole (Scheme 1, reaction a). As is shown in
Table 1, the N-acetyl carbazole conversion and the 2a and 3a
product yields are slightly lower when irradiations were con-
ducied in the presence of air or OQ,. The minor effect would
suggest that O, does not quench efficiently the electronic
excited state which gives the photorearrangement being this
reactive excited state the S, state. In agreement with this
suggestion the effect of O, on N-acetyl carbazole conversion
quantum yield ( &y, sce Table 1) is also minor. Similarresulis
were obtained with N-benzoyl carbazole (1b) (Scheme 1,
reaction a and Table 1).

Additionally, we conducted some experiments in order to
check the 8, character of the reactive excited state. Thus,
taking into account the energy of the T, state of N-acety!
carbazole (Ey=68.9 kcal mol~'; phosphorescence at 77 X

Table 1
frradiation of N-acyl carbazoles in benzene under differcat atmospheres *.
Photoproducts obtained and quantem efficiency of Ia and 1b comversica

Atmosphere  Conversion  6,,°© Photoproducts (%) ©
(%)

N-zcetyl casbazole

4 2a 3a
Ar 84.0 0.065 193 510 136
Air 76.0 0.063 i9.1 44 18
0. 735 0.063 189 444 02

N-benzoyl carbazole

[t 4 p-] k:.]

Ar 425 0.034 101 27 84
Air 398 0.029 12 W04 6.6
0, 400 0.029 108 196 11

* Concentration: 1a, £.78 mal dm™7; b, 3.69 X% 10~ * mol dm™*, 313 nmn.
T. 298 K; irradiation time, 120 min.

 Calculated by GC.

* Quantum efficiency of I conversion, obtained at low conversion of 1; /.
1.09 X 10~* Einstein min ™ '; zctinometer, potassium femioxalate.

in EPA (5:5:2) solution, A, =313nm, A,,..(em) =415nm,
see Section 2) and of the T, state of N-benzoyl carbazole
(Er=68.5 kcal mol ™', phosphorescence ai 77 K in EPA
(5:5:2) solution, Aexc =310 nm, Amax =416 nm), xanthone
(Ex=74.0 keal mol~' [20,26]) and tetramethyl-diazetine
dioxide (TMDD: E;=354.0 kcal mol™' [20,26]) were
selected to be used as a triplet photosensitizer (the former)
and as a trinlet quencher (the latter) {20]. As a result, no
reaction was observed in benzene solution when N-acetyl
carbazole and N-benzoyl carbazole were imadiated in the
presence of xanthone (A.,. =365 nm) while normal photo-
Fries rearrangement was observed in the presznce of TMDD.

We also studied the photochemical behavior of both N-
acyl carbazoles in solution at different A, values (254 and
320 am). In order to use A, =254 nm we needed to use
EtOH as solvent. In these experiments we calculated &, from
the slopes of N-acetyl carbazole cc.aversion percentages ver-
sus time plots. In our hands, the photo-Fries rearrangement
of 1a and 1b did rot show any significant dependence on
wavelength, contrary to the wavelength dependence for N-
benzoyl carbazole photo-Frics rearrangement claimed by
Gosh et al. [27,28].

Besides, we also studied the combined effect of the light
intensity and wavelength on the photo-rearrangement but no
noticeable differcnce was observed. Thas, we can conclude
that the photo-absorption step would not be the limiting
velocity step (slowest step) of the photo-Fries rearrange-
n.ent.

In order to study the effect of the properties of the solvent
on the photochemistry of N-acyl carbazoles we conducted
irradiation of N-acetyl carbazole (4.78 X 10 > moidm ™3} in
cyclohexane, THF, HCCl;, CH;CN, DMF as well as EtOH
and CH,CL,. Asisshownin Table 2, anincrease in the polarity:
of the solvent diminishes the conversion of N-acetyl carba-
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Table 2

Trradiztion of 1a and 1b in different solvents *. Yield ® of the products obtained and &, ©

Solvent E(30) ¢ kops( X 107%) Conversion Photoproducts

(keal mol ') {min~') (%) (%) ®

4 2 3

ia 2a Ja
Cyclohexane 309 16.28 705 12.7 49.0 8.6
Benzene 343 1528 721 17.5 47.0 16
THF 374 H.30 572 105 443 8.2
CHCl, 39.1 12.20 60.0 10.0 419 8.1
CH,CI, 40.7 987 534 13.0 363 4.1
DMF 438 8.00 43.1 37 355 39
CH,CN 456 5.00 313 13.0 16.5 1.8
ECH 519 5.87 356 156 142 538
ca, 322 4.88 10.1¢ 9.7 10
1b 2b b
Benzene 343 4.08 422 63 24.8 120
CH,CI, 407 0.36 48 10 25 13
CHCl, 391
cCl, 322
EtOH 519 3.06 339 10.1 239 115

* Concentration: 1a,4.78 X 1077 mol dm™?; kb, 3.69 % 107> mol dm %, A, 313 nm; irradiation time, 75 min; 7. 298 K; atmosphere, air.

" Caleulated by GC.

© kgt 8} = ko (cyclobenane) Tk, (8), 5, solveni. K, ,(S), | (cyclohexane): 1.03 (benzen:); 144 (THF); 1.33 (HCCy); 165 (CHLCL); 2.04 (DMF); 3.26

{CH{CN) and 2.77 (EtOH).
4 Ref. {291.
® 3-Chioro-N-acetyl carbazole ¢ 1.2%) was alsc detected as preduct.

zole. This effect is clearly shown in the value of k,, defined
in the solvent (8) as ku(S) =k, {cyclohexane) /&, (8).
This dependence of k,,, on the polarity of the medium is
similar to the observed effect of the polarity of the solvent on
the absorption and fluorescence spectra (Stokes’ shifts, see
Table 9 and Section 3.5.). The effect observed on carbazole
vield (4) is a bit different; not only the polarity of the solvent
but also its hydrogen donor character, expressed as an o value
{29,301, would account for the carbazole yield. From the
mechanistic point of view the carbazole would be originated
by reaction of carbazolyl radical with the hydrogen donor
solvent present in the solvent cage. Additionally irmadiations
of N-acetyl carbazole (4.78 X 1072 mol dm~?) and N-ben-
zoyl carbazole (3.69X 1073 mo! dm™~>) in benzene under
Ar atmosphere in the presence of (a) 1.7 moldm ™ * of EtOH
or (b) 0.1 mol dm~? of 1-dodecylmercapthane (RSH)
showed a drastic increase in the carbazole vield (Table 3).
The presence of an hydrogen donor species in the reaction
medium (benzene, a=0.00; EtOH, a=0.86 and RSH,
a=10.90[26,30]) would account for the results obtained. In
the same way can be explained the carbazole yield obtained
in CHXl; (a=013 [26,20,30]), CH,CN (a=0.19
126,29,30}) and HCCl; (@=0.20 [13.16,17]} shown in
Table 2.

Finally we can mention that the photo-rearrangement was
not modified when cyclohexene, a radical scavenger, was
added to the benzene solution (experiments conducted under
Ar atmosphere) and that by irradiation of a §:1 (moi: .nol)

mixture of N-acety! carbazole and carbazole in benzene, any
dimeric product (N,N'-bicarbazolyl [8,9] was observed.
Bath results suggest that the photo-Fries rearrangement takes
place in the solvent cage and that the carbazoly! radicals do
not diffuse freely in the medium, probably reacting with
hydrogen donor species which are closc to the solvent cage.

As can be seen in Tables 2 and 3, similar results were
obtained for N-benzoyl carbazole. lResides, as shown in Table
4, the quantitative composition of photolysis products

Tahle 3
Iradiation of beazenic solution of 1a and 1b * in the presence of EtOH and
1-dodecylmercapihane (RSH). Yields ® of vie photoproducis obtained

Hydrogen Concentration  Conversion  Pholoproducts (%)™

donor (moeldm ™) (%)
4 2 3
la 2b b
7214 17.5 470 16
EwOH 1.7 66.6 2318 355 62
RSH ¢.1 790 344 358 6.3
1b 2b 3b
422 63 24.8 12.0
EWOH 1.7 65.3 614 38
RSH 0.1 66.3 626 40

* Concentration: 1a, 4.78 107 mol dm ™%, 1b, 3.69% 10~* mol dm"%
Acxee 313 nm; imadiation time, 75 min; T, 298 K.
* Calculated by GC.
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Table 4
Effect of the concentration on the conversion of N-benzoyl carbazole in
benzene *. Photoproducts yield (%) and conversion of Ib

Conceniration Conversion (%)  Photoproducts (%) ©
{motdm ™)

1% ib 4 2b 3
3.69% 1072 17 25 0.5 0.7
185% 1072 10 43 12 14
738x 10 169 11.2 27 29
369X 1073 14.5 120 25 25
221x107? 770 68.2 4.0 4.0
148x 1072 310 65.2 64 6.5
7.38%10°* 2.7 640 9.6 99

* Experimental conditions, see footnotes Table 2.
* Measured by GC.

strongly depends on the N-benzoyl carbazole concentration.
If the concentration of N-benzoyl carbazole is higher chan
10~4 mol dm™3 (1072 to 1072 mol dm™3), the non-con-
verted N-benzoy! carbazole is recovered in high yield and 1-
benzoyl and 3-benzoy! carbazole are obtained in low yield.
Similar results had been previcusly obtained regarding the
concentration effect on the photo-Fries rearrangement of N-
acetyl carbazole [6,7].

It should be noted that, in 1989, Chakrabasti et al. [5]
reported that N-benzoyl carbazole did not undergo photo-
Fries rearrangement and no expected photo-rearranged prod-
ucts could be obtained although some carbazole was isolated.
Irradiation were performed in benzene or MeOH at 254 or at
365 nm, in N, atmosphere at N-benzoyl carbazole concentra-
tion 1.2 1072 mol dm™?, Besides, Ghosh et al. [3.4]
described the photochemical rearrangement of N-benzoyl
carbazole. First [3], they described the oxidative irradiation
of this substrate in MeOH (1,05 X 1072 mol dm™3) with I
as oxidant, at different wavelengths.

They conclude that the product ratio was wavelength
dependent; at 254 nm, only 3-benzoyl carbazole was isolated
meanwhile, at 365-366 nm, the 1-benzoy! carbazole was the
predominant rearranged product in the reaction mixture (1-
benzoyl (15%) and 3-benzoyl carbazole (5%)). Second
[4], they described the photolysis of N-benzoyl carbazole in
MeOH, MeOH + I, and benzene, with different wavelength

Table 5
Iradiation of 1ain different organic solvents *. ko, and ¢,

(254 and 365-366 nm) and the additional conclusion was.
that in benzene without [, at both wavelengths, oaly i-ben-
zoyl carbazole was obtained (yield <10%). In our hands,
when a 1072 mol dm 2 solution of N-benzoy! carbazole in
MeOH with I; (5.6 10~ mol dm ~*) was irradiated 21254
am during 24 h, no photo-rearranged product was obiained.
On the contrary, when a 10~ mol dm ™3 solution was irfa-
diated, in the presence of I; (1 X 1072 mol dm~3) dusing 24
h, we obtained both at 254 and 366 nm a similar product
distribution as those obtained in simultaneous irradiations of
N-benzoyl carbazole in MeOH without I,. Accerdiag to ouwr
results, the 1-benzoyl to 3-benzoyl carbazole molar ratio
obtained by irradiation in the presence of I, is not wavelength
dependent, although it is concentration dependent. Addition-
ally, as can be seen in Table 2, in benzene solution without
I,, 1-benzoyl carbazole was obtained together with 3-berzoyl
carbazole in a 2:1 molar ratio.

3.2. Photo-Fries rearrangement: kinetics

The kinetic aspects of the photolysis of N-acyl carbazoles
1a and tb were studied and from the plots of soaversion of
carbazole versus irradiation time was concluded that the con-
version follows the equation C=C exp{ —Kku.t) (pseudo-
first-order kinetics). Thus, the plots of in(C,/C) versus time
{min) were linea! and from the slopes we obtained the cor-
responding K. These values together with the conversioa
quantum yield of 1a (¢y,), the formation quantum yield of
products (= day+ ¢.), the formation quantem yield of
carbazole (¢,) and R, defined as R= (g + $a)/ Py, are
shown in Table 5. In agreement with the results presented in
Table 2, the ¢, and the kg, arc lowsr at higher solvent
polarity while ¢, keeps anomalous high values because it
includes the ¢, value which, as we commented, deperds on
the hydrogen donor character of the solvent. This apparently
anomalous behavior of ¢, and ¢, is clearly shown in the
values of R. Finally, the ¢ obtained for products 2a and 3a
are shown in Table 6 and it can be seen that there is no clear
quenching effect of HCCl; and CH,Cl, in the photo-forma-
tion of the rearranged products and, as we describe later in
the present paper, even in CCl, we observed 1o some extent
photo-Fries rearrangement. These results are quite different

Solvent E+(30) ks ' &° ba bt e R
(keal mol ") (min~")

Cyclohexane 30.9 1.63x107F 0.137 0.0107 0.0M9 0.0033 46

CH,Cl, 40.7 9.87x 1073} 0.080 0.0040 0.0010 0.0028 28

CH,CN 45.6 5.00%107° 0.043 0.0033 0.0013 00018 14

EtOH 519 5.87x10°° 0.050 0.0043 0.0019 0.0027 13

* Concentration of 1a, 4.78 X 10~% mol dm™3; A, 313 nm; 7, 298 K.

b Calculated by GC; I, 1.09X 10 % Einstein min~’; actinometer, potassium ferrioxalate: conversion of 1la < 10%.

© Calculated from ¢,
“Calculated as R = ( ¢y, + Pra) /G4
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Table &
Irradiations of 12 in different organic solvents *. Quantum efficiency of
formation of the products 22 and 3a

Solvent " " D1l s
Cyclchexane 0.6074 0.0014 52
Benzene 0.0066 0.001§ 60
THF 0.0048 (.01 60
CHCl, 0.0044 0.0008 55
CH.CL, 0.0026 0.0005 5.0
DMF 0.0018 0.0003 6.0
CH,CN 0.0016 0.0003 6.2
E:OH 0.0017 0.0003 49

* Concentraiion of 1a, 4.78 % 10 * mol dm™%; A, 313 nm; atmosphere,
Ar, T,298K.
* Calculated by GC.

than those we show in Table 4 for N-benzoy! carbazole, which
in CH,Cl, showed a conversion ten times lower than those
in benzene and in EtOH, while no photo-rearrangement was
observed in HCCL, and in CCl, solution. A lower N-benzoyl
carbazole S, population would account for the high efficient
quenching of the N-benzoyl photo-Fries rearrangement by
CCl,, HCCl, and also CH,Cl; [7].

3.3. Irradiations in the presence of chioroalkanes

In our laboratory we have been studying the photcchemical
behavior of several nitrogen organic compounds in the pres-
ence of CCl, [6,7,10-17] as part of a program related with
the study of photoinduced electron transfer processes and the
applications of Rehm-Weller-Gibbs {31,32] and Marcus—
Hush [ 31,32] equations. Thus, we decided to investigate the
photochemistry of N-acetyl carbazole in CCl, solution.

When N-acetyl carbazole (4.78>107% mo! dm™*) in
CClL, (Aratmosphere, irradiation time 75 min) was irradiated
according to the general method described in Section 2, the
formation of 1-acetyt carbazole (2a, 9.7%), 3-acetyl carba-
zole (3a, 1%) and 3-chloro-N-acetyl carbazole (6a, 1.2%)
was observed together with 2 low conversion of the N-acetyl
carbazole (10.9%) (Scheme 1, reactions a and b). Also the
kinetic parameters obtained, &, =4.88¢10"? min~' and
&y, =0.0127, compared with those presented in Tables 2 and
5 showed a lower efficiency for the photo-Fries rearrange-
ment of compound la in CCl, medivm. By comparing these
results with those obtained in cyclohexane, benzene, EtOH
and other organic solvents (see Table 2) and taking into
account the fluorescence quenching experiments descsibed in
this work, we can conclude that the electronic excited state
responsible for the photo-Fries rearrangement, the S, state, is
efficiently quenched by CCl,, probably giving an exciplex,
as fallows:

'N—AcCA*+CCl,—[N-AcCA** __CCl51* (E)

E%3—>N-—-AcCA+CCl,+heat

from which an emissive fluorescence process was not
observed

Ez*"’N“ACCA+CCI4+hVExp

Additionally, in some extent an enhanced intersystem
crossing process must be taking into account in the presence
of CCl, (heavy atom effect or external spin—orbital coupling
{20,33])

'N—AcCA*+CCl,—>N—-AcCA*+CCl,

The yield of 3-chioro-N-acetyl carbazole (6a) (Scheme 1,
reaction b) as photoproduct backs up the suggestion of an
exciplex formation followed by an electron transfer process
and the nucleophilic substitution by C1~ at A-acetyl carbazole
cation radical present in the solvent cage, to give the chlo-
roderivative 6a.

[N—AcCA®* . CCH 1* »[N—AcCA* CCly... Cl}
[N—AcCA*...'CCl,...Cl] = N-AcCA~Cl+HCCl,

(Ga)
The charge density values calculated for N-acetyl carbazole
as radical cation species would account for this nucleophilic
substitution proposed.
The N-acetyl carbazole cation radicat was characterized by
its absorption spectrum { A, (abs) =500 nm) and its life-

A (ua)
sE-2 @
2.0C0E-98
.50 2.0006-85
5.000E-812
5.000E-7a
4.90
3,50
2.10
700
Afual}
-2 )
—— 2.000E-99
B ol N 5.500E -84
— —  LESOE-7s
—— —  G.SODE-T

369

24D F

L2OR

1 | S}
308 3ss A05 455 $05
Alnm}
Fig. L. Time evolution of the absorption spectrum of the N-acetyl carbazole
cation radical la and N-benzoyl carbazo! cation radical 1b. Laser flash
photolysis experiments: solvent, CClg; Ay, 266 nm; T, 298 K.
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time (7= 15.19 ns) when a 5.20 X 10”3 mol dm~? solution
of N-acety! carbazole in CCl, was used in faser flash photol-
ysis experiments (see Fig. 1 and Section 2).

Besides, the absence of carhazole (4) in the reaction mix-
ture as well as of dimeric products such as bicarbazolyl com-
pounds that we had described elsewhere [8,9] suggested that
in CCl,; medium the carbazolyl radical would not be formed
in high yields and, additionally, if it were formed it would
not escape from the solvent cage.

Additionally we studied the photochemical behavior of V-
acetyl carbazole in CCl,—benzene, CClL,—CH,CN and CCl,-
E1OH mixtures. As can be seen in Table 7, the electron trans-
fer process would be the only process in all the CCl,-EtOH
mixtures studied, while in benzene even at the highest CCl,
concentrations { 1.024 and 5.024 mol dm ™) the main process
would be the photo-Fries rearrangement and in CCl,-CH,CN
mixtures both photo-processes would have similarefficiency,

Itis interesting to note the results abtained when N-benzoy!
carbazole (3.60X 10~ mol dm ~*) was irradiated in benzene
and in ELOH, in the presence of CCl, (5.024 mol dm 3, Ar
atmosphere). No reaction was observed in benzene-CCl,
media while in EVOH-CCl, media N-benzoyl carbazole was
partially converted into carbazole (4, 3.0% yield) and 3-
chlore-N-benzoyl carbazole (6b, 15% yield). At the end of
the latter experiment C1~ was detected ( AgNO,/HNO; test)
and pH 4 was measured. The UV, fluorescence excitationand
emission spectra together with the photochemical behavior
of N-benzoyl carbazole in benzene~CCl, and in EtOH-CCI,
let us suggest that, although the absorption spectra do not
substantiate the existence of a CTC of N-benzoyl carbazole
with CCl,, both in the ground state. it can be assumed that an
electron transfer proceeds in the exciplex [A®*...CCl4*1°
in polar protic media, In benzene medium the dissipation of
the singlet excitation energy of the exciplex by radiative and
non-radiative processes are the main stabilization pathways.
In EtOH medium the additional stabilization by solvatation

Table 7
Irvadiation of Ia in different organic solvents in the presence of CCl, *

of the polar xciplex and the jonic radical specics formedin
the solventcage [A™..."CCl,...C1™ | would explain the phio-
tochemical behavior observed. By using laser flash-photoly-
sis spectroscopy the N-benzoyl carbazol cationradical (A * )
was characterized in CCl, medium, by its absorption spec-
trum (A, =395 nm) and by its 7,= 168.3 ns (Fig. 1).

In conclusion, the simultancous presence of CCl, as a5
efficient electron acceptor, and a solvent of high polarity aad
hydrogen donor character are necessary to yield and to sta-
bilize the primary cation radical, anion radical and radical
formed in the solvent cage. In these environmental conditions
the back electron transfer process is not impostant and the
phote-induced electron transfer process can compete offi-
ciently with the photo-Fries rearrangement.

3.4. Irradiations in the presence of chloroalkanes: kinesics

in order to study the kinetic aspects of the photolysis of N-
acety! carbazole in the presence of CCl, we used a set-upthat
provided A.,. 313 nm (see Section 2) and CCl, concentra-
tions lower than or equal 1o 9 mol dm ™ because in these
experimental conditions the only species that absorbs radia-
tion is the N-acetyl carbazole. Thus, our experimentat con-
ditions correlate with those of the Rehm-Weller [31,32]
expression that we used in order to evaluate the possibility of
an electron transfer process from N-acetyl carbazole elec-
wronic excited to CCl, in the ground state. Besides, in this
way we reproduce the conditions used in the fluorescence
quenching experiments (A.,. 310 nm).

Thus, when a 4.78 X 10™3 mol dm 3 solution of N-acetyl
carbazole under Ar atmosphere was irradiated in the preserce
of different concentrations of CCl, (1.0-9.0 mol dm ™) we
observed that the rate of N-acetyl carbazole conversion is
high at higher CC\, concentration, so the photeconversion is
a bimolecular process. Additionally, from the plots of In(C,/
C) versus time (min) the comesponding k., values were

Solvent CCl, Conversion P Photoproducts (%) ° pH
(mel dm~*) (%) 4 2a 3a ta

Benzene 705 0.134 173 410 76 reutral
Benzene 0.048 65.3 0.044 118 492 13 neuteal
Benzene 0.502 50.0 0.034 4.6 4.2 78 neutral
Benzene 1024 182 0.037 26 235 50 0.1 6
Benzene 5.024 133 0.019 1.6 219 >01 04 5
CH,CN 313 0.043 3.7 355 39 peutral
CH,CN 5.024 10.7 8.007 0.6 4 >{.1 4.5 1
EtOH 356 0.050 15.6 142 58 neatral
EtOH 0212 20 0.015 32 29 1.0 5
F1OH 1.024 10.0 0.055 12 85 2
EwQOH ¢ 5024 120 0.066 14 103 2

* Concentration of 12, 4.78 X 10~ mol dm™?; A, 313 nm; imadiation time, 75 min; atmosphere, Ar; 7, 298 K.

® Calculated by GC.

© Quantum efficiency of 1a with 1a conversion = 19%; /,= 1.0 X 10~ ® Einstein min~"; actigometer, potassium ferrioxalate.

9 Irradiation time, 17 min.
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obtained: k., (min"!) (CCl, concentrations; mol dm™3),
1.66X% 1077 (1.0), 378X 1072 (3.0), 606X 10™? (5.0,
6.80x107% (7.9) and 7.20x 10™7 (9.0). A linear relation
between 4, and CCl; concentration was observed until
[CCl,] <4 moldm ™, At higher CCl, concentration the ratio
between both variables is not linear and &, tends to the &,
limit value which is aproximately 7.50% 10~ % min~'. This
results suggests that at CCl, concentrations higher than 5 mol
dm ™3, the quenching sphere [20] of N-acety] carbazote has
on average one (or more) molecule of CCl,. As a conse-
quence, the system is less sensitive to the additional CCl,
molecules added to the medium and at these high concentra-
tions the environmental conditions of the N-acetyl carbazole
molecules are similar to those in the so-called static quench-
ing conditions (20,33].

Additionally, in the same experiments the N-acetyl carba-
zole consumption quantum yield ( ¢,,) was measured incon-
ditions that the N-acetyl carbazole conversion was not higher
than 10%. According to these results we can suggest that
during the first 45 min of irradiation the process follows
pseudo-first-order kinetics but at longer irradiation time per-
iods the N-acetyl carbazole consumption occurs at higher
velocities. Considering an iradiation period of 135 min, we
simulate theoretically the plot of consumption of N-acetyl
carbazole (%) versus time, considering that N-acetyl carba-
zole consumption follows the equation C= Cexp( — k1),
After 45 min the experimental data obtained do not match the
theoretical curve (values) calculated. The simultaneous con-
sumption of N-acetyl carbazole through a parallel process is
obvious. As we know that the pH of the solution was dimin-
ishing during the irradiation of N-acetyl carbazole in the pres-
ence of CCl, in benzene, CH,CN and EtOH media, we ran
some experiments in order to study the stability of N-acetyl
carbazole in organic acid medium. Thus, a 4.28 X 107> mol
dm ™3 solution of N-acety! carbazole in EtOH was bubbled
with HCI(g) until pH 2 was reached, and 10 a 478X 1673

Table 9

Effect of the solvent on the electronic spectrum of N-acyl carbazoles 1a and 1b*
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Table 8
Effect of organic solveats on the A, {abs} of N-acyl carbazoles

Sotvent E.(3m* Apsx{abs) (nm})

N-acetyl N-benzoyl

carbazole carbazole
Hexane 309 314 316
CcCl, 325 316 316
Benzene 345 316 3i6
p-Dioxane 36.0 ile k103
CHCl, 9.1 314 316
CH.CL, a1 314 316
Acetone 422 314 36
tert-BuOH 439 2z 314
CH,CN 456 314 3n
i-PrOH 48.6 312 314
n-PrOH 50.7 312 314
EtOH 519 3 314
MeCH 55.5 32 kil

* Concentration, 4.78 < 107> mol dm~3; 7, 298 K.
® Ref. (29].

mol dm ™ ? solution of N-acety! carbazole in ELOH the buffer
potassium hydrogen oxalate-NaOH was added in order to
keep pH 4. Both solutions were kept in the dark during 4 1.
At pH 2 the N-acetyl carbazole hydrolysis follows pseudo-
first-order kinetics while at pH 4 the hydrolysis process is
minor. In agreement with our experimental results, when
during the photolysis in organic media in the presence of
CCl, the pH reaches a value near by 3, the acid hydrolysis of
N-acetyl carbazole begins to compete with the photo-induced
electron transfer and as consequence more acetyl carbazole
is consumed.

Besides, as has been discussed previousiy (see the results
shown in Table 7) from the electronic excited state N-acety!
carbazole can also give the photo-Fries rearangement, this

Solvent  Apy (00) 1, (00)  Awy,* Ao (0,0} Vo (00)  Br® AStokes © Ea (8y) Enua (8)) Paus Truo©
{nm} {em™")  (cm™Y) (nm) (em™)  (em™")  (em™") (kealmol™%)  (kcalmol™") (ns)

Ia

Henage 312 32051 337 20674 2377 917 349 0.093

CHCl. 314 31847 204 338 29586 88 2261 91.1 846 0.049 32

EiCH 315 31746 308 342 20240 434 2506 90.8 816 0.053 103

CH.CN 316 31646 405 343 29155 348 2491 0.5 814 0.051

1b

Hexane 312 32051 341 29326 2725 91.7 83.7 0.034

CHLCL 314 31847 204 343 29155 E71 2692 20.8 834 0.047

BOH 315 31746 305 344 29070 256 2676 502 822 0010 12.6

MeCN 317 31153 898 345 2893€ 340 2167 892 829 0.008

* Concentration, 10~° mol dm™%; A, 310nm; 7, 298 K;
® By, = ¥at 0,0) [hex] — 1:,(0,0) [s0lv.].

© Al = Praot 0.0 [REX] — 24,0(0.0) {s0lv.].

FA = (0.0) = ¥auo(0,0).
“A Tifetime

d in the present wark.
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fact depending on the environmental properties where the
clectronic excited state is created.

3.5. Spectroscopic studies: UV absorption and fluorescence

To shed some light on the mechanism of the interaction of
N-acyl carbazoles la and 1b with halomethanes and espe-
cially with CCly, the electronic absorption spectra in halo-
methane solutions as well as the quenching of N-acetyl
carbazole fluorescence emission by halomethanes was
investigated.

Thus, in Table 8 the effect of solvents of different polarity,
expressed as £p(30) [29] and the A, (abs) is shown. As
can be seen, although the shitts are small they are the typical
minor bathochromic shifts of the ar,m" ransitions because of
the high polar character of the solvents. In order to quantify
this solvent effect simultaneously on N-acyl carbazole
absorption and on fluorescence emission spectra, we calcu-
lated the Stokes' shifts [33] (AStokes= g, (0,0) —
Vit 0,0)) from the absorption (1,,.(0.0)) and emission
fluorescence ( wy,,(0,0)) spectra. By combining this equa-
tion with the one that includes the Lippert parameter (AL)
for each solvent, AStokes = 2( . — jtr) 2AL/ ke’ [ 33] where
the Lippert parameter can be calculated as AL=[(e—1)/
(2e+1)] — [ (2= 1)/ {2+ 1)] [33], we could calculate
the Ap = p_— p, value (difference between the ground state
and §, state dipolar moment) and compared it with that
obtained by semiempirical calculations (PM3 and ZINDO/
S methods as they are implemented in hyperchem 5.0 ) [25].
As is shown in Table 9, in which also the N-acetyl and V-
benzoyl carbazoles fluorescence quantum yields (¢by,,) and
their fluorescence lifetimes (7y,,) in different solvents are
included, the Stokes™ shifis for i -etyl carbazole arc almost
similar, just slightly smaller, than the N-benzoyl cartbazole
Stokes’ shifts but they are quite different from that corre-
sponding to carbazole [7] (AStokes carbazole < 1000). The
presence of the polarizable carbonyl group in the N-acyl car-
bazole derivatives and the higher Ap values theoretically and
experimentafly calculated (A (Debye), carbazole 2.39, N-
acetyl-carbazele 4.45 and N-benzoyl carbazole 6.40) would
account for these results. The same fact would explain the
dependence on the polarity of the solvent shown by the rel-
ative intensity (RI) of the fluorescence emission and the dy,,
of the N-acetyl carbazole ( Table 9). Besides, the gy, for N-
acetyl and N-benzoyl carbazole are ten times minor that those
for carbazole; owing to the presence of the carbonyl group,
the S, to T, process (intersystem crossing) is more efficient
making, as a consequence, the N-acyl carbazole phosphores-
cence quantum yield higher.

We also studied the fluorescence of 1a and 1b in halome-
thane solutions. As expected, with an increasing number of
chlorine atoms in the halomethane molecule, the intensity of
the  N-acetyl carbazole fluorescence  decreases
(E1OH > CH.Cl, > HCCl,) disappearing completely in CCl,
medium {external spin-orbital coupling or heavy atom effect
[20]). Although halomethanes showed a similar effect on

N-benzoyl carbazole fluorescence, the presence of anew fiu-
orescence species (exciplex) was observed in N-bemzoyl
carbazole-CCl, systems.

Although no emissive exciplex could be detected in N-
acetyl carbazole-halomethane solutions, as shown in Fig. 2,
the Stern—Volmer dependence forthe flucvescence quenching
of N-acetyl carbazole is linear. The values of K, obtained
(see Table 10) indicates that in each organic medium used
the fluorescence quenching of N-acetyl carbazole can be
related with the clectron affinity of the halomethane,
expressed as the reductive potential value (E_,) aad as the
AE{LUMO —HOMO) of each halomethane (see Table 11},
which also indicates that the halomethatie acte ar cle¢iron
acceptor.
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(#), EIOH (W), i-PrOH (A4): and (b) 1. CCly; solvent, CHON (@), B0OH
(¥}, -PrOH (&) and tert-BuOH (). Concentration of ta; 240X 10°°
mol dm™>; A, 316 am; 7,298 K.
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Table 10
Stern-Volmer constants (k,,) for N-acetyl carbazole in different organic
media using chloroalkanes as quenchers

Quenchers key (M™")?

CH.CN EtOH i-PrOH test-BuOH
345%107*" 108x107*" 286X 1077 3.32x107%"

CH.Cl 17 15

CHCl, 61 53 64

ca, 1656 1665 97 986
*T.298K.

P Viscosity of the solvent (%) from Ref. [29].

Doubtless, the quenching produced by all the quenchers
used involves an efectron transfer process. The anomalous
values obtained in i-PrOH and in tert-BuOH agree with their
lower € value (see Table 11: 18.3 and 4.3 respectively), their
low capability to stabilize by solvation ihe dipolar exciplex
formed, their higher viscosity and their molecular volume.
As it is known [15,34-36], the anomalous behavior shown
by nitrogen organic compounds in quenching studies done in
i-PrOH and in tert-- BuOH solution can be explained by taking
into account the Swain-Grunwald mechanism. It has been
suggested that the rate of dissociation of pre-existing amine—
alcohol complexes is primarily determined by the energy
required to create a cavity prior to dissociation and that this
energy increases with the size of the solvent (tert-BuOH > i-
PrOH > EtOH) and, of course, with bigger size of the quench-
ing melecule.

According to the proposed diffusion quenching model, we
observed a mild but clear increase in the kg values with the
temperature for the CCl, quenching in EtOH solution.

Ko 10¥ (M~ seg™") 057 0.75 103 141
T(K) 283 288 298 308
Table 11

4, Summary

As a conclusion, the photophysical and photochemical
processes for N-acyl carbazoles 1a and 1b in organic diluted
soiutions can be represented as follows:

A+hy—'A* n
I ARy 2
1A% 33k &)
SA*—A+hy, 4
'A* - products 2, 3, 4 (5)
IA*+RCl-»*A*+RCl (6)
IA*+RCI-'[A%* . RCIP-1* N
A% _RCI®” T* > A+RCl+hu,, 8
AN LRGP [AY RO 9
[A*"...'R..CI" ] > product § 1 (10}
A+H-4 (11)

Which process predominates, photo-Fries rearrangement
(step 5), exciplex formation (step 7), exciplex emission
(step 8}, photo-induced single electron transfer (step9) and/
or acid hydrolysis (step 11) depends on each N-acyl carba-
zole and simultancously on the electron affinity, proton and
hydrogen donor character, viscosity and polarity of the
medium.

Thus, for N-benzoyl carbazole when irradiations are con-
ducted in the presence of halomethanes such as CH,Cl,,
HCCl; and CCl,, steps 6, 7, 8, 9 and 10 are high efficient, the
photo-rearrangement (step 5) not being observed ai all in
CCl,.

On the contrary, for N-acetyl carbazole we observed that
when the irradiations were conducted in the presence of hai-

kyy obtained for N-acyl carbazoles 1a and b in organic media by using chlorinated quenchers

Quenchers Ey LUMO*® HOMO © kgiM~'s™h®
(V vs. SCE) {eV) (ev) CH,CN EtOH PrOH tert-BuOH
3754 26.0¢ 18.3¢ 43¢
ia
CH,CL, -233 +0.5209 —10.5821 157% 108 1.45% 10
CHCY, - 167 -0.1170 —10.8384 592 10 5.15x 10* 6.21X 10
CcCl, -0.78 —-06283 - 109871 161 x 10" 103x10'° 9.42.10° 957 0°
ib
HCl, -233 +0.5209 -10.5821 1.71% 10 6.67 X167 4,18 x107
CHCOL, —167 —0.1170 - 108384 597x10° 457X 10° 4.39%10° 1.79% 10°
(e —0.78 -0.6283 —10.9871 323%x 10" 1.66 X 10'° 1.28x 10"

* Values caculated in the present work,
" Reductive potential energy vs. CSE for the quenchers.

¢ Values calculated in the present work. Geometries optimized by semiempirial PM3 methnd §25].
< Dielecrric constan! (€, 298 K). kyy (X107'° M~ s7%) [26] (solvent; v, Poise {291): 1.87 (CH,CN, 3.45%10%), 598 (EtOH, 108X 107%), 2.25

(iPrOH, 286X 107%), 1.94 (ten-BuOH, 332X 1073,
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Table 12
AG gy for N-acy! carbazoles 13 and 10 *

Solvent Quencher —Ea{A) AF,(0,0)(D) AGgr loglhig) ®
(Vvs. CSE) (keal mol™ '} (Kcal mot™ ")
1a 1b ia i) ia ik
CH,CN CH:Clx 233 834 £29 ~72 +864 323
CHCl, 1.67 -840 ~687 L% 977
cCl, 0.78 -28: e A 1050
EiOH CH.Cl, 836 822 +170 +935 782
CHCI, -82 -5.87 871 9.65
cCl, -287 -26.3 10.01 10.20
i-PFOH © CHCl, 233 83.7 8.9 +6.9 +9.65 762
CHCY, 167 -33 —-557 370 964
CCl, 073 —288 -26.09 997 1081

* Calculated from Rehm-Weller equation [31,32]; E.(D)1.16 V vs. CSE.
 Measused in the present work.
* Similar results are obtained in tert-BuOH.

omethaecs both photoreactions, photo-Fries rearrangement
(step 5) and photo-induced single electron transfer {steps 9
and 10), occur simultaneously, predominating clearly the
latter only in EtOH-CCI, medium.

itis interesting to mention that, for both N-acyl carbazoles,
only the photo-Fries rearrangement was observed in the
absence of halomethanes.

We wish to add that the proposed electron transfer {step 9
and Table 12) from singlet excited N-acy! carbazole to hal-
calkanes in the transient excited exciplex would be the main
primary photochemical process which initiates a chemical
reaction through the formation of an intcrmolecular pair
[A*"..RCI™ '], whichgives [A™".__'R...Cl "] viathe weli-
known RCl+e— — R+Cl~ concerted electron transfer
bond-breaking process {37]; the probability of the back
clectron transfer decrease and thermodinamically stable pho-
toproducts are formed.

Finally, by using semiempirtical methads [25], we calcu-
lated the charge density on ¢ach carbon atom in order to
compare the reactivity of N-acyl carbazoles as neutral and as
cation radical species with Ci—. According to the values
obtained, the nucleophilic substitution would occur prefer-
entially on the latter moiety at the 3-C position in agreement
with the experimental results obtained (yield of 3-chloro-N-
acyl carbazoles 6a and 6b).
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