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Abstract: The acetone-sensitized [6π]-electrocyclization of 

unsubstituted, mono-, and disubstituted triarylamines (TAAs: 

substituents H, CH₃, CH₃O, Cl, CnF₂n+1; n = 1, 3, 4, 6, 8, 10) under 

310 nm light led to the formation of endo- and exo-carbazoles in high 

yields; particularly, TAAs substituted with inductive electron-

withdrawing groups (Cl, CnF2n+1) exhibit remarkable endo-selectivity 

towards cyclization. For TAAs substituted with both inductive electron- 

withdrawing and donating groups, the photocyclization towards endo 

carbazoles is dictated by the presence of the electron-withdrawing 

groups. Chemical yields (%), quantum yields of conversion (R), 

apparent cyclization rate constants (kcyc), and Hammett plots 

correlations are illustrated for all substituted TAAs in acetone. 

Photophysical studies reveal that TAAs substituted with resonance 

electron-withdrawing groups (OAc, NO2, CHO) do not undergo 

electrocyclization in acetone at 310 nm due to formation of charge-

transfer states that vastly deactivate the triplet reactive manifold, 

paralleling the behavior observed in MeCN as solvent. Absorption and 

emission spectra, Stokes shifts, and singlet excited state energies are 

illustrated for substituted TAAs and carbazoles. In-silico studies 

support the high stereoselectivity observed for the preferred endo- 

photosensitized [6]-electrocyclization of Cl- and perfluoroalkyl-

substituted TAAs. 

Introduction 

Carbazole, a typical nitrogen-containing heterocycle, can be 

considered as an interesting and “privileged” motif in organic 

chemistry. This heterocycle scaffold can be found in natural 

products, bioactive molecules, pharmaceuticals, and materials 

science.[1] Indeed, ellipticine derivatives, Stauroporine, 

Carbazomycin B, Carazolol, and Carvedilol are pharmacophores 

showing the carbazole moiety in their structures[2] and some of 

these bioactive carbazoles are useful in the treatment of ischemic 

disease, hypertension, and congestive heart failure.[3] 

Furthermore, carbazole and its derivatives were found to show 

electronic and structural features as optoelectronic,[4] 

lightemitting,[5] conducting polymer,[6] and charge 

transporting/host materials.[7] Some selected examples are 

depicted in Scheme 1. 

Incorporation of trifluoromethyl and perfluoroalkyl groups in 

(hetero)arenes, and particularly in carbazoles, has a notable 

impact on the physical and biological properties of these 

compounds, providing metabolic stability and lipophilicity due to 

the electron-withdrawing nature of the perfluoroalkyl substituent.[8] 

Polymers bearing perfluoroalkyl groups provide hydrophobic and 

oleophobic behaviors.[9] Therefore, based on the properties 

displayed by carbazoles as highly relevant scaffolds, diverse 

synthetic methodologies have been developed.[10] Recently, an 

interesting review has updated a variety of preparative 

methodologies of carbazoles involving thermal, photochemical 

and electrochemical approaches.[11] 
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Different synthetic routes toward the preparation of carbazole 

moieties including nitrene insertion, Fischer indolization, 

dehydrogenative cyclization of diarylamines, Pummerer 

cyclization, and Diels-Alder reaction, among others, have been 

reported.[12] Furthermore, C-C and C-N bond formations involving 

transition-metal catalysts were found to be useful in the 

preparation of carbazoles.[13,14] In fact, Pd-catalyzed C-C bond 

formation and Pt-catalyzed C-H activation have been carried out 

successfully providing the desired carbazoles.[15] However, these 

thermal methodologies are performed under high reaction 

temperature, long reaction times and employing expensive 

transition metal catalysts and phosphorous ligands. 

 

 

Scheme 1. Structural examples of anti-cancer agents, emitting and 

semiconducting materials containing the carbazole moiety 

 

On the other hand, direct perfluoroalkylation of carbazole moiety 

remains almost unexplored whereas perfluoroalkylated 

carbazoles have been prepared involving coupling reactions of 

carbazoles with perfluoroalkylated aryl rings.[16] In fact, the late-

stage perfluoroalkylation of carbazoles has been achieved 

successfully involving UV irradiation of an excess of C4F9I in 

aqueous media.[17] Likewise, visible light irradiation of 2,3-

dichloro-5,6-dicyano-p-benzoquinone in the presence of Langlois 

reagent led to the formation of trifluoromethylcarbazole but with 

low yield and very poor regioselectivity.[18]  

The photochemical methodology is an interesting, mild, and 

alternative procedure to be applied for the preparation of 

carbazoles. Indeed, photocatalytic oxidative C-C bond coupling of 

di- and triarylamines and aryl azides has been carried out under 

flow conditions employing visible light and transition-metal 

complexes as the photocatalysts as well as direct irradiation with 

UV light in the presence of propylene oxide and iodine.[19] 

However, expensive photocatalysts, use of specific ligands and 

the requirement of continuous flow setups make this methodology 

a limited procedure to perform the photoreaction. Furthermore, 

long reaction times are needed and, if the irradiations are 

conducted under batch conditions, conversion to products may 

take several weeks. Iridium photocatalyst combined with catalytic 

amounts of Pd(OAc)2 led to the preparation of a set of carbazoles 

including the synthesis of alkaloid Clausine C from o-

aminobiphenyls through a C-N oxidative coupling.[20] 

Photosensitized Cadogan-type reaction through triplet energy 

transfer process of o-nitrobiaryls has recently been reported using 

4CzlPN and Ir[dF(CF3)ppy]2(dtbpy)PF6 as the photosensitizers.[21]  

Direct irradiation of di- and triarylamine with UV light is a 

photochemical procedure that leads to substituted carbazoles in 

quantitative yields under molecular oxygen as the sole oxidant 

reagent since its discovery in the 1960s when carbazole was 

prepared from diphenylamine.[22,23] This UV light driven oxidative 

[6]-electrocyclization reaction was also extended to N-

methyldiphenylamine[24] and triphenylamine.[25] Furthermore, 

quenching of the triplet-triplet energy transfer process with triplet 

acceptors as well as triplet sensitization by aromatic ketones of 

the photocyclization reaction of diphenylamines have amply 

demonstrated that the photo reactive excited state is the lowest 

triplet state.[23a,24a,24b,24d,25a] Steady-state and time-resolved 

investigations on the photoinduced [6]-electrocyclization 

reaction of di-and triarylamines have been reported.[26] Indeed, co-

oxidation of alkyl/aryl sulfides and triarylphosphines proceeded 

successfully with triarylamines as the oxidizing photosensitizers 

in the presence of molecular oxygen.[25c,26a,b]  

The solvent effect on the photocyclization reaction of di- and 

triphenylamines has also been carried out in homogeneous and 

micro heterogeneous media where carbazoles were obtained in 

quantitative yields.[26c-e] Micellar media showed that the [6]-

electrocyclization reaction was accelerated when compared with 

homogeneous media. The substituent effect on the 

photocyclization reaction of mono-, di- and trisubstituted 

triphenylamine has recently been reported and electron-donor 

and neutral substituents promoted the photoreaction efficiently 

forming exo/endo carbazoles in modest to good yields.[27a] 

Likewise, the solvent effect on the photoreaction was also 

investigated and the exo/endo carbazoles formation was favored 

in polar solvents over nonpolar ones.[27b] However, the 

photoreaction of triphenylamine bearing electron-withdrawing 

(resonance) substituents did not proceed due to the formation of 

intramolecular charge transfer states. It is worthy to mention that, 

for TPAs substituted with electron-donating and neutral 

substituents, all these photocyclizations were carried out 

successfully under mild conditions and in the presence of 

molecular oxygen. 

Recently, a photochemical perfluoroalkylation reaction of 

triphenylamine has been developed leading to the efficient 

preparation of monoperfluoroalkylated triphenylamines in good 

yields.[28] Direct irradiation with blue LEDs of an Electron Donor 

Acceptor (EDA) complex formed between N,N,N’,N’-

tetramethylethylenediamine (TMEDA) and perfluoroalkyl iodides 

(RFI) in the presence of triphenylamine in aqueous solvent mixture 

afforded the expected mono perfluoroalkyltriphenylamines. 

According to our knowledge, this interesting and efficient 

methodology is currently the first established late-stage protocol 

available for the synthesis of perfluoroalkyl-substituted 

triphenylamines. In fact, the preexisting synthetic methods for the 

preparation of trifluoromethyl triphenylamines primarily rely on 

indirect protocols rather than direct synthetic approaches.[29] 

Regarding the realm of perfluoroalkylation reactions, several 

contributions from our research group developing perfluoroalkyl 

radicals through visible-light photocatalysis have been reported 

leading to the incorporation of perfluoroalkyl groups into diverse 

organic frameworks.[30]  
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Based on these premises and knowing that the photoinduced 

[6]-electrocyclization reactions proceed from the triplet excited 

state of substituted triarylamines, we herein present a systematic 

study on the photosensitization of the [6]-electrocyclization 

reaction of several mono- and disubstituted triarylamines in 

acetone with light of 310 nm in the presence of molecular oxygen 

as the oxidant reagent (see Scheme 2). This investigation deals 

with the substituent effect on the product distribution analyzing the 

regiochemistry (exo/endo products) and the chemoselectivity 

(endo over exo products), the quantum yields of conversion (R), 

and the apparent cyclization rate constants (kcyc). Furthermore, 

spectroscopic behavior in terms of UV-visible absorption and 

fluorescence emission spectroscopies as well as fluorescence 

quantum yield (f) measurements of substituted triarylamines and 

carbazoles are discussed. Computational calculations are 

conducted to rationalize the product distribution by analyzing free 

energy profiles for the [6π]-electrocyclization pathway from the 

triplet states of triarylamines. These calculations include 

optimized geometries of the transition state structures, their 

energies, spin density, C–C bond formation distances, and 

energy values of the dihydrocarbazole intermediates.  

 

Scheme 2. The acetone-photosensitized [6]-electrocyclization reaction of 

mono and disubstituted triarylamines studied in this paper. From mono-

substituted TAA, the exo-carbazole isomer bears the substituent in the N-phenyl 

ring, whereas in the endo isomer the substituent is in the carbazole scaffold 

 

Results and Discussion 

Photosensitized irradiation of triphenylamines with 

electron-donating and electron-withdrawing groups in 

acetone  

 

 

Scheme 3. Triarylamines substituted with electron-neutral and donating 

substituents  and electron withdrawing (resonance) substituents. The exo-

isomer bears the substituent in the N-phenyl ring, whereas in the endo isomer 

the substituent is in the carbazole scaffold.  

 

Triarylamines 2-10 (Scheme 3) were synthesized by literature 

procedures,[27a] and subjected to [6]-electrocyclization reactions 

in acetone, irradiating at 310 nm and employing a reaction setup 

depicted in Figure S1 (see ESI). 

The comparative [6]-electrocyclizations of triarylamines 1-10 

(Scheme 3) towards the respective carbazoles have been 

investigated in the past under 254 nm-direct irradiation in 

acetonitrile as solvent, and their photophysical properties 

studied.[27] The corollary of the study revealed several salient 

features: the exo/endo carbazole derivatives were formed as the 

main photoproducts from modest to good yields for 

triphenylamines substituted with electron-donor and neutral 

substituents. The kinetic parameters of the electrocyclization 

reactions showed dependence on the nature of the substituents, 

and linear Hammett correlations showcased the substituent effect. 

On the other hand, the spectroscopic behavior of the electron-rich 

substituted triphenylamines suggested that the fluorescence 

emission spectra display mirror images of the lower energy 

absorption bands, while for those amines bearing resonance 

electron-acceptor groups the formation of charge-transfer states 

and their fluorescence emissions constitute the main deactivation 

pathway of the photoreaction. In TPAs substituted with electron-

withdrawing groups, especially by resonance effect, the formation 

of charge transfer states deactivates the triplet excited state 

responsible for electrocyclization.[27] 

In another recent report, the acetone-sensitized electrocyclization 

(310 nm) of triarylamines substituted with perfluoroalkyl groups to 

yield perfluoroalkylated carbazoles in good yields was proposed 

as a convenient electrocyclization synthetic strategy.[28a] Based on 

these findings, we embarked, in this section, on the acetone-

sensitization study of triarylamines 1-10 and analyzed the 

efficiency of cyclization and endo/exo carbazole ratios resulting 

from the [6]-electrocyclizations of these amines. 

Table 1 illustrates the yields of the exo/endo carbazole products, 

along with the quantum yields of cyclization relative to 

triphenylamine 1, and the rates of cyclization in acetone.  

As observed from Table 1, yields of cyclization in acetone are 

modest-to-high for TPA and TPAs substituted with electron-

donating and Cl groups (2-6). For TPAs 8-10, substituted with 

strong resonance electron-withdrawing groups, no [6]-

electrocyclization product could be observed.  

A particular example is TPA 7, substituted with an activating 

amino group in para position of one phenyl ring, which did not 

electrocyclize under photosensitization in acetone to the 

respective carbazole, as observed in previous studies carried out 

in MeCN as solvent.[27a,b] This behavior can be attributed to the 

known electron transfer processes which result in the quenching 

of the triplet state of ketones by amines.[27e] 

For TPAs 2-6, sensitized irradiation of 4-substituted 

triphenylamines at 310 nm in acetone solution under either air or 

O2 atmosphere led to the formation of two carbazole derivatives, 

viz., N-(4-substituted-phenyl)carbazoles 2a – 6a (column 6, Table 

1), i.e.: exo carbazoles, and 3-substituted-N-phenylcarbazoles 2b 

– 6b (column 7, Table 1) (see Scheme 3 for structures), i.e.: endo-

carbazoles. 

Moreover, the formation of unsymmetric endo carbazoles 2b – 6b 

occurs smoothly, and this unique behavior can be attributed to the 

different orbital coefficient values between the substituted and 

unsubstituted phenyl rings, which influence the electrocyclization 

pathway. The nature of the substituent attached to the phenyl 

ring—whether it is an electron-donor or electron-acceptor group—

N

R1

R2R3

R1 = R2 = R3 = H,              1

R1 = CH3, R2 = R3 = H,     2

R1 = R2 = CH3, R3 = H,     3

R1 = R2 = R3 = CH3,          4

R1 = R2 = OCH3, R3 = Br,  5

 R1 = Cl, R2 = R3 = H,        6

R1 = NH2, R2 = R3 = H,      7

R1 = CHO, R2 = R3 = H,     8

R1 = NO2, R2 = R3 = H,      9

R1 = OAc, R2 = R3 = H,     10 endo-carbazoleexo-carbazole

N

R1

R2R3

N
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R2R3
a b
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is expected to significantly alter the orbital coefficient values of the 

phenyl ring compared to the unsubstituted ones. This distribution 

of photoproducts has also been observed when triarylamines 

were irradiated under photocatalytic continuous flow 

conditions.[19b,c] We investigated this behavior by computational 

methods (vide infra In Silico Studies). 

For the electron-rich mono-substituted TPAs 2, 5, and 6, the endo 

carbazole product isomers prevail over the exo products (entries 

2, 5, and 6, Table 1). For disubstituted 4-methyl-N-phenyl-N-(p-

tolyl)aniline 3, the exo carbazole isomer predominates over the 

endo, probably due to steric congestion in the electrocyclization 

pathway (entry 3, Table 1).  

 

Table 1. Photosensitized irradiation of triphenylamines TPA in 

acetone: Chemical Yield, Quantum Yield (ϕR), and rate of 

consumption of triphenylamines (1 – 10) under air atmosphere 

 

 
TPA Substituents carbazole yield, and 

exo: endo ratio 
R

c rate,d 
μM 

min-1  R1 R2 R3 Yield,
a % 

a 
(exo)
,b % 

b 
(en
do),
b % 

 

1 H H H 98   0.010 0.113 

2 CH3 H H 95 26 74 0.010 0.121 

3 CH3 CH3 H 96 66 34 0.013 0.129 

4 CH3 CH3 CH3 84   0.016 0.121 

5 OCH3 OCH3 Br 80 28 72 0.011 0.088 

6 Cl H H 48 24 76 0.015 0.247 

7 NH2 H H 0   <0.00
1 

<0.00
1 

8 CHO H H 0   <0.00
1 

<0.00
1 

9 NO2 H H 0   <0.00
1 

<0.00
1 

10 COMe H H 0   <0.00
1 

<0.00
1 

 

a.- Yield obtained by HPLC integration with internal standard. b.- Ratio of 

isomers obtained through HPLC integration. c.- Quantum yield obtained based 

on reference quantum yield of unsubstituted TPA, f = 0.050 in acetonitrile.[33] 

d.- Rate obtained from Figure 1  

 

The progress of the photochemical reaction of amines 1−10 was 

monitored using chromatographic (HPLC) analyses (Figure S2, 

ESI) with a UV-visible detector. For triphenylamines 8−10, it was 

evident that no carbazole formation was detected in acetone by 

HPLC analyses, which was expected given the low quantum yield 

of the reactions, remaining around 10−3 (column 8, Table 1). 

Both chemical yields of carbazoles and exo/endo ratios for TPAs 

2 – 6 (Table 1) are similar to those found under direct irradiation 

at 254 nm in acetonitrile, indicating that both acetone-

sensitization and direct 254 nm-irradiation reach the same 

reactive triplet manifold with similar efficiency.[27a] As opposed to 

the MeCN study,[27b,c] TPA 7 does not electrocyclize to carbazole, 

as an electron transfer reaction supersedes the sensitization 

process.[27e]  

The relative yield profiles obtained from the acetone-sensitized 

irradiation (310 nm) of TPA (1) in an O2-saturated solution are 

shown in Figure S2a (ESI). The relative absorbance profiles 

indicate that as substrate 1 is consumed (expressed as the ratio 

A/A0 at 310 nm), N-phenylcarbazole (N-PhCBz) is formed as the 

only photoproduct. In Figure S2c, the consumption of TPA 2 is 

followed as absorbance profiles indicating that as substrate 2 is 

consumed (expressed as the ratio A/A0 at 310 nm), carbazoles 

(2a + 2b) are formed as the only photoproducts. 

The rates of cyclization (Table 1, column 6) were determined from 

Figure 1, where the observed rate constants (slopes) for acetone-

sensitized irradiation of triphenylamines (1 – 10) with light of 310 

nm are extracted from the slopes through linear regression 

analyses between ln(A/Ao) and time. It is observed that rates of 

cyclization are high from TPAs 2 - 6 with respect to TPA itself, and 

no [6]-electrocyclization is observed for TPAs substituted with 

resonance electron withdrawing groups (i.e.: 8 - 10). 

 

 

Figure 1. Longer time window (0 – 200 min) for the observed rate constants 

(kobs) for irradiated triphenylamines (1 – 10) in acetone with light of 310 nm. 

Linear regression between ln(A/Ao) and time. Inset: Shorter time window (0 – 

24 min) for the observed rate constants (kobs) for irradiated triphenylamines (1 – 

10) in acetone with light of 310 nm. Linear regression between ln(A/Ao) and 

time.  

Photosensitized irradiation of triphenylamines 

substituted with inductively electron-withdrawing 

perfluoroalkyl groups  

Triphenylamines 11-19 substituted with perfluoroalkyl groups RF 

(RF = CnF2n+1, n = 1, 3, 4, 6, 8, 10) were prepared by the procedure 

reported by us through irradiation of the electron donor acceptor 

(EDA) complexes between TMEDA and RF-I in the presence of 

TPA in aqueous MeCN/ DMF solvent system.[28a] The general 

reaction is represented in Scheme 4A. The reaction setup is 

depicted in Figure S4 (see ESI). The resulting perfluoroalkylated 

triphenylamines were then subjected to the [6]-electrocyclization 

under acetone sensitization (310 nm) affording the corresponding 

substituted carbazoles (Schemes 4B, 4C). 

 

 

acetone (0.001 mol/dm3), 50 mL

310 nm, O2, 

under stirring, 7 h

24 oC
N
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R2R3
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Scheme 4. A.- Syntheses of perfluoroalkyl-substituted triphenylamines 11-19. B.- Ulterior electrocyclization reaction of triphenylamines 11-18. C.- Electrocyclization 

of triphenylamine 19 towards carbazole 19b. 

 

Table 2. Yields of the respective carbazole derivatives (Scheme 4B), along with the exo: endo ratio, the quantum yields of reaction and 

the rates of cyclization expressed in M per minute. 

 

 
TPA Substituents carbazole yield, and exo: endo ratiob R

c rate,d 

μM min-

1 
 R4 R5 R6 Yield,a % a (exo), % b (endo), % 

11 H CF3 H 84 15 85 0.002 0.028 

12 H H C3F7 93 0 100 0.001 0.008 

13 H H C4F9 95 0 100 0.001 0.009 

14 H H C6F13 95 0 100 0.001 0.010 

15 H H C8F17 96 0 100 0.001 0.009 

16 H H C10F21 92 0 100 0.001 0.009 

17 H CH3 C4F9 81 52e 48 0.001 0.006 

18 CH3 CH3 C4F9 95 0 100 0.001 0.006 

19 H C4F9 C4F9 78 0 100 0.001 0.015 

 

a.- Yield obtained by HPLC integration with internal standard. b.- relative ratio of isomers obtained through HPLC integration. c.- quantum yield obtained based on 

reference quantum yield of unsubstituted TPA, f = 0.050 in acetonitrile.[33] d.- rate obtained from Figure 2. e.- Exo-carbazole respect to methyl group 

 

As observed form Table 2 (and Scheme 4) the yields of the 

sensitized photocyclization of perfluoroalkyl-substituted 

triphenylamines to the respective carbazole derivatives range 

from 78% to almost quantitative (column 5, Table 2). The high 

chemoselectivity towards endo cyclization of the perfluoroalkyl 

(RF) substituent is striking (columns 6 and 7, Table 2). The RF 

substituents are almost exclusively found in the carbazole 

skeleton rather substituting the 9-phenyl ancillary ring. Particularly 

noticeable is the case of 4-methyl-N-(4-(perfluorobutyl)phenyl)-N-

phenylaniline 17 (Scheme 4, R4 = Me, R5 = H, R6 = C4F9 ), with 

an inductively electron-donating methyl group and an inductively 

electron-withdrawing C4F9 substituents in para positions of two 

phenyl rings of the TPA skeleton, being the third phenyl ring 

unsubstituted, where upon photocyclization, the C4F9 substituent 

locates in the carbazole moiety in both the exo and endo isomers, 

with respect to the methyl group (vide infra products 17a and 17b, 

Scheme 5A). In contrast, the electron-donating methyl group is 

found in the carbazole entity in the endo isomer, and in the 9-

phenyl ring in the exo isomer, in almost an equal ratio (exo: endo 

= 52: 48) upon sensitized photocyclization. The overall yield of the 

electrocyclization process of 17 to yield 17a and 17b is 81%. 

Carbazoles 17a and 17b could not be totally separated by 

chromatographic techniques (column chromatography or 

preparative HPLC), but they were identified as separate isomers 

in the purified reaction mixture by a combination of spectroscopic 

techniques (1D and 2D NMR spectroscopy, see ESI). 

A more compelling example for this particular chemoselectivity 

and behavior of the perfluoroalkyl substituent is found in 4-methyl-

N-(4-(perfluorobutyl)phenyl)-N-(p-tolyl)aniline 18 (Schemes 4B 

and 5B), a triphenylamine bearing two electron-donating methyl 

groups in para positions of two phenyl rings, and the third phenyl 

ring substituted with para-C4F9 substituent. The acetone-

sensitized electrocyclization process of 18 renders a single 

carbazole in 95% yield. A single [6]-electrocyclized carbazole 

product is observed from 18, with the C4F9 substituent in the 

carbazole scaffold (Scheme 5B), product 18b. 

R4 = R6 = H, R5 = CF3,                11, 57%

R4 =  R5 = H , R6 = C3F7,             12, 38%

R4 =  R5 = H, R6 = C4F9,              13, 45%

R4 =  R5  = H, R6 = C6F13,           14, 55%

R4 =  R5 = H , R6 = C8F17,           15, 37%

R4 =  R5 = H, R6 = C10F21,          16, 35%

R4 = H, R5 = CH3, R6 = C4F9      17, 38% 

R4 = R5  CH3, R6 = C4F9             18, 36%

TMEDA (3 equiv.)
RF-I = CnF2n+1-I (3 equiv.)

MeCN: DMF: H2O (4: 4: 1) = 4 mL
Blue LEDs
Stirring, 20 h
Ar-purged

N
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N

R4

R5R6

+

N

R5R6

R4
acetone (0.001 mol/dm3), 50 mL

310 nm, O2, 

under stirring, 16 h

24 oC
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C4F9

C4F9

acetone (0.001 mol/dm3), 50 mL

310 nm, O2, 

under stirring, 16 h

24 oC

N

C4F9

C4F9

19b, obtained in 78%, 100% endo
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92
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15  :
0.   : 
0.   :
0.   :
0.   :
0.   :
52* :
0.   :
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19, obtained in 20%

* exo carbazol respect to CH3

TPAs, %
CBz
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N
N
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R4
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N

R4

R5R6

+

N

R5R6

R4 acetone (0.001 mol/dm3), 50 mL

310 nm, O2, 

under stirring, 16 h

24 oC
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Scheme 5. A.- Acetone-sensitized electrocyclization of 4-methyl-N-(4-(perfluorobutyl)phenyl)-N-phenylaniline 17 towards carbazoles 17a and 17b. B.- Acetone-

sensitized electrocyclization of 4-methyl-N-(4-(perfluorobutyl)phenyl)-N-(p-tolyl)aniline 18 towards the exclusive formation of 3-methyl-6-(perfluorobutyl)-9-(p-tolyl)-

9H-carbazole 18b 

 

Compound 19, 4-(perfluorobutyl)-N-(4-(perfluorobutyl)phenyl)-N-

phenylaniline, with two C4F9 substituents in para positions of two 

phenyl rings of TPA, and the third phenyl ring unsubstituted, 

endorsed the tendency. Compound 19 underwent [6]-

electrocyclization in acetone to carbazole 19b (vide supra, 

Scheme 4C) in 78% yield, where the two C4F9 substituents are 

exclusively found in the carbazole unit. We investigated this 

marked endo-preference by theoretical calculations (vide infra). 

As observed from Table 2, the rates of cyclization of 

perfluoroalkyl-substituted TPAs 11-19 are quite low compared 

with other TPAs substituted with electron-donating groups 1-5 

(Table 1), but nonetheless observable when compared with TPAs 

substituted with resonance electron-withdrawing groups (i.e.: 

TPAs 8-10, Table 1), where no electrocyclization products were 

found, either in acetonitrile[27a] or acetone (this study). 

The progress of the photochemical reaction of amines 11−19 was 

monitored using chromatographic (HPLC) analyses (Figure S5, 

ESI). These graphs (Figure S5) are straightforward in the sense 

that they reveal that the disappearing of substrate (TPAs) 

correlates with product (carbazole) formation. 

The relative yield profiles obtained from the acetone-sensitized 

irradiation (310 nm) of TPA (13) in an O2-saturated acetonitrile 

solution are shown in Figure S6a (ESI). The relative absorbance 

profiles indicate that as substrate 13 is consumed (expressed as 

the ratio A/A0 at 310 nm), carbazole (13b) is formed as the only 

photoproduct. In Figure S6b, TPA 19 is followed as absorbance 

profiles indicating that as substrate 19 is consumed (expressed 

as the ratio A/A0 at 310 nm), carbazole (19b) is formed as the only 

photoproduct. 

For calculation of rate constants of cyclization (Table 2, column 

9), plots of ln(A/A0) vs time are given in Figure 2, from which 

measurements of the observed rate constants of photosensitized 

irradiation of triphenylamines (11 – 19) in acetone with light of 310 

nm under air atmosphere are calculated. 

 

Figure 2. Measurements of the observed rate constants (kobs) for irradiated 

triphenylamines (11 – 19) in acetone with light of 310 nm. Best linear regression 

fitting between ln(A/Ao) and time 

 

These plots (Figure 2) indicate that TPA substituted with small 

CF3 substituent (11), and TPA 19 (disubstituted with C4F9) are the 

fastest electrocyclization reactions, having the remainder 

perfluoroalkylated TPAs 12-18 similar cyclization rates. 

The effect of substituents on the photosensitized 

electrocyclization reaction was also quantitatively analyzed using 

the Hammett linear free energy relationship through the 

photoreaction rate constant (k) according to eq 1,[27c,d]: 

 

log(k/k0) = ρσp,       (1) 

 

where k is the observed rate constant for mono-, and disubstituted 

triphenylamine, k0 is the observed rate constant for unsubstituted 

triphenylamine, σp represents the Hammett substituent 

constants,[27c,d] and ρ is a constant reflecting the sensitivity of the 

photoreaction to the substituent. The observed rate constants (k) 

were easily determined after applying a first-order kinetic analysis 

for the consumption of each substituted triphenylamine in acetone 

solution under oxygen atmosphere (vide supra). A plot of ln(k/k0) 

vs p is illustrated in Figure 3. 

A linear free energy relationship was conducted with 

triphenylamines 1, 2, 5, 6, 8, 9, 11 and 12, whose p parameters 

were available, and their values included in Figure 3. 

 

Figure 3. Hammett correlation of ln(kR/kH) with the σp substituent parameters for 

photosensitized the irradiation of triphenylamines (1, 2, 5, 6, 8, 9, 11 and 12) in 

acetone with light 310 nm under air atmosphere. 

 

From Figure 3, it is observed that TPAs substituted with electron 

donating groups have a positive rho value ( = + 0.67), whereas 

TPAs substituted with electron-withdrawing groups (resonance 

and inductive) have a large negative rho value, ( = - 10.51) 

endo-carbazoleexo-carbazole

N

H3C

H

C4F9

N

CH3

HC4F9

+

N

R5C4F9

CH3acetone (0.001 mol/dm3), 50 mL

310 nm, O2, 

under stirring, 16 h

24 oC

17b17a

52 : 48

R5 = H, 17

acetone (0.001 mol/dm3), 50 mL

310 nm, O2, 

under stirring, 16 h

24 oC

R5 = CH3, 18

N

CH3

CH3C4F9 18b

AB
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indicating a sharp deacceleration of the electrocyclization reaction 

with the electron poor character of the substituent. In contrast, in 

acetonitrile solution,[27a] the same electron donating groups show 

an acceleration of the electrocyclization reaction with  = + 0.37, 

whereas electron-attracting groups deaccelerate the 

photocyclization reaction in acetonitrile, showing a  = - 3.28. 

These comparative results indicate that the photocyclization of 

substituted TPAs is more sensitive to the substituent under 

photosensitization in acetone than under direct irradiation in 

acetonitrile solution at 254 nm. 

As observed from Figure 3, the incorporation of amines 11 (CF3) 

and 12 (C3F7) into the plot, quite adjust to the average rho value 

of the series of TPAs with electron withdrawing groups, as 

compared with Figure S8a (ESI). The inductively electron-

withdrawing perfluoroalkyl groups (such as CF3, C3F7, and other 

RF groups) slow down the photocyclization reaction compared to 

TPAs substituted with electron-donating groups. However, they 

still exhibit reactivity toward [6]-electrocyclization to form 

carbazoles, as compared with TPAs 8-10 (substituted with 

resonance electron withdrawing CHO, COMe, and NO2 groups, 

respectively), whose reactivities are notably diminished by 

depopulation of the reactive triplet excited state due to charge 

transfer state formation (vide infra, section Photophysical 

Studies).[27a] 

 

 

Scheme 6. Proposed reaction mechanism 

 

A proposed reaction pathway for the photosensitized [6π]-

electrocyclization of RF-TPAs by acetone is illustrated in Scheme 

6. The formation of excited triplet state is definitively confirmed by 

sensitization in acetone. In the suggested mechanism, acetone is 

excited at 310 nm, resulting in the formation of excited triplet 

acetone following rapid and efficient intersystem crossing from 

the singlet excited state (ET = 332 kJ·mol-1, ISC = 0.95, =47 

s[31]). This triplet acetone efficiently transfers its triplet energy to 

RF-TPA, assuming the triplet energy of RF-TPA is comparable to 

that of TPA (295 kJ·mol -1 in MeOH) [27a], resulting in a triplet 

energy gap (ET) of -37 kJ·mol-1, indicating the thermodynamic 

feasibility of this triplet energy transfer process. The triplet 

sensitized TPA undergoes electrocyclization to produce the endo 

diradical dihydrocarbazole intermediate DHCoN (path a, Scheme 

6). DHCoN can then either react with dissolved oxygen (path b) 

to form endo RF-CBz or follow path c to form a radical peroxyl 

intermediate, which rearranges to a hydroperoxyl intermediate 

(path d) that, along path e, loses H2O2 to yield the endo carbazole. 

An alternative exo cyclization pathway would produce 

intermediate DHCoX. Dihydro diradical intermediates (such as 

DHCoN and DHCoX) have been proposed and investigated 

previously using Laser Flash Photolysis.[32] It is hypothesized that 

the DHCoX intermediate is less favored, likely undergoing back 

electrocyclization, returning RF-TPA to its ground state as the 

preferred deactivation pathway. Ongoing studies aim to 

determine the preferred [6π]-electrocyclization pathway through a 

single intermediate. We performed DFT calculations to help 

understand this tendency (vide infra, section In Silico Studies).. 

 

Photophysical studies 

The photophysical properties of TPAs that have not previously 

been investigated [27,28a] are illustrated in Table 3. 

For TPAs 8-10, it was possible to carry out the UV-vis and 

fluorescence measurements in acetone, as the max of 

absorbance are red-shifted from acetone absorption, which is not 

the case of TPAs 11-19. In TPAs 8-10, the UV-visible absorption 

spectra are not mirror images of the fluorescence emission 

spectra, indicating the presence of charge transfer states (CTS) 

in acetone, as was also observed in MeCN solutions.[27] The 

formation of these CTSs depopulate the triplet manifolds of TPAs 

8-10, responsible for [6]-electrocyclizations, accounting for the 

lack of carbazole formation. For TPAs 8-10, the max of the CTSs 

are presented in column 8, Table 3, along with the energies of the 

CTSs (taken from λ(0,0)) in column 10, Table 3, and the quantum 

yields of fluorescence (column 11, Table 3).  

For new TPAs 17-19, photophysical properties and parameters 

were studied in MeCN, MeOH, diethyl ether ad cyclohexane. The 

max of absorption of 17-19 do not change significantly, being 

slightly red shifted with the more polar solvents (MeOH and 

MeCN) with respect to non-polar solvents (diethyl ether and 

cyclohexane). For TPAs 17 and 18, the fluorescence emission 

spectra are not mirror images of their absorption spectra in all the 

solvents studied, indicating the presence of CTSs in the excited 

states. Figure 4 illustrates these spectra for compounds 17 and 

18 in MeCN (see ESI for spectra in other solvents). For 

compounds 17 and 18, the Stokes shifts (column 9, Table 3) are 

pronounced in polar MeCN and MeOH, and smaller in diethyl 

ether and cyclohexane, in agreement with CTSs being more 

stabilized in polar than non-polar solvents. Congruent with this 

observation, the max for CTS states of 17 and 18 diminish as 

solvent polarity decreases.  
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A      B 

   

Figure 4. A.- Relative absorption (black) and emission (red) spectra of 17 in 

MeCN. B.- Relative absorption (black) and emission (red) spectra of 18 in MeCN 

The quantum yields of fluorescence of 17-19 increase as the 

solvent polarity decreases, being highest in cyclohexane, where 

the CTSs are less prominent, as revealed by the Stokes shifts 

(Stoke shifts vary from 7054 to 11042, as solvent polarity 

increases, column 9, Table 3) in the non-polar alkane solvent. For 

compound 19, no charge transfer state was encountered, being 

the fluorescence emission spectra mirror images of the 

absorption spectra in all solvents studied (section 11.3, ESI). For 

compound 19, max of fluorescence decreases as solvent polarity 

decreases (column 4, Table 3), and the Stokes shifts vary 

between 5441 and 2974, as solvent polarity decreases. 

For carbazoles 17b-19b, the UV-visible spectra in acetonitrile 

match the fluorescence emission spectra, as revealed by the 

small Stokes shifts observed (column 5, Table 4). The absorption 

and fluorescence emission spectra of carbazoles 17b-19b are 

shown in section 13, ESI. From Table 4, it can be observed that 

for carbazoles 17b-19b, similar max of absorption and emission 

are found in MeCN as solvent (columns 3, and 4, respectively, 

Table 4). The quantum yields of fluorescence for 17b-19b in 

MeCN solution range between 0.07 for 17b to 0.045 for 19b 

(column 8, Table 4) 

 

Table 3. Spectroscopic Data and Energies (ΔE) of Mono-, Di-, and Trisubstituted Triphenylamine in Acetonitrile at 298 K. Photophysical 

properties: max of absorption, and fluorescence emission, Stokes shift (Ʋ), wavelength of S1 state ((0,0)), energy of S1 state (E), 

Stokes shifts of charge transfer states CTS (ƲCTS), energy of CTS (ECTS) and quantum yield of Fluorescence (f) of TPAs 17-19 in 

acetone, acetonitrile, methanol, diethyl ether, and cyclohexane. Photophysical data for TPAs 1-7 and 11-16 were reported 

elsewhere[27,28a] 

TPA
a 

Solvent λ 

m
abs 

(nm) 

λ m 
f 

(nm) 
ΔƲb 
(cm-

1) 

λ (0,0) 

(nm) 
ΔE 
(0,0) 
(eV) 

λ CTS 
f 

(nm) 
ΔƲCTS 
(cm-1)b 

ΔE CTS 
(eV) 

f 

8  
Acetone 

351 - - 406 3.05 503 8609 2.46 0.153 

9 395 - - 427 2.90 469 3994 2.64 0.000 

10 344 - - 393 3.15 473 7928 2.62 0.130 

17  
MeCN 

294 - - 352 3.52 409 9567 3.03 0.057 

18 286 - - 353 3.51 418 11042 2.97 0.057 

19 319 386 5441 345 3.59 - - - 0.133 

17  
MeOH 

294 - - 349 3.55 405 9322 3.06 0.046 

18 286 - - 349 3.55 412 10693 3.01 0.035 

19 318 373 4637 342 3.62 - - - 0.130 

17  
Et2O 

289 - - 346 3.58 384 8560 3.22 0.057 

18 287 - - 348 3.56 391 9268 3.17 0.180 

19 317 361 3845 340 3.65 - - - 0.293 

17  
Cy 

289 - - 337 3.68 363 7054 3.42 0.133 

18 287 - - 339 3.66 368 7669 3.37 0.146 

19 317 350 2974 336 3.68 - - - 0.317 

a.- The concentration of the substrates was 5.0 × 10−5 mol·dm−3. b.- Calculated as follows: Δν = 107[1/λabs− 1/λfluo] ] cm−1.  
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Table 4. Photophysical properties: max of absorption (M
abs), and fluorescence emission (M

f), Stokes shift (Ʋ), wavelength of S1 state 

((0,0)), energy of S1 state (E(0,0)), and quantum yield of fluorescence (f) of carbazoles 17b-19b in acetonitrile. Photophysical properties 

of carbazoles 2a-10a, 2b-16b were reported elsewhere.[27,28a] 

Carbazole a Structure λ Mabs 

(nm) 
λ Mf 

(nm) 
Δνb 

(cm-1) 
λ (0,0)

 

(nm) 
ΔE (0,0) 

(eV) 
f 

N-PhCBz 

 

339 341 147 340 3.64 0.104 

17b 

 

340 358 1479 344 3.60 0.070 

18b 

 

344 364 1597 349 3.55 0.064 

19b 

 

332 346 1219 336 3.69 0.045 

a.- The concentration of the substrates was 5.0 × 10−5 mol·dm−3. b.- Calculated as follows: Δν = 107[1/λabs− 1/λfluo] cm−1. 

In Silico Studies 

To gain a more thorough understanding of the photoinduced [6-

electrocyclization mechanisms and the observed regioselectivity, 

DFT calculations were conducted on the reaction profiles 

associated with the transformation of the triplet state of some 

selected triarylamines to the corresponding N-aryl-4a,4b-

dihydrocarbazole (see Scheme 6) in their singlet ground state 

(¹DHC₀). Triphenylamine 1, mono substituted triphenylamines (6, 

9, 11) and a disubstituted triphenylamine (17) were selected as 

representative probes to carry out the computational study of the 

photoreaction. The free energy profiles for the [6-

electrocyclization pathway of the triplet state of compounds 6, 11 

and 17 are depicted in Figure 5. The relative free energy values 

(G(S0 – T1)) of triarylamines 6, 11 and 17 are also shown in Figure 

5 along with the energy values of the transition structure (TS) and 

the triplet (3DHC₀) and singlet (¹DHC₀) substituted N-aryl-4a,4b-

dihydrocarbazoles which were calculated relative to the 

corresponding triplet state of triarylamine derivatives. 

Furthermore, the optimized geometries of the TSs are also 

included in Figure 5 displaying the C–C bond forming distances 

(Å). The free energy profiles for the [6-electrocyclization 

pathway of the triplet state of triarylamines 1 and 9 have also been 

calculated and are collected in Figures S9 and S12, respectively 

(see ESI). 

All the relevant data obtained from theoretical calculations in 

terms of G(S0→T1), relative free energies of transition states and 

triplet and singlet N-aryl-4a,4b-dihydrocarbazoles and C-C bond 

forming distances in the TSs are collected in Table 5. Additionally, 

the experimental carbazole yields are also shown in the same 

table for a better understanding of the theoretical and 

experimental correlation. Furthermore, the Mulliken spin densities 

of the TSs were also calculated, and these values are displayed 

on the corresponding isosurfaces (see Figures S14 in the ESI). 

 

Table 5. Relative free energies for the cyclization reaction of triplet reactants (in kcal·mol⁻¹) and C–C forming bond distances in the 

TSs (dC-C,in Å). 

 

No 

TPA Path G(S0→T1)
a 

 

TSb 

 

3DHCb 

 

1DHC0
b 

 

dC-C  

 

Carbazole 

Yields (%) 

1 

  

 66.6 9.6 -3.4 -8.3 2.17 100 

 

6 

  

Nc  

63.5 

11.6 -1.3 -6.5 2.15 74 

Xd 13.1 0.1 -4.6 2.17 26 

 

11 

  

Nc  

62.1 

13.6 1.0 -4.3 2.14 85 

Xd 15.4 2.2 -1.7 2.19 15 

 Nc  32.8 22.6 18.6 1.93 0 

N

N

H3C

C4F9

N

CH3

CH3C4F9

N

C4F9C4F9

N

N

Cl

N

F3C
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9 

  

Xd 39.9 37.3 24.2 22.2 2.03 0 

 

 

17 

   

Nc-CF3/CH3  

 

61.6 

14.0 1.9 -2.7 2.13 48 

Nc-CF3 14.0 0.8 -5.8 2.13 52 

Nc-CH3 

 15.9 3.4 -0.9 2.17 0 

a Difference in free energies between the excited triplet state and the ground state of the reactants; b.- All the energy values were computed relative to the 

corresponding triplet energy of the reactants; c.- N denotes the endo cyclization pathway; d.- X denotes the exo cyclization 

(a) Compound 6 

 

 

(b) Compound 11. 

  

  

 

(c) Compound 17. 

 

 

Figure 5. Free energy profiles for the cyclization of triplet states of: (a) 6 and (b) 

11, considering the two reaction pathways: endo (N) (blue) and exo (X) (red); 

and (c) 17 considering the three reaction pathways: N-CF₃/CH₃ (blue), N-CF₃ 

(red), and N-CH₃ (green). For compound 17 the CF₃ group was used as a model 

to represent the C₄F₉ group. All energy values are given relative to the triplet 

state of the reactant. The relative free energy values (G(S0 – T1)) for the reactants 

are also shown. Optimized geometries of the TSs are displayed, along with the 

C–C forming bond distances (Å). 

The computational results obtained for triphenylamine (1) show 

that triplet state (³1) leads to trans-N-phenyl-4a,4b-

dihydrocarbazole in the triplet state (³DHC-1) through a [6-

electrocyclization pathway involving the transition structure TS-1 

depicted in Figure S9 (see ESI). As is apparent from the figure, 

the carbon atoms involved in the formation of the new C–C bond 

in the TS-1 are brought significantly closer (dC–C = 2.17 Å) to each 

other enabling the cyclisation process with an energy barrier of 

9.6 kcal·mol⁻¹. The two unpaired triplet spins in the TS-1 are 

symmetrically distributed over both rings participating in the 

photocyclization process, as can be clearly observed from Figure  

S14 (see ESI). The free energy of formation for ³DHC-1 is -3.4 

kcal·mol⁻¹, indicating that the electrocyclization pathway is an 

N

NO2

N

CH3
C4F9

CH3

D
G

 /
 k

c
a
l·

m
o

l-1

63.5

S0

T1

TS-6(N)

11.6

2.15

3DHC-6(N)

-1.3

- 6.5

N

Ph

Cl

TS-6(X)

2.17

3DHC-6(X)

1DHC0-6(X)

N

Cl74% 26%

1DHC0-6(N)
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0.1
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6
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exergonic process. Then, ³DHC-1 converts to the singlet ground 

state ¹DHC₀-1 through an intersystem crossing pathway (ISC) 

which is more stable by 1.5 kcal·mol⁻¹. These theoretical 

calculations agree with those results previously obtained using 

the AM1-SCI method, although this latter study did not propose a 

transition structure.[33] 

Triplet states of monosubstituted triphenylamines 6, 11, and 9 

(i.e.: ³6, ³11, and ³9) can undergo [6]-electrocyclization via two 

distinct cyclization pathways: endo and exo pathways, 

respectively. As can be seen from Figure 5, one of the two phenyl 

rings involved during the endo electrocyclic pathway bears the 

substituent group whereas, during the exo electrocyclic pathway, 

both phenyl rings do not bear any substituent and the substituted 

phenyl moiety participates to some extent in the [6]-electrocyclic 

process. All the intermediates shown in Figure 5 are labelled with 

(N) denoting the endo [6]-electrocyclization pathway and with (X) 

denoting the exo [6]-electrocyclization pathway. 

The free activation energy for the endo [6]-electrocyclization 

pathway of triplets ³6 and ³11 are lower than the exo pathways by 

1.5 and 1.8 kcal·mol⁻¹, respectively (Figures 5a,b), which could 

explain the selectivity of the photoreaction and the high yields of 

the corresponding endo-carbazoles. Furthermore, the formation 

of the triplet intermediate ³DHC-6-(N) involves an exergonic 

process while the formation of intermediates ³DHC-6-(X) and 

³DHC-11-(N/X) display endergonic processes. Then, these triplet 

intermediates deactivate efficiently through an ISC pathway 

yielding more stable singlet intermediates such as the 

corresponding ¹DHC₀-6(N/X) and ¹DHC₀-11(N/X), respectively 

(see Figures 5a,b). 

Noteworthy, the C–C bond forming distance in TS-6-(N) and TS-

11-(N) is 0.02 Å and 0.05 Å shorter, respectively, than in the 

corresponding exo TSs (TS-6-(X) and TS-11-(X)) indicating a 

more advanced [6]-electrocyclization process in the endo than 

the exo pathways. Thus, TS-6-(N) and TS-11-(N) show higher 

spin densities on the phenyl ring bearing the Cl and CF₃ 

substituents than the unsubstituted phenyl ring displaying a 

notable asymmetric spin distribution (See Figure S14). This 

asymmetric spin distribution can be attributed to the substituents 

that induce a partial shift of the spin population towards their 

position in the phenyl ring. Conversely, the corresponding exo 

TSs exhibit an almost symmetric spin distribution because the 

substituted phenyl ring is not involved during the exo [6]-

electrocyclization process as can be observed in Figures 5a,b. 

Therefore, this asymmetric spin distribution in the endo TSs may 

contribute to their stabilization.[34] 

In the case of TPA 9, a TPA bearing a NO2 group in para position 

of a phenyl ring, the activation barriers for TS-9(N) and TS-9(X) 

are significantly higher than those calculated for the other triaryl 

amines under study (Figure S12, ESI). Additionally, the free 

energies of formation of intermediates ³DHC-9(N) and ³DHC-9(X) 

as well as their corresponding singlet ground states, ¹DHC₀-9(N) 

and ¹DHC₀-9(X), confirm that these steps are highly endergonic 

processes. Moreover, the C–C bond forming distance values 

calculated for TS-9(N) and TS-9(X) are 1.93 Å and 2.03 Å, 

respectively (Figure S12, ESI); these shorter C-C bond distance 

values compared to C-C distances in TS-6,11,17 structures 

reflect on a late TS that resembles to reactants, rather than 

products.  

The spin populations in both endo/exo TSs (TS-9(N) and TS-9(X)) 

are asymmetrically distributed over the two rings involved in C–C 

bond formation and onto the nitro group (Figure S14). In TS-9(N), 

the electron-withdrawing effect of the NO₂ group shifts spin 

density towards the phenyl ring bearing the nitro group, while in 

TS-9(X), most of the spin population is localized on the two phenyl 

rings, with a significant portion also localized on the substituted 

phenyl ring and on the nitro group. The spin delocalization onto 

the nitro group reduces the unpaired π spin density on the phenyl 

ring which contributes to the highest activation barriers 

obtained.[35,36] 

Compound 9 was found to be photochemically unreactive, and 

this behavior has been attributed to the formation of a charge-

transfer state in the excited state between the Ph₂N− moiety and 

the phenyl ring bearing the NO₂ group.[37,38,27a] This spectroscopic 

pathway competes efficiently with the population of the 

photoreactive triplet state, thereby slowing or even halting the 

photochemical reaction. Furthermore, these calculations indicate 

that the [6]-electrocyclization of triplet ³9 to form the singlet 

intermediates ¹DHC-9(N) or ¹DHC-9(X) is both kinetically and 

thermodynamically unfavorable under the computational 

calculation conditions which is consistent with the high 

photostability of 4-nitrophenyldiphenylamine (9). In fact, no 

exo/endo nitrocarbazoles were isolated after irradiation with UV 

light which is in line with the predictions forged from computational 

calculations. 

The disubstituted triphenylamine 17, was also subjected to 

computational calculations and three possible pathways for the 

photocyclization reaction from triplet ³17 have been identified (see 

Figure 5c). The first pathway involves both substituted rings 

participating in the formation of the C–C bond (pathway N-

CF₃/CH₃). In the other two pathways, only one substituted ring is 

involved, either the ring containing the CF₃ group (pathway N-

CF₃) or the one with the CH₃ group (pathway N-CH₃) (Figure 5c). 

The free activation energies for TS-17(N-CF₃/CH₃) and TS-17(N-

CF₃) are comparable and 1.9 kcal·mol⁻¹ lower than that of TS-

17(N-CH₃). This indicates that the [6]-electrocyclization 

pathways involving the phenyl ring bearing the CF₃ group are 

kinetically favored, leading to triplet intermediates that, in turn, 

provide the corresponding more stable singlet intermediates. 

The C–C bond distances in TS-17(N-CF₃/CH₃) and TS-17(N-CF₃) 

are comparable and shorter than those in TS-17(N-CH₃). The spin 

density distribution across the three TSs shows a similar pattern, 

being primarily localized on the phenyl rings involved during the 

cyclization process (Figure S14). In TS-17N-CF₃/CH₃) and TS-17 

(N-CF₃), the spin density is slightly shifted towards the ring 

bearing the CF₃ group, while in TS-17(N-CH₃), it is displaced 

towards the ring with the CH₃ group. 

The higher activation barrier of TS-17(N-CH₃) may be attributed 

to the delayed formation of the C–C bond compared to the other 

two TSs. Furthermore, when the phenyl ring bearing the 

trifluoromethyl group is not directly involved in the electrocyclic 

reaction site, the C–C bond distances of the CF3 substituted 

phenyl moiety are distorted (see Figure S14). This behavior may 
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be attributed to the redistribution of electron density caused by the 

electron-withdrawing CF₃ group in the para position relative to the 

-NPh₂ moiety.[35] Similar effects are also observed in the −Ar−CF₃ 

and −Ar−NO₂ rings of TS-11(X) and TS-9(X), respectively. These 

findings suggest that the strong electron-withdrawing influence of 

the CF₃ and NO₂ groups, located on the non-reacting ring, may 

contribute to the destabilization of the associated TSs. 

It is worth noting that the [6]-electrocyclization activation barriers 

for all the compounds investigated (36, 39, 311, and 317) are higher 

when compared to that of 31, consistent with experimental data 

indicating that substituent effects decrease the reaction rate 

relative to triphenylamine 1.[27a] Furthermore, theoretical 

calculation also predicted that the substituents affect the 

regioselectivity and the reactivity of triaryl amines during the 

photoinduced [6]-electrocyclization reaction due to changes in 

the electron density distributions. Therefore, the theoretical 

calculation results agree satisfactorily with those results obtained 

experimentally and rationalize the endo preference of TPA-RF 

towards cyclization, as lower energies are obtained for both 

singlet and triplet dihydro diradical intermediates 3DHCo and 
1DHCo cyclizing in endo manner. 

Conclusion 

The acetone-photosensitized [6π]-electrocyclization of 

triphenylamines bearing electron-donating groups (CH₃, OCH₃) 

and inductively electron-withdrawing groups (Cl, CnF₂n+1) 

efficiently yielded carbazole derivatives in high yields, providing a 

practical and effective synthetic approach to the carbazole 

scaffold. A special case is TPA featuring an activating NH2 group 

in the para position of one phenyl ring, which fails to undergo 

electrocyclization under photosensitization in acetone due to the 

well-established electron transfer processes, which lead to the 

quenching of the ketones' triplet state by amines.  Chemical yields, 

quantum yields of cyclization, exo/endo carbazole isomer ratios, 

and rates of formation were calculated for both series of TPAs in 

acetone solution. A comparative study in terms of Free Energy 

Relationship (Hammett plots) is presented in acetone and 

acetonitrile, showing that the reaction is more sensitive to the 

substituent in acetone than in previous solvents studied. 

Photophysical and spectroscopic data in line with absorption and 

fluorescence measurements are provided for both substituted 

triphenylamines and carbazoles, indicating that triphenylamines 

TPAs substituted with strong resonance electron withdrawing 

groups (NO2, CHO, COMe) form charge transfer states which 

depopulate the triplet reactive manifold. A key highlight of the 

study is the pronounced tendency of TPAs substituted with 

inductive electron-withdrawing groups (TPA-RF/ TPA-Cl) to 

undergo [6π]-electrocyclization, yielding the endo carbazole 

isomer with near exclusive chemoselectivity. The propensity of 

TPA-RF to form endo carbazole isomers was further investigated 

through computational studies, which show that dihydro diradical 

singlet and triplet intermediates DHCo formed in the endo 

cyclization manner are further stabilized as compared with the 

DHCo exo intermediates. On going studies aim to characterize 

dihydrodiradical intermediates of substituted TPAs by LFP. 

Supporting Information 

Supporting information is provided: Synthetic procedures and 

general experimental considerations. UV-visible and fluorescence 

spectra, kinetics plots, calculation of rate constants, and copies of 
1H, 19F, and 13 C NMR spectra are provided. Additional references 

are given in this section.  
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