
HAL Id: hal-03389384
https://hal.science/hal-03389384

Submitted on 21 Oct 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Investigation of the K 4 [Fe(CN) 6 ] mediated mono-and
bispalladium-catalyzed cyanation of the

benzothioxanthene core
Pablo Simón Marqués, José María Andrés Castán, Laura Abad Galan, Magali

Allain, Olivier Maury, Tangui Le Bahers, Philippe Blanchard, Clément
Cabanetos

To cite this version:
Pablo Simón Marqués, José María Andrés Castán, Laura Abad Galan, Magali Allain, Olivier Maury,
et al.. Investigation of the K 4 [Fe(CN) 6 ] mediated mono-and bispalladium-catalyzed cyana-
tion of the benzothioxanthene core. Journal of Organic Chemistry, 2021, 86 (8), pp.5901-5907.
�10.1021/acs.joc.1c00318�. �hal-03389384�

https://hal.science/hal-03389384
https://hal.archives-ouvertes.fr


Investigation of the K4[Fe(CN)6] mediated mono- and bis-  

palladium-catalyzed cyanation of the benzothioxanthene core 
 

Pablo Simón Marqués,
a
 José María Andrés Castán,

a
 Laura Abad Galan,

b
 Magali Allain,

a
 Olivier Maury,

b
 

Tangui Le Bahers,
b
 Philippe Blanchard,

a
 and Clément Cabanetos 

a*
 

a
 Univ Angers, CNRS UMR 6200, MOLTECH-ANJOU, F-49000 Angers, France 

b
 Univ Lyon, ENS de Lyon, CNRS UMR 5182, Université Claude Bernard Lyon 1, F-69342 Lyon, France 

 

Supporting Information Placeholder 

ABSTRACT: The pallado-catalyzed cyanation of benzothioxanthene imide (BTXI) derivatives is explored herein. Once optimized 

on the monobromo BTXI, mild reaction conditions were successfully applied to the dibromo derivative affording two regioisomers 

that have been isolated and structurally solved. Additional hydrogen-deuterium exchange experiments were carried out to support a 

proposed mechanism involving the formation of a five-membered palladacycle intermediate in the bay area. In addition to impact 

the structural, photo physical and electrochemical properties of the BTXI core, nitrile moieties were successfully used as orthogo-

nal protecting groups thus opening doors to new design principles. 

 Introduction 

Over the decades, naphthalene and perylene imide derivatives 

have attracted considerable research attention and have 

emerged as iconic representatives of the rylene family.
1-5

 Con-

versely, and despite promising optical properties, the N-

(alkyl)benzothioxanthene-3,4-dicarboximide (BTXI) re-

mained almost unnoticed,
6
 in particular by the organic elec-

tronic community. Moreover, their exclusive functionalization 

on the N-position (imide) restricted their use in bio-related
7-8

 

and sensing applications.
9-10

 Recently, our group undertook an 

exploratory work aiming at demonstrating the efficient func-

tionalization of this sulphur containing rylene by nitro 

groups
11

 and halogen atoms
12

 to i) prepare original functional 

-conjugated structures and ii) evaluate their potential in 

(opto)electronic devices (Figure 1).
13-16

  

 

Figure 1. Chemical structure of BTXI and related examples of ex-

tended -conjugated structures used in OLED and OPV devices.            

As a further step toward the rationalization of the structure-

property relationships, we report herein the selective cyanation 

of this promising building block and the investigation of the 

impact of the nitrile groups on the electrochemical and 

photophysical properties.
17-19

  

 
 Results and discussion 

As a starting point, the conventional Rosenmund-von Braun 

method was firstly considered.20-21 Despite the use of a large 

excess of copper(I) cyanide, polar solvents and high temperatures, 

no conversion of the starting material was observed.19 Conse-

quently, and considering the good reactivity of BTXI-Br in 

pallado catalyzed reactions, conditions reported by Beller were 

subsequently evaluated (Table 1, entry 1).22  

 
Table1. Optimization of the cyanation conditions 

 

entry 
K4[Fe(CN)6] 

eq. 

cat. 

 (mol%) 

ligand  

(mol%) 

temp./ 

time/ 
heat source 

yield 

(%) 

1 0.25 Pd(OAc)2  

(5) dppf (10) 140°C, 24 h, 

oil bath 15 

2  0.25 Pd(OAc)2  

(5) dppf (10) 100°C, 24 h, 

oil bath traces 

3  0.25 Pd(OAc)2 

 (5) dppf (10) 140°C, 2 h, 

 -wave 68 

4  0.25 Pd(OAc)2  

(5) PCy3 (10) 140°C, 2 h, 

 -wave 27 



 

5  0.25 Pd(OAc)2  
(5) 

SPhos 
(10) 

140°C, 2 h,  

-wave 0 

6  0.25 
Pd(OAc)2 

 (5) 

Xantphos 

(10) 

140°C, 2 h, 

 -wave 
70 

7  1 
Pd(OAc)2 

(10) 

Xantphos 

(20) 

140°C, 0.5 

h, -wave 
95 

Beyond the introduction of a catalytic system, namely the palladi-

um(II) acetate/bis(diphenylphosphino)ferrocene (Pd(OAc)2/dppf), 

the toxic CuCN was replaced by the potassium 

hexacyanoferrate(II) (K4[Fe(CN)6]) used in food industry as 

additive (E536).23-25 Nonetheless, while a total conversion was 

indeed monitored by thin layer chromatography, only a minor 

amount of target compound was recovered after purification. To 

avoid the degradation of the latter, temperature was first reduced 

but at the detriment of the conversion since only traces of BTXI-

CN were isolated after 24 h (Table 1, entry 2). On the other hand, 

limiting the reaction time through the use of microwave irradia-

tions was found to be an efficient and powerful tool to reach 

decent yields (Table 1, entry 3). In parallel, while replacing the 

dppf ligand by another chelating phosphine, such as the Xantphos 

(Table 1, entry 6), led to similar synthetic yields, the use of 

monodentate phosphine ligands turned out to be pernicious since 

they favor dehalogenation side-reactions (Table 1, Entries 4 and 

5). Finally, to reduce the reaction time, the molar equivalents of 

both the nitrile source and the catalytic system were increased, 

resulting in excellent yield after only 30 minutes of µW irradia-

tion (entry 7). It is important to note that these optimized condi-

tions can be successfully transposed to gram scale synthesis and 

the purification procedure simplified by replacing the solvent 

consuming silica-gel chromatography by a simple filtra-

tion/precipitation of the crude (see experimental section).  

Once the monocyanation of the BTXI in hands, attempts of di-

functionalization were subsequently considered. To that end, the 

above-mentioned optimized conditions were applied to Br-BTXI-

Br, ie, a dibrominated benzothioxanthene derivative (Scheme 1). 

 

Scheme 1. Synthetic route to CN-BTXI-CN. 

In addition to requiring extra 30 minutes to reach the full con-

sumption of the starting material, the latter was systematically 

converted into two new products that turned out to be dicyanated 

regioisomers according to high resolution mass spectrometry. 

NMR experiments first confirmed that the major compound can 

be assigned to the expected CN-BTXI-CN A (Scheme 1), ie, 

corresponding to the substitution of the two bromine atoms by 

nitrile groups (Figure 2). However, while the 1H NMR spectra of 

both Br-BTXI-Br and CN-BTXI-CN A indeed show two singlets 

between 9.0 ppm and 8.5 ppm, resulting from the di-

functionalization of the naphthyl block, the singlet at 8.9 ppm 

splits in two doublets for the minor compound (CN-BTXI-CN B), 

suggesting that one of the cyano group is localized on the lower 

phenyl ring. 

 

Figure 2. Comparative 1H NMR spectra of Br-BTXI-Br and the two 

isolated bis cyanated regio isomers (top) and NOESY NMR spectra of 

CN-BTXI-CN B (bottom). 

Carried out in parallel, NOESY NMR experiments highlighted the 

absence of cross relaxation between nearby bay protons that was 

eventually confirmed by X-ray diffraction on single crystals (Fig-

ure 2 and see SI).To rationalize this regio-isomerization, the 

cyanation reaction of Br-BTXI-Br was reperformed but in pres-

ence of deuterated water (Figure 3 and see SI). Integration of the 

corresponding 1H NMR signals confirmed a deuterium-proton 

exchange estimated around 73% and 90% for CN-BTXI-CN A 

and B respectively. This simple but effective experiment suggests 

the formation of a five-membered palladacycle in the bay position 

generated after the oxidative addition step and subsequent elimi-

nation of HBr as reported on bi-aryl derivatives.26 Furthermore, 

the presence of deuterated CN-BTXI-CN A also highlights the 

reversibility of the isomerization and that most of the catalytic 

turnovers pass through this palladacycle complex. Consequently, 

two possible catalytic pathways can be considered as depicted in 

Scheme 2. 

 



 

 

Figure 3. Comparison of 1H NMR spectra of CN-BTXI-CN B (left) and CN-BTXI-CN A (right) prepared in presence (red) or absence (blue) of 

deuterated water.

Hence, following the oxidative addition of Br-BTXI-CN to 

LnPd0, the resulting FOA intermediate can undergo a 

transmetalation reaction with the nitrile source to afford FTR1 and 

therefore the “expected” CN-BTXI-CN A regioisomer through a 

final reductive elimination step (cycle A). In parallel, FOA can 

also be engaged in a remote C-H activation process leading to the 

formation of the five-member palladacycle RI (cycle B). With a 

reversibility demonstrated by the deuterium exchange experi-

ments, the latter can go back to FOA or move towards FEX to 

achieve the observed isomerization in the bay area that will fur-

ther generate FTR2 and finally CN-BTXI-CN B via a 

transmetalation and subsequent a reductive elimination step. To 

support this proposed catalytic path, Density Functional Theory 

(DFT) calculation were performed in parallel (see SI). Consider-

ing that i) FEX and FOA exhibit similar free energies and ii) the 

turnovers of the catalytic system produce deuterated species, RI 

appears to be a non-rate-determining reaction intermediate with 

an energy slightly larger than FOA (ca 13 kcal/mol). Consequent-

ly, with negligible difference of free energy computed between 

the final products, namely CN-BTXI-CN A and B, the unbal-

anced experimental ratio might be dictated by the energy demand-

ing reductive eliminations transition states. Once the formation of 

the regioisomers rationalized, the impact of the cyano group(s) on 

the electrochemical and optical properties of the BTXI core was 

subsequently investigated. Cyclic voltammetry experiments first 

revealed that introducing nitrile groups on the -conjugated back-

bone induces a positive shift of both redox patterns and the loss of 

the reversibility of the oxidation peak (see SI). 

Scheme 2. Proposed mechanisms of the pallado-catalyzed cyanation of Br-BTXI-CN. 



 

 

Table 2. Electrochemical and optical data. a EHOMO = -(Eox(onset) + 4.80) (eV); ELUMO = -(Ered(onset) + 4.80) (eV).b Measured using 

Coumarin-153 as reference (Φf = 0.45 in methanol).c Measured using Phenalenone as reference ( = 0.95 in dichloromethane). 

 

 

The-

se 

fea-

tures 

can 

be 

corre

re-

lated 

to 

the 

elec-

tron-

withdrawing nature of the cyano moieties resulting in the stabili-

zation the radical anion and, a contrario, destabilization of the 

radical cation.3-4, 19 Interestingly, while similar frontier energy 

levels were estimated for both BTXI-CN and CN-BTXI-CN B, 

the regio isomer CN-BTXI-CN A exhibits shallower HOMO and 

LUMO levels. This difference was also highlighted by UV-

Visible spectroscopy. While a minor hypsochromic shift of the 

400-500 nm centered absorption band was recorded for CN-

BTXI-CN B, an appreciable bathochromic shift coupled to a 

significant hypochromic shift of the latter band was indeed moni-

tored for the second regioisomer, namely CN-BTXI-CN A. These 

features reveal that the second cyanation, occurring at the two 

possible positions of the bay area, has either no or a significant 

impact on the energetics depending on the cyanation position. 

Highly fluorescent, all compounds show analogue structured 

emission profiles that mostly follow the absorption trend. Once 

again related to the number and position of the nitrile groups, 

fluorescence quantum yields (Φf) ranging from 71% to 88% were 

measured for the series (vs 100% for the bare BTXI). Interesting-

ly, these results were cross-tabulated singlet-oxygen generation 

efficiencies (ΦΔ) revealing that the decrease of Φf was counterbal-

anced by an increase of ΦΔ. The origin of this gradient singlet-to-

triplet Inter-System Crossing (ISC) might be correlated to a de-

formation of the -system.27 Corroborated by X-ray diffraction, 

the cyanation of the BTXI turns out to be an efficient strategy to 

break the planarity of the core since torsion angles associated with 

the bay area carbon atoms of 1°, 12° and 22° were measured for 

BTXI-CN, CN-BTXI-CN A and CN-BTXI-CN B respectively 

(see SI). These results were further confirmed by TD-DFT calcu-

lation (see SI), highlighting the notably large spin-orbit coupling 

computed for the dicyano compounds, in agreement with the 

deformation of their-system. 

In parallel, nitrile moieties were also demonstrated as original and 

orthogonal protecting groups. As depicted in Scheme 3, the suc-

cessive cyanation and nickel-catalyzed hydrogenolysis28 of the 

highly reactive position in alpha of the sulfur atom, led to the 

successful synthesis of Th-BTXI, corresponding to the first ex-

ample of a mono functionalized BTXI derivative in the bay posi-

tion. 

 Conclusion 
In summary, we have explored herein the pallado-catalyzed 

cyanation of the benzothioxanthene imide rylene. Optimized on a 

mono-halogenated derivative using nontoxic nitrile sources, reac-

tion 

con-

ditio

ns 

were 

sub-

sequ

ently 

ap-

plied 

to 

the 

dibr

omo BTXI derivative resulting in the formation of two regio 

isomers. 

 

Scheme 3. Illustration of the use of a cyano moiety as protecting 

group for the preparation of Th-BTXI 

Once structurally solved, complementary hydrogen-deuterium 

exchange experiments were carried out to propose a credible 

reaction mechanism involving a five-membered palladacycle in 

the bay area. Characterization of this new series of BTXI revealed 

that the position of the cyano groups has a significant impact on 

the structural, electrochemical and photophysical properties. 

Moreover, the latter were also demonstrated as original orthogo-

Compound 

Epa 

(V/F

c/Fc+) 

Epc 

(V/Fc/Fc+) 

EHOMO 

[eV]a 

ELUMO 

[eV]a 

λmax
ABS

  

(nm) 

ε  

(M-1 cm-1) 

λmax
EM

 

(nm) 
Φf

b 

τob

s 

(ns) 

ΦΔ
c 

BTXI 0.94 -1.81 -5.70 -3.03 
458 

475 

25000 

23500 
510 0.99 7.48 0.00 

BTXI-CN 1.40 -1.46 -6.05 -3.38 
450 

472 

24000 

24000 
496 0.87 6.83 0.07 

CN-BTXI-CN A 1.20 -1.59 -5.87 -3.25 
463 

481 

13000 

13000 
516 0.88 9.05 0.08 

CN-BTXI-CN B 1.41 -1.34 -6.03 -3.42 
448 

467 

23000 

20500 
500 0.71 7.59 0.14 
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nal protecting groups. While the transposition of the reported 

conditions to other rylenes is currently under study, results gath-

ered herein clearly open doors to new design principles and 

broaden the range of potential applications for this highly promis-

ing dye. 

 
 Experimental section 

 

General Experimental Details: 
K4[Fe(CN)6] was grounded and dried at 60°C in vacuum prior to 

be used. Pd2(dba)3 was repurified to remove Pd nanoparticles and 

dba ligand. Others purchased reagents and chemicals were used 

without further purification. Solvents were dried and purified 

using standard techniques. Microwave assisted reactions were 

performed in the cavity of a Biotage Initiator+ system in sealed 

reactors. Flash chromatography was performed with analytical-

grade solvents using Aldrich silica gel (technical grade, pore size 

60 Å, 230-400 mesh particle size). Flexible plates ALUGRAM® 

Xtra SIL G UV254 from MACHEREY-NAGEL were used for 

TLCs. Compounds were detected by UV irradiation (Bioblock 

Scientific). NMR spectra were recorded with a Bruker AVANCE 

III 300 (1H, 300 MHz and 13C, 75MHz) or a Bruker AVANCE 

DRX500 (1H, 500 MHz; 13C, 125 MHz). Chemical shifts are 

given in ppm relative to TMS and coupling constants J in Hz. UV-

vis spectra were recorded with a Perkin Elmer 950 spectrometer. 

Matrix Assisted Laser Desorption/Ionization was performed on 

MALDI-TOF MS BIFLEX III Bruker Daltonics spectrometer. 

High-resolution mass spectrometry (HRMS) was performed with 

a JEOL JMS-700 B/E or a JEOL Spiral-TOF JMS3000. Cyclic 

voltammetry was performed using a BIOLOGIC SP-150 

potentiostat with positive feedback compensation in 0.10 M 

Bu4NPF6/CH2Cl2 (HPLC grade). Experiments were carried out in 

a one-compartment cell equipped with a platinum working elec-

trode (2 mm of diameter) and a platinum wire counter electrode. 

A silver wire immersed in a 0.01 M solution of AgNO3 in CH3CN 

was used as pseudo-reference electrode and checked against the 

ferrocene/ferrocenium couple (Fc/Fc+) before and after each 

experiment. The potentials were then expressed vs Fc/Fc+. UV-vs 

spectra were recorded on a PERKIN ELMER 950 spectrometer. 

X-ray single-crystal diffraction data were collected on a Rigaku 

Oxford Diffraction SuperNova diffractometer equipped with Atlas 

CCD detector and micro-focus Cu-Kα radiation. The structures 

were solved by dual-space algorithm and refined on F2 by full 

matrix least-squares techniques using SHELX programs (G. M. 

Sheldrick 2018 for SHELXT and SHELXL). All non-H atoms 

were refined anisotropically and multiscan empirical absorption 

was corrected using CrysAlisPro program (CrysAlisPro V 

1.171.40.45a, Rigaku OD, 2019). The H atoms were placed at 

calculated positions and refined using a riding model. 

 

Synthesis 
General procedure for K4[Fe(CN)6] mediated cyanation: 5-

bromo-2-(pentan-3- yl)-1H-thioxantheno[2,1,9-def]isoquinoline-

1,3(2H)-dione (BTXI-Br) (50 mg, 110.54 μmol), K4[Fe(CN)6] 

(10 mg, 27.63 μmol), sodium carbonate (12 mg, 110.53 μmol), 

palladium source (5.53 μmol) and the phosphine ligand (11.05 

μmol) were added into a  microwave reactor. Once sealed and 

purged under argon atmosphere, 3 mL of N,N-dimethylacetamide 

were added. The mixture was then irradiated in the microwave 

cavity with a pre-selected temperature from 100 oC to 140 oC. The 

reaction mixture was then cooled to room temperature and the 

solvent removed under vacuum. The crude was purified by col-

umn chromatography on silica gel using dichloromethane as the 

eluent to obtain a yellow solid (95%). Purification protocol B: 

The crude was solubilized in dichloromethane and passed through 

a silica plug. The filtered solution was then concentrated under 

reduced pressure. The resulting solid was triturated in a metha-

nol/dichloromethane mixture (4:1), filtrated and successively 

washed with hot methanol and distilled pentane to afford a yellow 

solid (86%). 

BTXI-CN: 1H-NMR (300 MHz, CDCl3): δ 8.75 (d, J = 8.2 Hz, 

1H), 8.60 (s, 1H), 8.39 (d, J = 8.4 Hz, 1H), 8.34 – 8.28 (m, 1H), 

7.60 – 7.50 (m, 3H), 5.03 (tt, J = 9.4, 5.7 Hz, 1H), 2.31 – 2.12 (m, 

2H), 1.98-1.84 (m, 2H), 0.89 (t, J = 7.5 Hz, 8H). 13C NMR (125 

MHz, CDCl3): δ 146.5, 136.9, 134.5, 133.5, 133.5, 131.3, 130.8, 

130.2, 128.9, 127.6, 127.2, 126.5, 125.5, 120.9, 115.9, 103.6, 

58.1, 25.1, 11.4. HRMS (EI+): calculated for C24H18N2O2S 

398.1083, found 398.1088. 

Scaled up synthesis of BTXI-CN: Two 20 mL microwave reactors 

were charged with 5-bromo-2-(pentan-3- yl)-1H-

thioxantheno[2,1,9-def]isoquinoline-1,3(2H)-dione (BTXI-Br) 

(500 mg, 1.11 mmol), K4[Fe(CN)6] (407 mg, 1.11 mmol), sodium 

carbonate (175 mg, 1.11 μmol), palladium(II) acetate (50 mg, 0.22 

mmol) and Xantphos (255 mg, 0.44 mmol). Once under inert 

atmosphere, 20 mL of N,N-dimethylacetamide were added and 

the reaction mixture were subsequently irradiated in the micro-

wave cavity at 140 °C. After 1 h of reaction and cooled to room 

temperature, the two reaction mixture were mixed together. The 

solvent was then removed under vacuum and the product purified 

following either the purification protocol A (79% yield) or B 

(70% yield).  

Synthesis of CN-BTXI-CN: Anhydrous N,N-dimethylacetamide 

(3 mL) was added to a mixture of 5,11-dibromo-2-(pentan-3-yl)-

1H-thioxantheno[2,1,9-def]isoquinoline-1,3(2H)-dione (Br-

BTXI-Br) (50 mg, 94.12 μmol), K4[Fe(CN)6] (69 mg, 180.23 

μmol), sodium carbonate (15 mg, 141.17 μmol), palladium(II) 

acetate (50 mg, 18.82 μmol) and Xantphos (22 mg, 37.65 μmol). 

The reaction mixture was then stirred for 1 h in the microwave 

cavity at 140 oC. The reaction mixture was cooled to room tem-

perature and the solvent removed under vacuum. The crude was 

purified by silica gel column chromatography using dichloro-

methane as eluent to obtain 18 mg of CN-BTXI-CN A (45% 

yield) in the first fraction and 9 mg of CN-BTXI-CN B (23% 

yield) in the second fraction, both of them as a yellow solids. 

CN-BTXI-CN A: 1H-NMR (300 MHz, CDCl3): δ 9.06-9.00 (m, 

1H), 8.94 (s, 1H), 8.73 (s, 1H), 7.76 – 7.64 (m, 3H), 5.06-5.00 (m, 

1H), 2.31 – 2.10 (m, 2H), 2.02 – 1.83 (m, 2H), 0.88 (t, J = 7.5 Hz, 

6H). 13C NMR (75 MHz, CDCl3): δ 146.1, 140.7, 139.0, 134.9, 

132.2, 131.8, 131.6, 129.8, 129.1, 127.2, 126.5, 125.8, 122.3, 

119.1, 115.2, 106.0, 105.3, 58.3, 24.7, 11.2. HRMS (FAB-): 

calculated for C25H17N3O2S 423.1036, found 423.1041. 

CN-BTXI-CN B: 1H-NMR (300 MHz, CDCl3): δ 9.07 – 9.00 (m, 

1H), 8.94 (s, 1H), 8.73 (s, 1H), 7.76 – 7.64 (m, 3H), 5.06-4.94 (m, 

1H), 2.29 – 2.11 (m, 2H), 2.01 – 1.84 (m, 2H), 0.88 (t, J = 7.5 Hz, 

6H). 13C NMR (75 MHz, CDCl3): δ 143.75, 136.98, 133.72, 

133.49, 131.19, 130.48, 130.00, 129.83, 127.01, 125.81, 118.97, 

115.53, 111.73, 104.33, 58.22, 24.93, 11.39. HRMS (FAB-): 

calculated for C25H17N3O2S 423.1036, found 423.1048.  

Synthesis of Br-BTXI-CN: Bromine (129 μL, 401 mg, 2.5 mmol) 

was added to a solution of BTXI-CN (50 mg, 0.13 mmol) in 

dichloromethane (5 mL). The reaction mixture was refluxed for 

16 h before being washed with saturated Na2S2O3, water and 

brine. Once dried over MgSO4, the solvent was removed by rotary 

evaporation and the crude was subjected to silica gel column 

chromatography using toluene as eluent. 57 mg of the final prod-

uct were obtained as an orange solid (95% yield). 1H-NMR (300 

MHz, CDCl3): δ 8.93 (s, 1H), 8.76 (dd, J = 7.8, 1.8 Hz, 1H), 8.57 

(s, 1H), 7.60 (dd, J = 7.6, 1.8 Hz, 1H), 7.60 (dd, J = 7.6, 1.8 Hz, 
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1H), 7.56 – 7.43 (m, 2H), 5.05 – 4.93 (m, 1H), 2.20 (m, 2H), 1.97 

– 1.82 (m, 2H), 0.87 (t, J = 7.4 Hz, 1H). 13C NMR (75 MHz, 

CDCl3): δ 162.9, 162.6, 144.8, 140.8, 137.0, 132.9, 131.3, 131.1, 

130.8, 129.2, 129.0, 128.0, 127.4, 127.2, 122.2, 119.2, 118.6, 

115.8, 105.0, 58.2, 24.9, 11.4. HRMS (FAB-): calculated for 

C24H17BrN2O2S 476.0189; found 476.0981.  

Synthesis of Th-BTXI-CN: To a mixture of Br-BTXI-CN (50 mg, 

104.74 μmol) and tributyl(thiophen-2-yl)stannane (78 mg, 209,48 

μmol) was added in degassed toluene (3 mL). Pd(PPh3)4 (6 mg, 

5.24 μmol) was then added before refluxing the mixture for 16 h 

under inert atmosphere. The reaction was cooled to room tem-

perature and the solvent removed under vacuum. Purification of 

the crude was performed by column chromatography on silica gel 

using dichloromethane as the eluent affording 50 mg of an orange 

solid (100% yield). 1H-NMR (300 MHz, CDCl3): δ 8.81 (s, 1H), 

8.59 (s, 1H), 7.66 (dd, J = 8.4, 0.9 Hz, 1H), 7.55 (dd, J = 8.0, 1.1 

Hz, 1H), 7.41 (dd, J = 5.1, 1.2 Hz, 1H), 7.34 (td, J = 7.7, 1.2 Hz, 

1H), 7.21 (dd, J = 3.6, 1.2 Hz, 1H), 7.11 – 7.03 (m, 2H), 5.08 – 

4.96 (m, 1H), 2.33 – 2.12 (m, 2H), 2.00 – 1.79 (m, 2H), 0.88 (t, J 

= 7.5 Hz, 6H). 13C NMR (75 MHz, CDCl3): δ 163.7, 163.6, 146.2, 

143.8, 138.8, 136.3, 132.9, 132.1, 131.5, 131.3, 129.9, 129.6, 

128.7, 128.6, 128.4, 127.9, 127.8, 127.3, 127.2, 121.6, 119.2, 

116.1, 104.7, 58.0, 25.0, 11.4. HRMS (MALDI+): calculated for 

C28H20N2O2S2 480.0961; found.480.0968.  

Synthesis of Th-BTXI: An oven-dried screw-cap reaction tube 

was charged with Th-BTXI-CN (30 mg, 62.42 μmol), Ni(COD)2 

(5 mg, 18.73 μmol) and PCy3 (16 mg, 56.18 μmol) inside a 

glovebox under inert atmosphere. The tube was sealed and taken 

out from the glovebox before repeating three vacuum-hydrogen 

cycles. Then, degassed toluene (3 mL) and AlMe3 (94 μL, 187.27 

μmol, 2M in toulene) were added and the reaction was heated at 

130 oC for 16 h. Thereafter, the mixture was cooled to room tem-

perature and the crude filtrated through celite using ethyl acetate 

as eluent. The filtrate was concentrated before being purified by 

column chromatography using dichloromethane as eluent. Finally, 

12 mg of the expected product were obtained as an orange solid 

(42% yield) whereas 5 mg of the starting material Th-BTXI-CN 

(18% yield) were recovered.  1H-NMR (300 MHz, CDCl3): δ 8.63 

(s, 1H), 8.33 (d, J = 7.9 Hz, 1H), 7.59 – 7.48 (m, 2H), 7.38 – 7.26 

(m, 2H), 7.18 – 7.09 (m, 2H), 7.00 (dd, J = 5.1, 3.5 Hz, 1H), 6.92 

(ddd, J = 8.5, 7.2, 1.5 Hz, 1H), 5.06 – 4.92 (m, 2H), 2.28 – 2.11 

(m, 2H), 1.88 – 1.78 (m, 2H), 0.82 (t, J = 7.5 Hz, 6H). 13C NMR 

(75 MHz, CDCl3): δ 144.5, 139.9, 137.0, 136.1, 133.3, 132.0, 

129.9, 129.4, 129.1, 129.0, 128.0, 127.4, 127.3, 127.0, 126.9, 

126.7, 126.3, 121.6, 57.5, 25.0, 11.3. HRMS (MALDI+): calcu-

lated for C27H21NO2S2 455.1008; found 455.1015.  

Synthesis of BTXI-Th: 5-bromo-2-(pentan-3- yl)-1H-

thioxantheno[2,1,9-def]isoquinoline-1,3(2H)-dione (BTXI-Br) 

(100 mg, 0.22 mmol), tributyl(thiophen-2-yl)stannane (140 μL, 

165 mg, 0.44 mmol) and Pd(PPh3)4 (13 mg, 11.05 μmol) were 

dissolved in dry and degassed toluene (7mL). The reaction mix-

ture was then stirred and refluxed for 5 h under inert conditions. 

Once concentrated under vacuum, the crude was purified by col-

umn chromatography using dichloromethane as eluent thus af-

fording 89 mg of an orange powder (88% yield). 1H-NMR (300 

MHz, CDCl3): δ 8.61 (d, J = 8.2 Hz, 1H), 8.48 (s, 1H), 8.24 (d, J = 

8.3 Hz, 1H), 8.22 – 8.17 (m, 1H), 7.53 (dd, J = 5.1, 1.2 Hz, 1H), 

7.43 – 7.30 (m, 4H), 7.22 (dd, J = 5.1, 3.5 Hz, 1H), 5.06 (tt, J = 

9.6, 5.8 Hz, 1H), 2.39 – 2.14 (m, 2H), 2.01 – 1.82 (m, 2H), 0.90 

(t, J = 7.5 Hz, 6H). 13C NMR (75 MHz, CDCl3): δ 164.8, 140.1, 

139.0, 136.8, 133.6, 132.4, 131.8, 129.9, 129.8, 128.2, 127.7, 

127.6, 127.5, 127.2, 126.7, 126.6, 126.1, 125.9, 121.6, 119.5, 

117.8, 57.4, 25.0, 11.4. HRMS (MALDI+): calculated for 

C27H21NO2S2 455.1008; found 455.1009.  

Isotopic labeling experiments: Dicyanation reaction was carried 

out following the same procedure described above in presence of 

100 μL of D2O. Both regioisomers were isolated in similar yields 

and analysed by 1H NMR (Figure S34-36) and MS spectrometry 

(Figure S47-48) to evaluate the presence of deuterated species.  
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