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ABSTRACT: We have studied the photochemical cy-
clization of 1-(2-iodobenzyl)-pyrrole (IBP) and 1-(2-bro-
mobenzyl)-pyrrole (BBP) to 5H-pyrrolo[2,1-a]isoindol 
catalyzed by W(CNDipp)6 (CNDipp = 2,6-diiso-
propylphenylisocyanide) in 1,2-difluorobenzene (DFB). 
Irradiation (445 nm) of W(CNDipp)6 (5 mol%) in DFB 
solution converted 78% of IBP (50 mM) to product after 
1 h (16 turnovers). Addition of tetra-n-butyl ammonium 
hexafluorophosphate (TBAPF6) (0.2 M) to the DFB solu-
tion led to rapid photoinduced disappearance of 
W(CNDipp)6 but, remarkably, did not inhibit photochem-
ical cyclization of IBP, indicating that IBP cyclization 
could be driven by a nonluminescent photocatalyst.   

INTRODUCTION 
A goal of renewable energy science is replacement of 

rare metal (Ru, Rh, Ir, Pt) photosensitizers and catalysts 
with ones containing only earth-abundant elements.1–17 
To achieve this goal, we have synthesized and fully char-
acterized tungsten(0) arylisocyanides whose metal-to-lig-
and charge-transfer (MLCT) excited states (*W(CNAr)6) 
are exceptionally strong photoreductants (E°(W+/*W0) = 
−2.2 to −3.0 V vs Fc[+/0]).18–23 We have shown that 
[*W(CNAr)6] complexes reduce challenging substrates 
such as anthracene and acetophenone,20,21 and that their 
intense visible absorption features and synthetic modular-
ity make them attractive candidates for one- and two-pho-
ton photoredox catalysis.24,25  

Base-promoted homolytic aromatic substitution 
(BHAS)26,27 transformations provide a convenient test of 
photoredox reactivity.24 In prior work we examined the 
photochemical conversion of 1-(2-iodobenzyl)-pyrrole 
(IBP) and 1-(2-bromobenzyl)-pyrrole (BBP) to 5H-pyr-
rolo[2,1-a]isoindol catalyzed by W(CNAr)6 in C6D6 solu-
tion (Figure 1).25 With W(CNDipp)6 (CNDipp = 2,6-
diisopropylphenylisocyanide) at 5 mol % loading, 1 h of 

irradiation (6W diode laser, 445 nm) afforded 62% con-
version to the cyclized product, corresponding to a turno-
ver number (TON) of 11. Longer irradiation times did not 
increase turnovers; 1H NMR, UV-visible absorption and 
luminescence spectra confirmed the conversion of 
W(CNDipp)6 into photochemically unreactive 
WI2(CNDipp)5. Our proposed mechanism for W(CNAr)6 
catalyzed IDP or BBP cyclization included two critical 
unproductive pathways stemming from tight ion pairs in 
benzene solution (Figure 1).25  

Several steps in the proposed mechanism involve 
ion-pair formation or disappearance, and we suggested 
that a more polar solvent and/or the addition of electrolyte 
could alter the balance between productive and unproduc-
tive pathways in BHAS photocatalysis with W(CNAr)6.25 
Prior work on *W(CNAr)6 electron-transfer quenching 
demonstrated that the addition of electrolyte in a low die-
lectric solvent (THF) produced a dramatic enhancement 
of the cage-escape yield.21 We selected 1,2-difluoroben-
zene (DFB, ε0 =  13.3828) as solvent, and tetra-n-butyl am-
monium hexafluorophosphate (TBAPF6)  as electrolyte  
to test this hypothesis. We also employed TBA iodide as 
electrolyte in the IBP reactions.   

RESULTS AND DISCUSSION 
The first step in the photocatalytic process is elec-

tron-transfer (ET) quenching of *W(CNDipp)6 by IBP or 
BBP. Although the *W(CNAr)6 lifetime decreases by 
about a factor of 2 when DFB replaces benzene or toluene 
as solvent, high concentrations of TBAPF6, TBAI, and 
TMP have no measurable impact on *W(CNAr)6 decay 
kinetics. The specific rate (kobsd) of *W(CNDipp)6 lumi-
nescence decay in DFB solutions varies linearly with IDB 
or BBP concentration. The second-order rate constants 
extracted from the kinetics (kq, Table 1; Tables S1-S5) 

Figure 1. Proposed mechanism for BHAS photoredox 
catalysis mediated by W(CNAr)6 in benzene solution.24,25 
Red arrows indicate unproductive pathways. Abbreviations 
include X = Br, I; TMP = 2,2,6,6-tetramethylpiperidine; 
concerted electron transfer ket ; and equilibrium constant K. 
Ion pairing represented by dashed lines. 
 



 

reveal that DFB produces substantial increases in quench-
ing rates for both the iodo- and bromo-aromatic substrates 
(Table 1). Addition of TBAPF6 (0.2 M) leads to further 
rate enhancements. These observations are consistent 
with increased reaction driving force, owing to stabiliza-
tion of the ET products in the more polar solvent environ-
ment. The larger ET rate constants in DFB also produce 
substantial increases in yields of quenching products (Ta-
ble 1). 

We then examined the photochemical cyclization re-
actions of IDB and BBP catalyzed by W(CNDipp)6 in 
DFB solution. All reactions were performed in the pres-
ence of IBP or BBP (50 mM) and a 2-fold excess (100 
mM) of 2,2,6,6-tetramethylpiperidine (TMP) to scavenge 
protons produced in the cyclization reaction. Quantitative 
product analyses were performed using No-D 1H NMR in 
DFB.29 The method was tested by comparing photolysis 
yields evaluated in C6H6 and C6D6. Both solvents af-
forded virtually identical conversion yields and TON val-
ues (Table S6).  

The most striking difference between W(CNDipp)6 
catalyzed IBP cyclization in DFB and C6D6 is the conver-
sion rate. Product quantification from 1H NMR afforded 
comparable reactivity in DFB after 5 min to that in C6D6 
after 1-h irradiation (Table 2). Although direct kinetics 
comparisons are difficult, owing to variations in excita-
tion conditions, the reactions clearly proceed much more 
rapidly in DFB than in C6D6. Two factors likely contrib-
ute this enhanced photoreactivity. The Stern-Volmer 
quenching studies reveal a two-fold increase in the yield 
of ET quenching products in DFB over benzene. In-
creased ET driving force in the more polar solvent (DFB 
ε0 = 13.3828, benzene ε0 = 2.2630) is the likely explanation 
for this observation. The second factor is increased cage-
escape of ET quenching products, thereby inhibiting the 
unproductive back reaction. As with reactions conducted 

in C6D6, the luminescence (Figure 2), UV-visible (Figure 
S23), and 1H NMR signatures of W(CNDipp)6 (Figures 
S83-S86) disappeared after 1-h irradiation in DFB. At 
lower loadings, however, the catalyst remained active for 
more than 120 min (Figure 3). 

We also examined the effect of dissolved electrolyte 
on W(CNDipp)6 photoreactions in DFB solution. The 
presence of TBAI (0.2 M) had little impact on catalysis, 
and TBAPF6 (0.2 M) produced a modest reduction in the 
rate of W(CNDipp)6-catalyzed IBP photocyclization (Ta-
ble 1). More remarkable, however, was the loss of 
W(CNDipp)6 luminescence after just 10 min of irradia-
tion in the presence of either electrolyte (Figures 2 and 
S28), indicating that IBP cyclization was driven by a non-
luminescent photocatalyst (vide infra). UV-visible spectra 
(Figure S24) and 1H NMR (Figures S89-S91) confirm the 
disappearance of W(CNDipp)6 from solution.  

The high molar extinction coefficient of 
W(CNDipp)6 (ε445nm = ~55,000 M-1 cm-1, Figure S18) 
prohibited penetration of light into the bulk of the reaction 
mixture, as demonstrated by precipitation of [H-TMP][I] 
on the entrance surface of the sample tube. At 5 mol% 

Table 1. Luminescence Quenching Kineticsa 

 
Sol-
vent X [Electro-

lyte] 
kq 
(M−1s−1)b φq (%)c 

Ben-
zene I - 6.2 x 107 26 

DFB I - 3.1 x 108 49 
DFB I 0.2 M TBAI 3.5 x 108 51 

DFB I 0.2 M 
TBAPF6 

6.4 x 108 66 

Ben-
zene Br - 8.6 x 106 5 

DFB Br - 7.0 x 107 19 

DFB Br 0.2 M 
TBAPF6 

8.1 x 107 20 
aQuenching experiments performed in deaerated solutions 
at room temperature. bFrom the slopes of kobsd vs. [substrate] 
plots. cQuenching yield with 50 mM substrate. 

Table 2. Photoredox Catalysis of 1-(2-indobenzyl)-pyr-
role Conversion to Cyclized Product 

 
 

Solvent 
(X) 

[Electrolyte] 
(Y) 

Irrad. 
Time 
(min) 

Conver-
sion (%) TON 

C6D6 - 5 34 7 
C6D6 - 60 62 11 
DFB - 5 62 13 
DFB - 60 78 16 
DFB - 120 81 17 
DFB 0.2 M TBAI 5 68 9 
DFB 0.2 M TBAI 60 83 10 
DFB 0.2 M TBAI 120 87 11 
DFB 0.2 M TBAPF6 5 44 8 
DFB 0.2 M TBAPF6 60 67 13 
DFB 0.2 M TBAPF6 120 74 14 
 

Figure 2. Luminescence spectra of 5 mol% W(CNDipp)6 
catalyst, 2 equivalents TMP, and 50 mM IBP in DFB (left). 
Same conditions with added 0.2 M TBAPF6 (right). 



 

loading, >95% of the excitation light was absorbed in the 
first 10 µm of sample. It seemed likely that lowering the 
catalyst loading would involve more of the sample in ca-
talysis and lead to higher TON values. 

Lower catalyst loadings (4, 2, 1, and 0.5 mol%) had 
little impact on irradiations in DFB. Conversion to sub-
strate ceased after 1-2 h of irradiation (Figure 3) with 
TONs in the range of 16-22. With 0.2 M TBAPF6 in DFB, 
however, conversion to product was initially slower, but 
continued to increase roughly linearly with time after 2 h 
of irradiation (Figure 3). Moreover, lower catalyst load-
ings produced higher TON values: after 2-h irradiation at 
0.5 mol% catalyst loading the TON was 51; after 24 h the 
TON was 179, corresponding to 89% substrate conver-
sion.  

We extended our work in DFB/TBAPF6 solutions to 
include the BBP substrate. In our prior study, we found 
that ca. 10 mol% W(CNDipp)6 loading in C6D6 afforded 
14% substrate conversion (1.2 TON) after 12-h irradia-
tion.25 Experiments in DFB with ca. 5 mol% catalyst 
loading gave 6% conversion (1.5 TON) after 1-h irradia-
tion, and 16.8% conversion (3.5 TON) after 24-h irradia-
tion. Upon addition of 0.2 M TBAPF6, we found 8.4% 
conversion (1.5 TON) after 1-h irradiation and 27.7% 
conversion (5.0 TON) after 24-h irradiation. In both stud-
ies, W(CNDipp)6 luminescence persisted after 1-h 

irradiation, indicating greatly reduced catalyst degrada-
tion (Figures S26, S27).  

In prior work, we identified WI2(CNDipp)5 as the de-
activation product of photocatalysis in C6D6. This seven-
coordinate W(II) complex, or a related six-coordinate 
W(II) species, [WI(CNDipp)6]+, could be a photocatalyst 
in DFB. Irradiation of [WI(CNDipp)6]I in DFB with IBP 
(50 mM) led to rapid (5 min) formation of WI2(CNDipp)5, 
the liberation of CNDipp, and only trace product for-
mation (Figure 4), thereby eliminating the six-coordinate 
W(II) complex as a candidate for the nonluminescent 
photcatalyst. After 1-h irradiation of WI2(CNDipp)5 with 
IBP in DFB, however, we found 4% conversion to cy-
clized product (1 TON); and the conversion was 12% (3 
TON) after 1-h irradiation with 0.2 M TBAPF6 in solu-
tion. We conclude that WI2(CNDipp)5 photocatalyzes IBP 
cyclization, although its activity is markedly lower than 
that of electronically excited W(CNDipp)6 in DFB solu-
tions.   

CONCLUDING REMARKS 
We have shown that substrate conversion to cyclized 

product was enhanced when W(CNDipp)6-mediated pho-
toredox catalysis of BHAS reactions was run in a solvent 
(DFB) more polar than benzene. Although the reaction 
was somewhat slower with addition of 0.2 M TBAPF6, 
catalytic activity continued well beyond a TON value of 
20, reaching 179 TON after 24-h irradiation in DFB solu-
tion. 

There is another advantage of employing DFB as the 
BHAS reaction solvent, namely, that photogeneration of 
WI2(CNDipp)5 does not terminate catalysis, in striking 
contrast to the outcome in benzene.  

Figure 3. Catalyst loading dependence of substrate conver-
sion to cyclized product: W(CNDipp)6 photocatalyst with, 
100 mM TMP, and 50 mM IBP in DFB solution (left). Per-
cent conversion values with addition of 0.2 M TBAPF6 
(right). 

Table 3. Photoredox Catalysis of 1-(2-bromobenzyl)-
pyrrole Conversion to Cyclized Product  

 
 

[TBAPF6] 
(X) 

Irrad.  
Time (h) 

Conversion 
(%) TON 

- 1 6.0 1.5 
- 2 9.0 1.9 
- 24 16.8 3.5 
0.2 M 1 8.4 1.5 
0.2 M 2 12.4 2.2 
0.2 M 24 27.7 5.0 
 

Figure 4. 1H NMR spectra (methine resonances) of 
WI2(CNDipp)5 (left, 3.77 ppm) and [WI(CNDipp)6]I (right, 
3.47 ppm) after irradiation with 1-(2-iodobenzyl)-pyrrole in 
DFB solution. Upon irradiation, [WI(CNDipp)6]I liberates 
CNDipp (3.39 ppm) with formation of  WI2(CNDipp)5. 
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Synopsis 

Photochemical base-promoted homolytic aromatic substitution catalyzed by tungsten(0) arylisocyanide 
complexes is faster in 1,2-difluorobenzene than in benzene. Higher electron-transfer quenching rates 
and greater cage-escape yields of ionic products in the more polar solvent contribute to the enhanced 
reactivity. 


