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Abstract 

The ability to drive reactivity using visible light is of importance for many disciplines of 

chemistry and has significant implications for sustainable chemistry. Identifying 

photochemically active compounds and understanding photochemical mechanisms is important 

for the development of useful materials for synthesis and catalysis. Here we report a series of 

photoactive diphenyltellurophene compounds bearing electron-withdrawing and electron-

donating substituents synthesized by alkyne coupling/ring-closing or palladium-catalyzed ipso-

arylation chemistry.  The redox chemistry of these compounds was studied with respect to 

oxidative addition and photoelimination of bromine, which is of importance for energy storage 

reactions involving X2. The oxidative addition reaction mechanism was studied using density 

functional theory (DFT), the results of which support a 3-step mechanism involving the 

formation of an initial η
1
 association complex, a monobrominated intermediate, and finally, the 

dibrominated product.  All of the tellurophene derivatives undergo photoreduction using 430 nm, 
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447 nm or 617 nm light depending on the absorption properties of the compound.  Compounds 

bearing electron-withdrawing substituents have the highest photochemical quantum efficiencies 

in the presence of an alkene trap, with efficiencies up to 42.4% for a pentafluorophenyl-

functionalized tellurophene.  The photoelimination reaction was studied in detail through 

bromine trapping experiments and laser flash photolysis and a mechanism is proposed.  The 

photoreaction, which occurs by release of bromine radicals, is competitive with intersystem 

crossing to the triplet of the brominated species as evidenced by the formation of singlet oxygen. 

These findings should be useful for the design of new photochemically active compounds 

supported by main group elements.  
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1. Introduction 

Light-driven chemical reactions are important for many disciplines of chemistry including 

synthesis and catalysis due to the relatively low energy input (especially when visible light is 

used) and the ability to access reaction pathways that are not accessible by thermal activation.
1
 

Photochemistry has significant implications for sustainable chemistry and renewable energy.  

The use of light to drive fuel production reactions such has H2O and HX splitting is becoming 

increasingly important.
2-6

 Several dinuclear late transition metal complexes efficiently 

photoeliminate halogens, which is the turnover-limiting step in the HX-splitting catalytic cycle.  

Some of these include Pt-Au,
7
 Ir-Au,

8
 Au-Au,

9
 Pt-Rh,

10
 Rh-Rh,

11
 and Pt-Pt complexes 

(Chart 1).
12

 This has also been extended to dinuclear systems involving main group elements 

including Te
13

 and Sb,
14

 as well as mononuclear systems based on Ni
15

 and Pt (Chart 1).
16,17

 

Photoelimination of HOCl and HOOOH from mononuclear Pt complexes has also been 

reported.
18,19
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Chart 1. Transition metal complexes and tellurium-containing compounds that undergo halogen 

photoelimination. Photoelimination quantum yield and halogen traps are indicated below the 

structure. DMBD = 2,3-dimethyl-1,3-butadiene. 
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Tellurium-containing π-conjugated molecules and polymers are semi-conducting materials that 

can be used for organic photovoltaics and organic field effect transistors,
20-31

 and as solution and 

solid-state phosphors.
32-40

 The metalloid nature of tellurium necessitates the development of new 

synthetic pathways to access novel tellurium-containing heterocycles. Some recent examples 

include Te-B heterocycles,
41-43

 1,4-diphenyl-1-telluro-1,3-butadiene incorporated in a 

dibenzobarrelene skeleton,
39

 a silylated oxatelluronium halide (a five-membered heterocycle 

containing a Te-O bond),
44

 and mercaptobenzotellurazoles,
45

 to name a few.  

 Fundamental studies on the reactivity of tellurium-containing compounds are important for the 

discovery of new useful transformations utilizing these compounds. Te(II)/Te(IV) redox 

chemistry with halogens and other oxidants has been known for quite some time. 3-center-4-

electron X-Te-X bonds are formed in the presence of dihalogens or dihalogen sources where the 

Te(IV) atom is hypervalent (Chart 2).
20,46-51

 This leads to significant changes in the 

optoelectronic properties of the compound.  Te(II) can also be oxidized to the telluroxide or 

tellurone using hydrogen peroxide or organic peroxides such as m-chloroperoxybenzoic acid 

(mCPBA; Chart 2).
38,39,52

 In some cases, this oxidative chemistry is thermally or 

electrochemically reversible.  Recently, Dutton and coworkers reported the oxidation of 2,5-

diphenyltellurophene by other iodine-based oxidants such as PhI(OTf)2 and PhI(OTf)(OAc), 

yielding the diacetate and the mixed acetate/triflate ligated tellurophenes, respectively.
53

 A rather 

unexpected C-H to C-N bond metathesis reaction was discovered when an analogous 

iodobenzene complex bearing two 4-dimethylaminopyridine (DMAP) groups was used as the 

oxidant, resulting in DMAP functionalization at the 3 position of the tellurophene ring (Chart 2).   
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Chart 2. Tellurium-containing heterocycles prepared with different oxidants. 

 

We recently discovered that visible light will drive photoreduction of Te(IV) within π-conjugated 

tellurophenes. The conjugated nature of the tellurophene allows for the use of visible light to 

drive reactivity. Furthermore, the ease of tunability of the substituents at the 2 and 5 positions 

allows for tailoring of the optical properties and hence irradiation wavelength.  We have 

previously shown that irradiation with green light can induce photoelimination of bromine and 

chlorine from isoindigo-functionalized tellurophenes (Chart 1), however the photochemical 

quantum yields of this system were limited due to unfavorable excited state electronics.
50

 Earlier 

this year we reported an eighty-five fold improvement in the quantum efficiency (up to 17%) for 

2,5-diphenyltellurophene (Chart 1).
51

 However, the mechanism of this reaction, and its 

optimization are still unresolved. Here, we report a series of substituted diphenyltellurophenes, 

focusing on the effect of electron-donating groups (EDGs) and electron-withdrawing groups 

(EWGs) on the structure, properties and photochemistry of these compounds.  We provide 

mechanistic studies of both the oxidative addition and photoelimination reactions through the use 

of DFT, halogen-trapping experiments, and laser flash photolysis (LFP). The optimized 
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structures have photochemical quantum yields that exceed 40%, do not contain transition metals, 

and photoelimination occurs solely from the Te(IV) center.  

2. Results and Discussion 

2.1. Molecule Design and Synthesis. 2,5-Diphenyltellurophenes can be modified with a range 

of functional groups to give diphenyltellurophene (PT-R) compounds with varying degrees of 

electron-donating or electron-withdrawing character (Chart 3). The electron-withdrawing 

substituents chosen were 4-trifluoromethylphenyl (PT-CF3), 4-cyanophenyl (PT-CN), and 

pentafluorophenyl (PT-C6F5) groups. The electron-donating substituents chosen were 4-tert-

butylphenyl (PT-tBu), 4-tert-butoxyphenyl (PT-OtBu), and 4-(N,N-diethylamino)phenyl (PT-

NEt2) groups.  We also chose to study an asymmetric push-pull type tellurophene bearing both 

an electron-donating 4-(N,N-dibutylamino)phenyl group and an electron-withdrawing 4-

nitrophenyl group (PT-NO2-NBu2).   

 

 

Chart 3. Chemical structures of PT derivatives. 

 

The compounds were synthesized by one of two routes: a Glaser Hay alkyne coupling/ring 

closing procedure (Scheme 1a),
54,55

 or ipso-arylative cross-coupling (Scheme 1b).
56,57

 The alkyne 
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coupling/ring closing procedure involves copper-catalyzed homocoupling of substituted terminal 

alkynes to form the disubstituted diacetylene precursor (compounds 1 and 2).  The precursor is 

then introduced into a suspension of sodium telluride (generated by reduction of tellurium 

powder with sodium borohydride), to give the ring-closed tellurophene product.  This procedure 

worked well for PT, PT-CF3 and PT-tBu, however it was less successful for some of the other 

compounds such as PT-NEt2, and PT-NO2, due to poor yield, poor solubility, decomposition, or 

because the alkyne starting material was not commercially available.  Recently, Grubbs and 

coworkers reported that palladium-catalyzed ipso-arylation chemistry will couple aryl 

substituents onto tellurophenes and benzotellurophenes to give polymers and small 

molecules.
25,26

 We adopted this chemistry to synthesize the remaining tellurophene compounds. 

The previously reported synthesis of the tellurophene ipso-arylation coupling partner, 2,5-

bis[(diphenyl)hydroxymethyl]tellurophene (4), however, was modified in our study. Specifically, 

the diacetylene precursor 3 was synthesized via homocoupling of the commercially available 

alkyne, 1,1-diphenyl-2-propyn-1-ol, and then subjected to the ring-closing conditions discussed 

earlier to produce 4.  The tellurophene compounds PT-OtBu, PT-CN, and PT-C6F5 were then 

synthesized via ipso-arylation cross-coupling of 4 with the appropriate aryl bromide or iodide. 

Unfortunately, the ipso-arylation approach was also unsuccessful for the direct synthesis of PT-

NEt2 and PT-NO2-NBu2.  In order to synthesize these compounds, PT-NO2 was prepared via 

ipso-arylation, and one or both of the nitro groups were reduced followed by N-alkyl substitution 

using the appropriate alkyl iodide (Scheme 1c). 
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Scheme 1. a-c) Synthetic routes for the preparation of PT-R compounds. d) Preparation of 

PT-R-Br2 compounds. 

 

2.2. Optical Properties of PT-R Compounds and Their Te(IV) Adducts. Aside from PT-

NEt2 and PT-NO2-NBu2, all of the tellurophene compounds have similar optical absorption 

maxima (λmax), ranging from 330 nm to 365 nm in chloroform with ~ 10
4
 M

-1
 cm

-1
 molar 

absorptivity (Table 1).  The λmax of PT-NEt2 and PT-NO2-NBu2 appear at longer wavelengths 

(408 nm and 466 nm, respectively, in toluene). The relatively low energy absorption of PT-NO2-

NBu2 is characteristic of push-pull type chromophores.  Oxidative addition of bromine to the 

tellurium center leads to a lower energy λmax for all of the compounds.  Increasing titration with 

Br2 in CHCl3 (or toluene for PT-NEt2-Br2 and PT-NO2-NBu2-Br2) leads to a decrease in the 

absorption corresponding to the parent tellurophene accompanied by an increase in absorption at 

Page 8 of 34

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



both higher and lower energy wavelengths (Figure 1; Figure S1, Supporting Information).  Clear 

isosbestic points (IPs) indicate clean conversion to the brominated compound.  The red-shift in 

the lower energy λmax of the brominated compound compared to the parent compound is much 

more pronounced for compounds bearing EDGs (103, 111, and 156 nm for PT-tBu-Br2, PT-

OtBu-Br2, and PT-NEt2-Br2, respectively) than those bearing EWGs (52, 68, and 78 nm for PT-

CN-Br2, PT-CF3-Br2, and PT-C6F5-Br2, respectively).  A red-shift of 100 nm is observed for 

PT-NO2-NBu2-Br2. NMR spectroscopy experiments were carried out with each tellurophene 

compound in CDCl3 (or deuterated toluene for PT-NEt2 and PT-NO2-NBu2).  In each case, 

complete conversion to the brominated product was achieved using one equivalent of Br2. The 

brominated compounds (PT-R-Br2) were also synthesized on a preparative scale and isolated 

(see Experimental Section, Supporting Information for more detail). Additionally, the structures 

of PT-tBu-Br2, PT-OtBu-Br2, PT-CF3-Br2, and PT-C6F5-Br2 were confirmed by X-ray 

crystallography (Figure 2). 

 

Table 1. Optical Absorption Properties of the Tellurophene Compounds in CHCl3. 

 λλλλmax (nm) ε (M
-1

 cm
-1

) ∆λλλλmax (nm) ∆ε (M
-1

 cm
-1

) 

 parent + Br2 parent + Br2 

PT-NEt2 408
a
 564

a
 3.31 × 10

4
 1.52 × 10

4
 156 - 1.79 × 10

4
 

PT-OtBu 354 465 2.56 × 10
4
 9.70 × 10

3
 111 - 1.59 × 10

4
 

PT-tBu 349 452 2.33 × 10
4
 8.54 × 10

3
 103 - 1.48 × 10

4
 

PT 342 433 2.24 × 10
4
 6.34 × 10

3
 91 -1.61 × 10

4
 

PT-CN 365 417 3.12 × 10
4
 1.11 × 10

4
 52 - 2.01 × 10

4
 

PT-CF3 346 415 2.13 × 10
4
 6.96 × 10

3
 69 - 1.43 × 10

4
 

PT-C6F5 330 408 2.52 × 10
4
 9.29 × 10

3
 78 - 1.59 × 10

4
 

PT-NO2-NBu2 477
a
 566

a
 2.61 × 10

4
 2.06 × 10

4
 89 - 5.50 × 10

3
 

a
Measured in toluene. 
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Figure 1. Optical absorption spectra of bromine titration experiments for a) PT-CF3 (CHCl3), b) 

PT-OtBu, (CHCl3), and c) PT-NO2-NBu2 (toluene). 
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Figure 2. Displacement ellipsoid plots of a) PT-OtBu-Br2, b) PT-tBu-Br2, c) PT-CF3-Br2 (the F 

atoms are disordered over two sets of sites with the minor component shown as small spheres) 

and d) PT-C6F5-Br2 shown at 50% probability. 

 

2.4. Computational Modeling.  2.4.1. Excited State Properties.  

Time dependent (TD) DFT calculations were carried out on the gas-phase optimized structures to 

determine the calculated absorption spectrum of each compound and the nature of the associated 

transitions.  Overall, the calculations predict the absorption spectra quite well in terms of shape 

and magnitude of the extinction coefficient, however the calculated spectra are overall red-

shifted compared to the experimental spectra (Figure S2, Supporting Information).  For all of the 

compounds (including the brominated compounds), the lowest energy transition with significant 

oscillator strength is HOMO to LUMO in nature. The calculations predict a decreased HOMO–

LUMO energy gap upon bromination (Figure S3, Supporting Information) that is consistent with 

the experimental spectra.  Visualization of the frontier molecular orbitals of the non-brominated 

tellurophenes show that this transition is a delocalized π–π* transition, while the HOMO 

to LUMO transition in the brominated compounds has charge-transfer character from a 

delocalized state onto the dibromotellurophene unit (Figure 3).  The LUMO has significant 
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electron density within the antibonding Te–Br orbitals.  Excitation into this state should promote 

photoelimination of bromine. 

 

Figure 3. Molecular orbital diagrams for a) PT-C6F5 and b) PT-C6F5-Br2. 

 

2.4.2. Oxidative Addition Mechanistic Study. It is important to note that the mechanism of 

bromine addition to tellurophene is unknown. Detty and coworkers proposed two possible 

mechanisms for this reaction involving other organotellurium compounds.
48

 Stopped-flow 

kinetics experiments revealed three distinct processes: an initial “fast” reaction followed by two 

slower ones. The “fast” reaction was attributed to the formation of an initial association complex 

between molecular bromine and the tellurium atom, which was speculated to be in either an 

“end-on” η
1
 or  “edge-on” η

2
 fashion.  From here, the addition of Br2 to tellurium could either 

occur via a concerted mechanism (from an η
2
 association complex; Scheme 2a) or a dissociative 

mechanism (from an η
1
 association complex) with the formation of an ionic intermediate 

(Scheme 2b).   
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Scheme 2. Possible mechanisms for oxidative addition of molecular bromine to organotellurium 

compounds: a) a concerted mechanism involving an η
2
 association complex; or b) a dissociative 

mechanism involving an η
1
 association complex and an ionic intermediate.  Adapted and 

simplified from ref. 48. 

 

Here, we used DFT geometry optimizations to model molecular bromine in close proximity to 

diphenyltellurophene. Three different minima were found depending on the starting positions of 

the molecules in the input file.  One structure resembles an “end-on” η
1
 association complex 

(Int1), one resembles a monobrominated species suggestive of an ionic intermediate (Int2), and 

the last structure resembles that of the brominated product (PT-Br2).  Frequency calculations 

verify that each of these structures are minima.  Attempts to locate an optimized structure 

involving an “edge-on” η
2
 association complex were unsuccessful.  

Synchronous transit-guided quasi-Newton
58,59

 (STQN) calculations were performed to locate a 

transition state connecting Int1 with Int2 (TS1-2), and Int2 with PT-Br2 (TS2-P).  The 

transition state calculations were successfully optimized to maxima, resulting in structures with 

an intermediate geometry between the geometries of the two minima that they connect.  To 

verify that TS1-2 and TS2-P are the true transition state structures, frequency calculations and 

intrinsic reaction coordinate (IRC)
60

 calculations were performed.  The frequency calculations 

predict one negative frequency, which is expected for a transition state.  The vibrations 

associated with this negative frequency involve motions of the bromine atoms in a manner that 
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supports a transition from Int1 to Int2 in the case of TS1-2, and from Int2 to PT-Br2 in the case 

of TS2-P.  IRC calculations follow the reaction pathway from the transition state to the minima 

and can confirm whether a calculated transition structure truly connects the two minima of 

interest.  IRC calculations from TS1-2 and from TS2-P indeed led to structures resembling Int1, 

Int2, and PT-Br2 as expected (Figure S4 and S5, Supporting Information), and geometry 

optimizations from the final IRC structures led to the identical minimum energy structures that 

were obtained from the geometry optimizations of Br2 in close proximity to PT discussed earlier.  

Although attempts to locate a minimum energy η
2
 association complex were unsuccessful, 

attempts were also made to locate a transition state with this structure.  A maximum was 

successfully located, however the molecular distortion associated with the negative frequency 

does not involve the bromine atoms and thus does not support a connection to the product 

structure.  Furthermore, IRC calculations from this structure were unsuccessful.  Thus, no 

evidence for a concerted oxidative addition mechanism was found. Finally, an attempt to connect 

Int1 directly to PT-Br2 through a single transition state was also made.  The calculation 

successfully optimized to a maximum structure, however this structure was identical to TS1-2, 

and the IRC calculation led to structures resembling Int1 and Int2 rather than PT-Br2.  This 

confirms that TS1-2 does not connect Int1 directly to the product (PT-Br2), but instead to the 

monobrominated intermediate Int2.  Overall, the results of the DFT calculations support a three-

step oxidative addition mechanism involving the sequential formation of an initial η
1
 association 

complex, a monobrominated intermediate, and finally the brominated product (Scheme 2b).  

Scaled frequency calculations and high accuracy SPE calculations were performed for all of the 

optimized structures in order to determine accurate zero-point-corrected energies.  The 

calculations were also repeated using a chloroform polarizable continuum model (PCM).  The 
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geometries obtained with the chloroform model are only slightly different than the gas phase 

geometries.  The zero-point corrected energies obtained from the calculations with a solvent 

model were used to produce a reaction pathway energy diagram for the oxidative addition 

process (Figure 4).  Although the geometries calculated with a solvent model are similar to the 

gas phase optimized geometries, the energies of all structures are stabilized when the chloroform 

model is applied. A much larger degree of stabilization is predicted for the monobrominated 

intermediate Int2 and the transition states connecting Int2 to its reactant and product (Figure S6, 

Supporting Information). 

 

Figure 4. DFT-calculated reaction pathway energy diagram for the oxidative addition of bromine 

to PT, calculated with a CHCl3 PCM. 

2.5. Photochemistry. 2.5.1. Photolysis Experiments.  Photolysis experiments were carried out on 

the brominated compounds by irradiating at the lowest energy absorption band. The reactions 

were monitored using optical absorption spectroscopy. We will first discuss PT-Br2 and the 

compounds bearing EDGs. Irradiation of PT-Br2, PT-tBu-Br2 and PT-OtBu-Br2 at 447 nm in 

the presence of 1 M 2,3-dimethyl-1,3-butadiene (DMBD) halogen trap led to spectral changes 
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consistent with conversion back to the parent compounds.  A comparison of the photolysis 

product spectra with those of each of the parent compounds showed some differences, 

specifically a slight blue-shift in both the λmax and isosbestic points (Figure S7, Supporting 

Information).  This is attributed to the formation of decomposition products during photolysis.  

Based on the magnitude of the difference between the photolysis product spectrum and the 

parent spectrum, the amount of decomposition is more significant for compounds with stronger 

EDGs.  Increasing the DMBD concentration to 3 M, however, leads to clean conversion of PT-

Br2 to PT, and only slight decomposition in the case of PT-tBu-Br2 (Figure S8, Supporting 

Information) and PT-OtBu-Br2 (Figure 5a). Photolysis was complete within 5, 16, and 40 

seconds for PT-Br2, PT-tBu-Br2, and PT-OtBu-Br2, respectively, showing that the irradiation 

time required to achieve complete conversion increases with donating strength.  This is 

consistent with strong electron-donating character hindering the reductive elimination process.  

Due to the low energy absorption of PT-NEt2-Br2 and PT-NO2-NBu2-Br2 red-orange (617 nm) 

light was used for irradiation.  For the strongly-donating PT-NEt2-Br2, photolysis was complete 

within 6 minutes and the optical absorption spectrum is indicative of the formation of 

decomposition products (Figure S8, Supporting Information), consistent with the other 

compounds bearing EDGs.  Interestingly, much longer irradiation time was required for PT-

NO2-NBu2-Br2 (160 minutes), and the optical absorption spectrum indicates an even greater 

amount of decomposition, as evidenced by the blue-shifted λmax and isosbestic points.  

We next discuss the compounds bearing EWGs. Irradiation of PT-CF3-Br2 (Figure 5c), PT-CN-

Br2, and PT-C6F5-Br2 (Figure S8, Supporting Information), at 430 nm in the presence of 3 M 

DMBD led to complete conversion back to the respective parent compounds within a few 
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seconds.  For these compounds the photolysis product optical absorption spectra are identical to 

the spectra of the parent compounds and there is no evidence of decomposition.   

 

Figure 5. Optical absorption and 
1
H NMR spectra showing the photolysis of PT-OtBu-Br2 (a-b) 

and PT-CF3-Br2, (c-d).  

 

All photolysis reactions were also characterized by NMR spectroscopy.  Consistent with the 

optical absorption spectra, some decomposition is observed during the photolysis of PT-tBu-Br2 

(Figure S9, Supporting Information) and PT-OtBu-Br2 (Figure 5b) indicated by the presence of 

additional peaks in the aromatic region, as well as some discrepancy in the integration of the 

tellurophene proton signals. Photolysis of PT-NEt2-Br2 and PT-NO2-NBu2-Br2 leads to 

decomposition and no evidence of the brominated starting materials (Figure S10 and S11, 

Supporting Information). On the other hand, photolysis of PT-CF3-Br2 (Figure 5d), PT-CN-Br2, 
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and PT-C6F5-Br2 (Figure S12 and S13, Supporting Information) leads to complete conversion to 

the parent compounds with no evidence of additional product formation in the NMR spectra, 

confirming that these reactions are quite efficient and free of side reactions.  The tellurophene 

compounds demonstrate high thermal stability, thus thermal reduction is of no concern in the 

photolysis experiments (see Supporting Information for thermal control experiments). 

2.5.2. Photochemical Quantum Yield Determination. The efficiencies of photoelimination were 

evaluated by determining the photochemical quantum yield, ΦP, using potassium ferrioxalate 

actinometry (Table 2).
61-63

 PT-Br2 has a photochemical quantum yield of 8.5% at 2 M DMBD 

concentration.
51

 The incorporation of EDGs onto the phenyl ring reduces the quantum yield of 

photoelimination for PT-tBu-Br2 (1.61 ± 0.04%) and PT-OtBu-Br2 (0.44 ± 0.01%).  On the 

contrary, the incorporation of EWGs increases the quantum yield for PT-CN-Br2 (14.7 ± 0.3%), 

PT-CF3-Br2 (19.2 ± 0.7%) and PT-C6F5-Br2 (23.6 ± 0.7%).  These observations are consistent 

with the EWGs facilitating photoelimination by making Te more electropositive.   

Table 2. Photochemical Quantum Yield for Photoelimination of Bromine from PT 

derivatives. 

 [DMBD] (M) ΦP (%)
a
 Std. Dev. (%) Relative ΦP 

PT-NEt2-Br2 2 -- -- 0.007
b
 

PT-OtBu-Br2 2 0.44 0.01 0.05 

PT-tBu-Br2 2 1.61 0.04 0.2 

PT-Br2 2 8.5 0.3 1 

PT-CN-Br2 2 14.7 0.3 1.7 

PT-CF3-Br2 2 19.2 0.7 2.3 

PT-C6F5-Br2 1 17.6 0.5  

2 23.6 0.7 2.8 

3 31.3 0.2  

4 36.6 0.5  

5 42.4 0.4  

PT-NO2-NBu2-Br2 2 -- -- 0.0002
b
 

a
Determined by potassium ferrioxalate actinometry. 

b
Estimated from output of light source and change in concentration for a given irradiation period. 
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The quantum yields for PT-NEt2-Br2 and PT-NO2-NBu2-Br2 could not be determined since the 

irradiation wavelength (617 nm) is beyond the absorption range of the actinometer.  However, 

the radiant power of the light sources (from manufacturer specifications) and the change in 

concentration for a given irradiation period were considered in order to draw a relative 

comparison (see Supporting Information for detailed calculation). From these calculations, 

bromine photoelimination from PT-NEt2-Br2 and PT-NO2-NBu2-Br2 is approximately 0.007 

and 0.0002 times less efficient than from PT-Br2, respectively (Table 2). 

The extremely poor efficiency for PT-NO2-NBu2-Br2 is somewhat surprising. It might be 

expected that PT-NO2-NBu2-Br2 would have similar photochemical behavior to the 

unsubstituted PT-Br2 due to a cancelling effect of the strong EDG and EWG on either end of the 

molecule.  Rationalization of the unprecedented low efficiency was attempted based on 

electrostatic potential (ESP) maps from the DFT calculations. The ESP maps of PT-Br2, PT-

NEt2-Br2, and PT-C6F5-Br2 show increasing positive ESP at Te with increasing electron-

withdrawing character (Figure 6a). The incorporation of both a strong EWG and a strong EDG 

onto each end of the molecule does indeed have a cancelling effect on the ESP at Te, resulting in 

an ESP map for PT-NO2-NBu2-Br2 that is quite similar to that of PT-Br2.  Thus, the sluggish 

photochemical behavior cannot be explained by an ESP argument.  Instead, analysis of the MO 

diagrams provides more insight into this behavior. The MO diagrams for PT-NO2-NBu2-Br2 

display the typical charge transfer character of push-pull chromophores. Thus, rather than being 

localized only on the dibromotellurophene ring, as is the case for the other derivatives, the 

electron density in the LUMO is delocalized across both the dibromotellurophene ring and the 

NO2-substituted phenyl ring (Figure 6b).  This decreases the Te-Br anti-bonding character in the 
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LUMO compared to the other derivatives, which likely explains the unexpected poor efficiency 

observed for this compound.  

 

Figure 6. a) ESP maps of indicated compounds. b) MO diagrams for PT-NO2-NBu2-Br2. 

 

Finally, a trap-dependent quantum yield study was carried out for the most efficient compound, 

PT-C6F5-Br2 (Table 2).  A linear dependence of quantum yield on trap concentration is observed 

(Figure S14, Supporting Information), with an impressive value of 42.4 ± 0.4% at 5 M DMBD 

concentration, the best value for a tellurophene reported to date. 

2.6. Mechanistic Details of Tellurophene Photochemistry. 2.6.1. Halogen Trapping 

Experiments. To gain insight into the photoelimination mechanism, the identity of the liberated 

bromine species was investigated by characterizing the trapped products.  For these experiments, 

PT-C6F5-Br2 was the reactant and 2,3-dimethyl-2-butene (DMB) was used as the trap in order to 

simplify the number of possible trap products.  Molecular bromine would be expected to yield 
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the Br2 addition product 2,3-dibromo-2,3-dimethylbutane (DMB-Br2).
64

 Thus, if bromine is 

reductively eliminated as Br2, (or leads to the formation of Br2) this would be the only expected 

trap product. On the other hand, if bromine is released as two bromine radicals (Br
•
), then 

reaction of one Br
•
 with DMB would be expected to yield HBr and an allylic radical (DMB�), 

which could then react with the second Br
•
 to produce 1-bromo-2,3-dimethyl-2-butene (DMB-

Br).
65

 Additionally, the HBr produced from this process could also react with DMB to give the 

HBr addition product 2-bromo-2,3-dimethylbutane (DMB-HBr).
66

 Evidence of both the allylic 

bromination product DMB-Br (singlet at δ = 4.08 ppm) and the Br2 addition product DMB-Br2 

(singlet at δ = 2.03 ppm; Figure S15a, Supporting Information) are present after photolysis.  The 

ratio of DMB-Br to DMB-Br2 is approximately 6:1 suggesting that the dominant pathway 

involves Br
•
.  Compared to the integration of PT-C6F5, the yields are 39% DMB-Br and 7% 

DMB-Br2, which suggests that 54% of the liberated bromine is consumed in additional 

processes.  Surprisingly, there is no evidence of DMB-HBr in the 
1
H NMR spectrum despite the 

fact that DMB-Br is formed in 39% yield. However, there are several other significant peaks in 

the alkyl region after photolysis with unknown identities (singlets at δ = 1.93, 1.86, 1.85 and 1.49 

ppm; Figure S15b, Supporting Information), which could account for the remaining trapped 

bromine.   

In order to further investigate bromine trapping, GC-MS analysis was carried out on the 

photolyzed samples.  The trap products DMB-Br2 and DMB-Br were prepared separately for 

comparison (Figure S16-S17, Supporting Information).  Evidence of both DMB-Br2 (RT = 6.05 

min) and DMB-Br (RT = 4.94 min) is observed in the photolyzed sample (Figure S18, 

Supporting Information).  However, additional product(s) with a retention time of 4.92 min 

coeluted with DMB-Br.  An analysis of the chromatogram peak at 4.94 min shows the expected 
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mass for DMB-Br, with two equal intensity peaks at m/z of 162 and 164.  Analysis of the same 

chromatogram peak at 4.92 min also shows two peaks of roughly equal intensity in the MS, 

however these are shifted to m/z of 165 and 167.  While the retention time and MS pattern of the 

unidentified product(s) are suggestive of a monobrominated alkane, extensive efforts to 

determine the identity of the compound(s) were unsuccessful (for further discussion, see the 

Supporting Information).  

The expected retention time for PT-C6F5 is 12.71 min, and only a slight difference in retention 

time is observed for the photolysis product (12.76 min) with an identical fragmentation pattern 

(Figure S19, Supporting Information). Comparing the integration of the DMB-Br2 peak in the 

GC with the PT-C6F5 peak gives a ratio of 0.063:1, corresponding to a 6.3% yield of DMB-Br2 

(Figure S20, Supporting Information). This is in excellent agreement with the yield determined 

by NMR integration.  Comparing the integration of the peak at 4.92 min (which contains both 

DMB-Br and the other product(s)) with that of PT-C6F5 gives a ratio of 0.77:1, corresponding to 

a 77% yield of these products.  This is roughly twice the NMR determined yield of DMB-Br 

suggesting a 1:1 ratio of DMB-Br to the unidentified trap product(s). The total yield of the 

discussed products from the GC analysis is approximately 83%.  There are a few other low 

intensity peaks in the GC ranging from RT of 6.56 to 8.67 min, which likely account for the 

remainder of the trapped bromine.   

Although the identity of the additional major trap product(s) remains unclear, the results of the 

trapping experiments show that the photoelimination reaction occurs predominantly by 

elimination of radical bromine.  The Br2 addition product, which is formed in very small 

quantities, could be formed by Br2 produced by combination of two eliminated bromine radicals 

(vide infra).   
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2.6.2. Laser Flash Photolysis. To further investigate the mechanism of the photoelimination 

reaction, nanosecond laser flash photolysis (LFP) experiments were performed on the 

compounds with the highest photochemical quantum yields, PT-Br2, PT-CN-Br2, PT-CF3-Br2, 

and PT-C6F5-Br2 (see Supporting Information for experiment setup and conditions).  

The brominated compounds were excited within the low-energy absorption band using a 450 nm 

excitation pulse in the presence of DMBD under an argon atmosphere. The transient absorption 

(TA) spectrum of PT-CF3-Br2 in the presence of ~0.2 M DMBD (3000:1 trap to tellurophene 

ratio) recorded at different times after the laser pulse displays intense absorption bands about 360 

and 325 nm (Figure 7a). Similar features were observed in the TA spectra of the other three 

compounds (Figure S21, Supporting Information). 

 

Figure 7. a) Optical absorption spectra of PT-CF3 and PT-CF3-Br2 compared with the TA 

spectrum of PT-CF3-Br2 in the presence of DMBD right after the 450 nm laser pulse; and single 

wavelength kinetic traces of CHCl3 solutions of PT-CF3-Br2 excited at 450 nm and monitored at 

(b) 388 nm, (c) 392 nm, and (d) 430 nm. 
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Single wavelength kinetic traces obtained at and about the low energy isosbestic point between 

the photoreactant (PT-R-Br2) and the photoproduct (PT-R) were used to determine the nature of 

the observed transient species. Because the ground-state absorption of PT-R is greater than PT-

R-Br2 at wavelengths shorter than the IP, the decay of a single wavelength trace to a final 

positive ∆OD is expected, confirming conversion of PT-R-Br2 to PT-R. On the other hand, at 

wavelengths longer than the IP, PT-R absorbs less than PT-R-Br2, and a final negative ∆OD is 

expected. At the IP, the absorbance of the photoreactant and photoproduct is equal, thus they are 

silent in LFP and a final ∆OD of zero is expected. As a result, any signal observed in the kinetics 

trace could be attributed to the presence of a transient species. Single wavelength kinetic traces 

were collected at several wavelengths for PT-CF3-Br2 (Figure 7b-d), PT-Br2, PT-CN-Br2, and 

PT-C6F5-Br2 (Figure S22, Supporting Information) in the presence of ~0.2 M DMBD. Indeed, 

the ∆OD monitored at the IP decays to zero after excitation, and in all cases a transient species 

with positive ∆OD is formed within the pulse of the laser (5-8 ns). Since this is the only active 

species at the IP, the decay can be used to determine the lifetime of the transient species, which 

is 20-70 ns for the different compounds (Table 3). Further discussion and a possible assignment 

of this transient will be presented below. 

The IPs located by LFP are in good agreement with the IPs observed in the steady state optical 

absorption photolysis experiments with the exception of PT-Br2.  When probing the PT-Br2 

sample at 386 nm (the IP determined during the steady state photolysis experiments), a final 

positive ∆OD is unexpectedly observed, while a final ∆OD of 0 is observed when probed at 398 

nm. At the trap concentration used in these experiments, it is likely that this compound 

undergoes some amount of decomposition, which may explain the discrepancy observed, 

although a blue-shifted IP is usually observed when decomposition is present. 
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Table 3. Lifetimes of the transient species generated upon 450 nm excitation. 

Sample Monitored Wavelength (nm) ττττ(ns) 

PT-C6F5-Br2 + DMBD 371 42.1 – 39.2 

PT-CF3-Br2 + DMBD 390 45 – 42 – 39  

PT-CN-Br2 + DMBD 406 22.4 – 16.4 – 23.3 

PT-Br2 + DMBD 398 77.0 – 60.9 

 

In order to assign the observed transient species and to gain insight into the photochemical 

mechanism, a series of experiments were performed.  First, the possibility for triplet state 

formation due to the presence of the heavy atom tellurium was probed.  Upon excitation of the 

non-brominated tellurophene PT-CF3 at 355 nm, an absorption band appears at 450 nm in the 

TA spectrum. The lifetime of this transient species is 1.3 µs and is attributed to absorption by the 

PT-CF3 triplet state. This is in agreement with the calculated absorption spectrum of the ground 

state triplet by DFT (Figure S23, Supporting Information). Interestingly, the TA spectrum and 

lifetime observed upon excitation of PT-CF3-Br2 at 355 nm is different from the TA spectrum 

and lifetime obtained when PT-CF3-Br2 is excited at 450 nm, which suggests that different 

transient species are formed under the different photolysis conditions.  Furthermore, the TA 

spectrum and lifetime (1.3 µs) for PT-CF3-Br2 are similar to those obtained for PT-CF3 when a 

355 nm excitation is used (Figure 8), indicating that the same transient species is being observed 

in both samples.  Since this transient was attributed to the PT-CF3 triplet, it follows that the 

dehalogenation process and excitation of the photoproduct must be complete within the pulse of 

the laser (5-8 ns). The PT-CF3 excited state singlet may then undergo intersystem crossing (ISC) 

to give the observed PT-CF3 triplet (Scheme S1, Supporting Information).  This pathway cannot 

be accessed when a 450 nm laser pulse is used since the photoproduct does not absorb at this 

wavelength.  Thus, the transient species with ~45 ns lifetime is observed under 450 nm 

excitation. 
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To further confirm the presence of triplet states, steady-state photoluminescence measurements 

of both PT-CF3 and PT-CF3-Br2 were performed at low temperature (~ 77 K) under argon 

(Figure S24, Supporting Information). A phosphorescence band at 440 nm was observed for PT-

CF3 (excitation at 355 nm), and two bands around 550 and 600 nm were observed for PT-CF3-

Br2 (excitation at 450 nm). Additionally, under O2 atmosphere, both PT-CF3 and PT-CF3-Br2 

generate singlet oxygen (
1
O2) when they are excited at 355 and 450 nm, respectively. The 

1
O2 

quantum yield (Φ∆) approaches unity for PT-CF3 (Φ∆ ~ 1.0) and is lower for PT-CF3-Br2 (Φ∆ ~ 

0.1) in the absence of trap using meso-tetraphenylporphyrin (TTP) as a standard (
TPP

Φ∆ ~ 0.66 in 

CCl4 and benzene).
67

 Furthermore, PT-CF3 does not generate 
1
O2 when irradiated at 450 nm, 

suggesting both PT-CF3 and PT-CF3-Br2 generate 
1
O2 from their respective triplet states.  This 

evidence of PT-CF3-Br2 triplet state formation suggests that ISC is competitive with bromine 

photoelimination. 
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Figure 8. a) TA spectra and b) single wavelength kinetic traces (monitored at 410 nm) obtained 

for CHCl3 solutions of PT-CF3-Br2 and PT-CF3 containing DMBD upon irradiation at 355 nm 

under Ar atmosphere. Lifetime: ~ 1.3 µs. 

 

As discussed above, halogen trapping experiments suggest that the bromine species generated 

upon photolysis is most likely Br
•
. However, direct detection of this species would be desired in 

order to fully characterize the photoelimination mechanism. Thus, it is important to identify a 

molecule that would react efficiently with Br
•
 yielding a readily detectable species. The reaction 

of bromide (Br
–
) with bromine atoms (Br

•
) provides an ideal probe reaction, since the product 

(Br2
•–

) absorbs strongly at 360 nm (ε360 = 9000 M
-l
 cm

-1
).

68
 Kinetic traces obtained upon 

excitation of solutions of PT-C6F5-Br2 and PT-CF3-Br2 in the presence of tetraethylammonium 

bromide (TEABr, 3 mM) show a long lived intermediate (~9-12 µs) when monitored at the IPs 

(371 nm and 390 nm, respectively).  Since these wavelengths coincide with the absorption of 

Br2
•–

, the transient observed can be attributed to the formation of this intermediate.  To further 

confirm this, TA spectra were recorded within 100 ns after excitation and compared to the TA 

spectra obtained for the solutions containing the DMBD trap.  For both PT-CF3-Br2 and PT-

C6F5-Br2, subtraction of the two spectra reveals an absorption band centered at 385 nm, 

attributed to absorption by Br2
•– 

(Figure 9 and Figure S25, respectively). The same profile was 

found at various times after excitation. Thus, the absorption profile in the TA spectra and the 

long lifetimes support the formation of Br2
�-, which is further confirmation that photoelimination 

involves the release of bromine radicals (Scheme 3a).  
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Figure 9. TA spectra of PT-CF3-Br2 in the presence of DMBD and TEABr recorded within 100 

ns after the laser pulse (450 nm) and the arithmetic subtraction of the two spectra. 

 

In accordance with all of these results, plausible photochemical and photophysical mechanisms 

for both the non-brominated and brominated tellurophene systems can be described (Scheme 3b-

c). Upon irradiation at 450 nm, PT-R-Br2 is excited to its very short lived singlet excited state 

(S1; τ < 2 ns, no fluorescence emission detected), which is subject to either of the following 

competitive pathways: (a) intersystem crossing to the triplet excited state, T1 (Path 1) followed 

by the concomitant relaxation to the singlet ground state (S0) via radiative relaxation 

(phosphorescence, ~600 nm), non-radiative relaxation (Path 2), or by energy transfer to 
3
O2 

under aerobic conditions; or (b) photo-debromination via stepwise Br
•
 elimination (Path 3), 

which occurs within the time resolution of the instrument, and is confirmed by detection of Br2
•– 

when LFP is carried out in the presence of TEABr (absorption at 380 nm with ~10 µs lifetime). 

The parent compounds (PT-R) can be excited using a 355 nm pulse and can undergo paths 1 and 

2 explained above (labeled 1’ and 2’ in Scheme 3c), as well as generate 
1
O2 under aerobic 

conditions.  

Reasonable assignments for the ~50 ns transient species observed during LFP of the brominated 

compounds (Table 3) could be a) a photointermediate such as the monobrominated species PT-
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R-Br
•
 formed after the first Br

•
 elimination, b) a singlet excited state of the photoreactant, or c) a 

triplet excited state of the photoreactant.   The observation of the PT-CF3 triplet state (1.3 µs 

lifetime) upon excitation of PT-CF3-Br2 at 355 nm, necessitates that dehalogenation, excitation 

of the photoproduct, and ISC all occur within the duration of the laser pulse (5-8 ns).  Thus, the 

transient observed upon excitation at 450 nm cannot be assigned to a monobrominated 

intermediate, as this would be inconsistent with the fast dynamics upon excitation at 355 nm.  

Additionally, assignment of the transient to the singlet excited state can be discarded due to the 

lack of fluorescence emission. Thus, the ~50 ns transient is assigned to the PT-R-Br2 triplet 

state, the formation of which is competitive with the photoreaction, and is supported by the 

observation of phosphorescence and 
1
O2 generation.  

 

 

Scheme 3. a) Chemical mechanism of bromine photoelimination from PT-R-Br2. b) Proposed 

photochemical and photophysical mechanisms for PT-R-Br2 upon excitation at 450 nm. c) 
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Proposed photophysics for PT-R upon excitation at 355 nm.   

 

3. Conclusions 

A series of substituted diphenyltellurophene compounds has been synthesized and the reactivity 

of these compounds has been evaluated in terms of oxidative addition and photoelimination of 

bromine.  Density functional theory calculations support a dissociative mechanism for oxidative 

addition of Br2 that involves the formation of an η
1
-association complex, a monobrominated 

intermediate and finally the dibrominated product.  Photoelimination of bromine is induced 

through excitation into the low-energy absorption band using blue or red LEDs. The 

photochemical quantum yield increases with increasing electron-withdrawing character of the 

substituents, with a value up to 42% achieved for the perfluorophenyl-substituted tellurophene at 

5 M alkene trap concentration. The photoelimination reaction occurs from the S1 excited state via 

elimination of two bromine radicals, confirmed by trapping experiments, however the 

photoreaction is competitive with intersystem crossing to the triplet state, as evidenced by the 

formation of singlet oxygen during photolysis under aerobic conditions. The results of these 

studies establish a mechanism for the efficient photoelimination of bromine from conjugated 

tellurophenes. 

Supporting Information: 

Experimental details, X-ray crystallography data, titration and photolysis data for all compounds, 

additional figures for DFT mechanistic study, GC-MS data, additional figures for LFP 

experiments, NMR spectra for all compounds, further discussion of trap products, and DFT 

optimized geometry coordinates and absolute energies.    
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