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Investigation of straightforward, photoinduced alkylations of 

electron-rich heterocompounds with electron-deficient alkyl 

bromides in the sole presence of 2,6-lutidine 

Elina Fuks[a], Laura Huber[a], Thea Schinkel[a] and Oliver Trapp*[a,b] 

 
Abstract: Alkylations of simple electron-rich heterocompounds 

deliver valuable target structures in bioorganic and medicinal 

chemistry. Herein, we present a straightforward and 

photosensitizer free approach for the photoinduced C-C coupling 

of electron-rich unsaturated heterocompounds with alkyl 

bromides using 405 nm and 365 nm irradiation. Comprehensive 

mechanistic studies indicate the involvement of 2,6-lutidine in 

the formation of a non-covalently bound intermediate to which 

the function of a photosensitizer is attributed. UV-Vis spectra 

reveal the formation of a bathochromic shifted band when the 

electron-deficient alkyl bromide is mixed with the structural motif 

of 2,6-substituted pyridine. Upon photochemical excitation of this 

band we find the initiation of the C-C bond forming reaction. 

Using this approach highly versatile alkylation products, e.g. -

substituted ketones and 2-substitued furan, thiophene and 

pyrrole derivatives, are obtained in high selectivity. Furthermore, 

this synthetic methodology can be applied to access substituted 

indoles, which cannot be obtained by other transformations.  

Selective and direct chemical transformations under benign 

reaction conditions using sustainable energy resources are 

highly sought-after. The easy handling and continuous 

availability of light along with the creation of novel reaction 

pathways have been stimulating the interest in photochemical 

transformations for a century.[ 1 ] MacMillan,[ 2 , 3 ] Yoon[ 4 ] and 

Stephenson[5] developed and successfully applied visible light-

assisted photoredox catalysis to tackle different synthetic 

challenges. To overcome low absorption efficiencies in these 

light-mediated transformations, photosensitizers (PS) for light 

energy transfer were implemented (Scheme 1; I).[ 6 ] Based on 

this activation strategy, numerous reports on light-triggered 

processes involving ruthenium[7] and iridium pyridyl complexes[8] 

as well as metal-free dyes[9] have been published to date. Such 

chromophores exhibit high extinction coefficients, are 

photostable and efficient in energy transfer and therefore enable 

a broad range of applications. However, the design of new 

chromophore-assisted photocatalytic cycles is time-consuming 

due to the required accurate tuning of redox potentials. 

Furthermore, these reactions are often demanding due to 

moisture and oxygen sensitive reaction intermediates 

A novel strategy for radical generation from catalytic, visible light 

absorbing dithiocarbamates was recently established by 

Melchiorre (Scheme 1; II).[10,11] By SN2-activation of the electron-

deficient alkyl electrophiles, radical precursors are formed, which 

release an electrophilic radical upon photolytic cleavage and 

recovery of dithiocarbamate catalyst. Thereby, radicals are 

generated with a large variety of leaving groups.  

Another approach avoids external photosensitizers by exploiting 

the photoactivity of electron donor-acceptor (EDA) complexes. 

These originate from the ground state interaction between two 

highly polarized substrates or between an acceptor substrate 

and a sacrificial electron donor (Scheme 1; III).[12-15] A recent 

overview highlights the pioneering work of e.g. Aggarwal[ 16 ], 

Glorius[ 17 ] as well as Fu and Shang[ 18 ], and underlines the 

Scheme 1: Overview of possible activation modes for light-assisted 

alkylations. I) Dual photoredox catalysis using a photosensitizer. 

II) Generation of radicals via a photolabile dithiocarbamate. III) Recent 

examples for EDA complexes including donor substrates (left, central) and 

external sacrificial donor (right); IV) Alkylations of electron-deficient alkyl 

bromides with electron-rich heterocompounds in the presence of 2,6-lutidine 

presented in this work. 
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potential of such aggregates to address synthetic challenges.[19] 

 

Herein, we introduce a straightforward alkylation reaction with 

alkyl bromides in the presence of 2,6-lutidine, applicable to a 

wide variety of electron-rich heterocompounds and enol ethers. 

Remarkably, the here presented methodology does not require 

external photosensitizers and is therefore limited to a minimal 

number of reagents. Furthermore, the photoreaction tolerates 

water and provides comparable yields even in the presence of 

oxygen. Based on detailed mechanistic investigation, we 

strongly suggest that 2,6-lutidine (1) acts as a nucleophile in the 

abstraction reaction of the bromonium ion from the electron-

deficient alkyl bromide (2), thus forming a photoactive ion pair. 

Spectroscopic measurements of the two colorless substrates 1 

and 2 reveal the slow formation of a new band in the visible 

range. Upon the wavelength-specific-irradiation with 405 nm or 

365 nm LED in the vicinity of the absorption maximum an 

electron transfer is triggered within the complex, yielding the N-

bromolutidyl radical and the resonance-stabilized alkyl radical. In 

the subsequent process, the carbon-centered radical is 

intercepted by an electron-rich nucleophile, which results in 

versatile α-substituted ketones and 2-substitued furan, 

thiophene and pyrrole derivatives.  

Recently, we introduced imidazolidine-4-thione catalyzed 

α-cyanomethylation of aldehydes[20] at wavelengths of 365 nm 

and 405 nm free of classical photosensitizers. Furthermore, the 

same reaction conditions were successfully applied to the 

MacMillan photoredox organocatalyst.[2] 

In the course of these investigations we recognized that the 

base additive is limited to pyridine derivatives with at least one 

substitution at the 2-position and does not allow a replacement 

by any inorganic base. Based on the identified requirement for 

specific pyridine structures, we wondered if the role of 

2,6-lutidine exceeds that of a non-nucleophilic base and is 

associated with light absorption. 

In order to reduce the reaction complexity and to elucidate 

the underlying reaction mechanism we performed an initial 

screening of suitable nucleophilic substrates. We first selected 

N-methylpyrrole based on the consistency of the nucleophilicity 

parameter on the Mayr scale (N = 5.85) in comparison to the 

enamine derived from the MacMillan catalyst (N = 5.80) 

(Scheme 2).[21] Due to the similarity of the N-parameters on the 

nucleophilicity scale, the electronic properties of the radical 

acceptor were only slightly affected. This reaction provides the 

reaction product 6a in 85% yield starting from inexpensive and 

commercially available reactants under photochemical reaction 

conditions. In the absence of 2,6-lutidine no conversion was 

detected. 

 

We then comprehensively investigated the light-active 

intermediate formed under these reaction conditions. Since none 

of the substrates absorb over 300 nm, we performed UV-Vis 

measurements of substrate combinations (Supporting 

Information, Figure S5). Indeed, a new absorption band with 

λmax = 400 nm was observed for 2,6-lutidine and 

bromoacetonitrile in chloroform, which became more intense 

over time (Figure 1a). Time-resolved UV-Vis measurements 

confirmed the interaction between 2,6-lutidine and 

bromoacetonitrile, since an excess of each component 

contributed to the acceleration of the formation of the new 

complex, visible by the increasing absorption band (Supporting 

Information, Figure S6).  In contrast, the solution of pyrrole with 

the alkyl bromide remained transparent in the visible range 

under argon atmosphere (Figure 1f). 

We corroborated the ground state association by Job plot of 

mixtures from substrates 1 and 2a (Figure 1b), which clearly 

revealed a 1:1 stoichiometry of the complex. The mirror-

symmetrical curve with respect to the molar ratio of 0.5 of 2a 

underlines the existing interaction of the two compounds. By 

employing the spectroscopic Benesi-Hildebrand method, we 

were able to quantify the corresponding association constants 

K= 0.47 M-1 in chloroform and K = 0.44 M-1 in acetonitrile (Figure 

1c). These results are in excellent agreement with literature data 

for an inner sphere electron transfer, which is typically 

characterized by a stronger stabilization compared to an outer 

sphere event.[ 22 ] To exclude experimental artefacts from the 

involvement of a colored covalently bound intermediate, we 

synthesized the crystalline N-cyanomethyl-2,6-lutidinium 

bromide salt and measured its absorption spectra (Supporting 

Information, Figure S3 and XRD structure Figure S21). We did 

not detect any band in the visible range, which implies that the 

reaction does not proceed via the nucleophilic substitution of the 

bromide. Additional confirmation was obtained when the alkyl 

bromide was replaced by the N-cyanomethyl-2,6-lutidinium 

Scheme 2: Mayr Scale: Nucleophilicity values (N) of nucleophiles used in the photoreaction. 
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bromide salt and no alkylated product was formed. 

We further conducted several 1H-NMR measurements of the 

reaction mixtures and of the colored two-component solutions of 

1 and 2a. We observed defined spectra with no evidence for any 

side products which might emerge from termination of radicals 

or from an organic chemical reaction not considered (Supporting 

Information Figures S13 and S14). Our findings establish the 

presence of an associative interaction, namely an EDA complex.  
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Figure 1: Mechanistic studies. a) Time resolved UV-Vis measurement of 1:1 mixture of 2,6-lutidine (1) and bromoacetonitrile (2a) with λmax = 400 nm. b) Job plot 

of 2a and 1. The maximum of the measured Job plot is at 50% molar fraction of 2a. c) Linearized Benesi-Hildebrand plot of 1 and 2a in acetonitrile and chloroform. 

d) Product yield dependency of alternating dark/light cycles in the reaction of 2a. Grey rectangles illustrate dark periods and the orange lines represent irradiation 

periods. e) Plots of the total quantum yield (QY) in black, calculated after the given time, and the differential quantum yield (diffQY) in red, related to the time 

intervals between the measurements, against irradiation time in seconds. Both graphs refer to the reaction of 2a. f) Graphic comparison of UV-Vis experiments 

with 2a after 7 hours: 1:1 mixture of 2a and 1 (black) and 1:1 mixture of 2a and pyrrole (red). 
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We studied the steric effect of 2,6-substituted pyridines on 

product formation, as steric hindrance restricts an approximation 

between the nucleophile (or donor) and electrophile (or 

acceptor). Reduced yields of the α-alkylated product were 

obtained in the sequence of i-butyl, tert-butyl and i-propyl 

residues, which further confirms the direct participation of 

pyridine derivatives in the activation process. Better nucleophiles 

such as 2-methylpyridine and pyridine afforded the non-reactive 

pyridinium salt by substitution of the bromide in 2a. To further 

investigate the role of light, we performed alternating light and 

dark cycles (Figure 1d). During the dark periods, no change in 

yield was observed, while upon irradiation, the product formation 

continued and afforded similar yields compared to constant 

irradiation in the same time interval. The experiment emphasizes 

the necessity of light for reaction conversion and at the same 

time excludes a radical chain mechanism of long chains. 

A more profound mechanistic understanding was obtained 

by the determination of the quantum yield under oxygen-free 

conditions using the spectroscopic apparatus developed by 

König and Riedle.[23] When selecting the experimental setup, we 

were guided by the literature.[ 24 , 25 ] We observed a time-

dependency of the quantum yield with a maximum of Φ = 0.56 

after 1 hour of irradiation, followed by an exponential decrease 

and stabilization at Φ = 0.31 for long term exposure of 5-13 h 

(Figure 1e). The initial increase is presumably the result of an 

induction phase, in which the EDA complex is formed. At no time 

was the limit of Φ = 1 exceeded, which indicates either a low 

efficiency of the initiation of a radical-chain reaction or the 

complete absence of a radical-chain reaction.[26,27]    

With regard to the slow visible band formation and the high 

oxidation potential of pyridine-based structures Eox(Pyr•+/Pyr) = 

2.2 V vs. SCE),28 we excluded a direct EDA complex from 1 and 

2a. In contrast, the EDA complex 3 of the redox-active N-

bromolutidinium cation and the alkyl anion is in agreement with 

the presented results and electrochemical considerations. The 

generation of 3 is initiated by the nucleophilic attack of 1 on the 

bromine atom with concomitant heterolytic cleavage of 2a. Upon 

the photochemical excitation of the complex 3 an electron 

transfer is triggered resulting in a radical pair comprised of the 

N-bromolutidyl radical and the resonance-stabilized alkyl radical. 

In the next step, the reduced lutidyl scaffold undergoes a N-Br 

bond fragmentation to liberate the lutidinium radical cation and 

bromide anion. Subsequently, the carbon centered radical is 

intercepted by the nucleophile forming the radical species 4. The 

reaction sequence is completed by oxidative rearomatization, 

which most likely involves the previously generated 2,6-

lutidinium radical cation, as there is no evidence for 

debromination, or termination products associated with a radical-

chain reaction. This assumption is also consistent with the 

observation, that for higher concentrated reaction solutions we 

were able to isolate and identify the precipitated lutidinium 

bromide. The postulated mechanism is illustrated in Scheme 3a. 
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Scheme 3: a) Proposed mechanism of the photoreaction of 2,6-lutidine (1) with the electron-deficient alkyl bromide (2). The heterolytic cleavage of the C-Br 
bond of 2 by the nucleophilic attack of 1 results in the formation of the EDA complex 3. Upon irradiation a single electron transfer (SET) is induced leading to a 
radical pair. Concomitant with the fragmentation of the N-bromolutidyl radical, the carbon centered radical is intercepted by the nucleophile to produce 4. 
Oxidative rearomatization by the lutidinium radical cation affords the alkylated product. Less operative reaction pathways are shown in grey. b) Comparative 
UV-Vis spectra of 0.84 mM solution of 5 (orange) and an equimolar mixture of solution of 1 and 2a after 5 h (blue) c) Crystal structure of 5. 
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We have demonstrated the feasibility of the nucleophilic attack 

of 2,6-lutidine towards the bromine atom within the bromonium-

2,6-lutidine association by isolating the crystal structure of the 

intensively colored, bis-coordinate complex 5 from 1 and 

elemental bromine (Scheme 3c). This light-sensitive complex 

has been previously described in the literature as a photoinitiator 

or mild brominating reagent. 29  Interestingly, we observed an 

almost identical absorption band with λmax = 400 nm compared 

to the one obtained from the equimolar mixture of 1 and 2a 

(Scheme 3b). However, the involvement of this bis-coordinate 

complex in the reaction process can be excluded for several 

reasons. Firstly, in solutions of alkyl bromides 2 in chloroform no 

coloration was visible even after 24 hours (Supporting 

Information, Figure S4), which indicates the absence of the 

elemental bromine as an impurity or decomposition product. 

Secondly, when catalytic amounts of the complex 5 (0.2 eq.) 

were added to the reaction, a mixture of the product (12 %) and 

the 2-bromopyrrole was observed. Under standard reaction 

conditions no brominated compounds were detected. 

Additionally, absorption spectra of 2,6-lutidine mixtures with 2a 

and 2b differ in the position of the absorption maxima, thus 

indicating the formation of two unequal EDA complexes.  

The reactivity of N-substituted pyridinium salts for reductive 

fragmentation, as postulated in the mechanism, was studied in 

detail elsewhere and was outlined recently in a review.30 

Next, we conducted a series of optimization and control 

experiments to prove the necessity of individual reaction 

components. As already pointed out, in the dark no product 

Scheme 4: Reaction Scope of the optimized photoreactions. Depicted yields indicate isolated and purified products. The newly formed C-C bond is illustrated in 
bold. a) Photoreaction of bromoacetonitrile. b) Photoreaction of bromomalonate. [a] Racemic product. [b] Regio isomer probability is indicated in percent next to 
the position and the overall isolated yield is given below. 
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formation was observed. The conversion was strongly 

dependent on the intensity of the LED lamp and the high 

concentration of 2 M of 2a in the reaction with N-methylpyrrole. 
Noteworthy, we have experimentally verified the correlation 

between the power [W] and the light intensity [counts] for the 

LED lamps used (Supporting Information, Figure S1). After 24 h 

of light exposure, a high yield of 88% was obtained under inert 

conditions. However, higher yields were detected after 48 h of 

irradiation. The use of less equivalents of N-methylpyrrole 

(2-4 eq.) resulted in lower yields down to 70% after 24 h, 

whereas no reaction was observed for 1 equivalent (Supporting 

Information, p. 18). These results illustrate the necessity of at 

least a fivefold excess of the nucleophile for a sufficient reaction 

rate when intercepting the electron-poor radical. Heating the 

solution to 30 °C, caused by permanent irradiation over 24 h, 

was essential for conversion. In the presence of oxygen, a 

similar yield was achieved in a highly selective reaction after an 

induction phase of several hours. However, we consistently 

observed the precipitation of a dark solid under air atmosphere, 

which is most likely due to the oxidation of pyrrole to polypyrrole. 

Their potential as in situ formed photosensitizers, which has only 

recently been demonstrated, might explain the successful 

conversion under aerobic conditions.[31]  

To further support the mechanism of the proposed EDA 

complex activation and in an effort to broaden the synthetic 

applicability, we studied a variety of compounds as potential 

radical traps. Therefore, we extended our optimized reaction 

conditions to further unsaturated nucleophiles (Scheme 4a)  

according to the Mayr scale.[21] Trimethylsilyl ethers were also 

compatible to the coupling conditions and provided α-substituted 

ketones 6b and 6c in yields of up to 44%. Unprotected pyrrole 

gave the coupled product 6d in a good yield of 84%. Successful 

conversion was further achieved with electron-rich 

heteroaromatics such as 2-methylfuran (40% yield of 6e), and 

indole derivatives with overall yields between 12% and 46% (6f-

j) for a mixture of constitutional isomers. The evaluation of the 

regioselectivity for indole derivatives showed a preferential 

addition to the 2- and 4-ring positions in almost equal distribution 

of 40-48%, respectively. We succeeded in obtaining a crystal 

structure of one of the two purified principle products of 7, which 

confirms the structural assignment for the substitution in 4-

position. In contrast, only the 2-position with 53% was favored 

for indole. The isomer distribution of the products demonstrates 

that the mechanism deviates from the conventional SE attack of 

the 3-position and confirms the involvement of radicals.[ 32 ] 

Notably, indole halides were tolerated in the photoreaction and 

the unreacted substrate could be recovered. Highly reactive 

diazo compounds and substrates without a vicinal double bond 

in respect to the heteroatom such as tert-butyl isocyanide were 

incompatible in this reaction. The reactivity limit for 2a was 

reached with 3-methoxythiophene at a nucleophilicity value of 

N = 3.06.[ 33 ] The product scope is in agreement with the 

proposed mechanism, as product formation is interlinked with 

the electronic nature of radical traps.  

Similar spectroscopic results were obtained with the second 

bromine-bearing radical precursor, diethyl bromomalonate (2b), 

which is commonly used in photochemical transformations. 

When 2b was added to 2,6-lutidine, a new absorption band with 

λmax = 416 nm appeared (Supporting Information, Figure S7). 

The characteristics of the absorption band were analogous to 

the substrate 2a, providing a strong evidence for the 

involvement of a further EDA complex, i.e. an associate between 

the electronically counter-polarized molecules. We determined 

an association constant of K = 0.35 M-1 in chloroform (Supporting 

Information, Figure S12). Due to the low conversion rates in the 

spectroscopic setup of König and Riedle,23 a long-term 

measurement of the quantum yield turned out to be error-prone. 

We monitored the formation of colored, unidentifiable 

photodegradation products during long exposure times.  

We then successfully incorporated the association of 2b and 

1 into the photo-functionalization. For the reactions with 2b high 

optical intensities and substrate concentrations were necessary. 

For the coupling to liquid nucleophiles, the absence of a solvent 

was decisive. In the case of indole as solid substrate, chloroform 

was added until complete dissolution. The highest conversion 

was achieved with a highly intense 11 W 365 nm LED lamp, 

while the 3 W 405 nm LED was not productive. One explanation 

for the lack of conversion during irradiation of the visible band 

could be an efficient back electron transfer (BET) leading to the 

regeneration of the EDA ground state. In contrast, the irradiation 

wavelength of 365 nm is in the region of the absorption band tail 

of the EDA complex comprised of pyrrole (Prr) and 2b 

(Supporting Information, Figure S5). We assume, that 

photochemical excitation of this EDA complex induces a SET 

from the electron-rich donor (Eox(Prr•+/Prr) = 1.20 V vs. SCE in 

MeCN) 34  to the alkyl bromide acceptor 

(Ered(2b/2b•−) = -0.62 V vs. SCE in MeCN) 35  with concomitant 

fragmentation of the C-Br bond. The suggested alternative 

activation pathway involving electron-rich nucleophiles 

represents a plausible scenario for the generation of malonyl 

radicals under 365 nm irradiation (Scheme 4b). High yields were 

obtained for N-methyl pyrrole (87% of 8a) and both investigated 

cyclic trimethylsilyl ethers (75% of 8b, 75% of 8c). For pyrrole 

and 2-methylfuran, diminished yields of 8d (51%) and 8e (20%) 

compared to the cyanomethylated products 6d (84%) and 6e 

(40%) were observed. Furthermore, we were able to alkylate 

tert-butyl isocyanide in 57% yield, forming vinyl imine 8j. Indole 

and the 5-substituted indole derivative showed a regioselectivity 

for the 2-position due to steric hinderance of the bulky malonyl 

residue, resulting in yields of 42-73% (8f-h) obtained as single 

isomers. In the case of the least nucleophilic substrate, the 

3-methoxythiophene, a yield of 26% (8k) was achieved. The 

difference in product range between the two radical precursors 

demonstrates the importance of the electronic match of the 

reactants in this photoinitiated transformation. For highly 

electron-deficient substrate radicals, less reactive nucleophiles 

are accessible. In the case of the nucleophilic diazo substrates, 

a nitrogen loss and the formation of diethyl malonate by 

debromination was observed.  

 

In summary, we demonstrated a straightforward approach to C-

C cross-coupling of electron-rich unsaturated heterocompounds 

with electron-deficient alkyl bromides under 405 nm or 365 nm 

irradiation in the presence of 2,6-lutidine. Notably, the here 

presented methodology does not require an additional 

photosensitizer. Another advantage is the simple removal of 

2,6-lutidine from the reaction mixture, which facilitates the 

product purification. We have presented detailed mechanistic 

studies and spectroscopic evidence, which strongly suggest the 

formation of an EDA complex from the in situ formed N-bromo-

2,6-alkylated pyridine cations and the anion of electron-poor 

alkyl bromides. Irradiation near the absorption maximum of the 
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bathochromically shifted band triggered the photoreaction, which 

resulted in synthetically valuable C-H functionalizations. 

Alkylated products were isolated in good to high yields for 

substrates such as trimethylsilyl ethers and derivatives of pyrrole, 

furan, thiophene and indole, and further expansion of the 

methodology to more complex products are underway.  
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No need for a complex photosensitizer: We introduce a novel methodology for selective photoinduced alkylations of electron-rich 

heterocompounds with electron-deficient allyl bromides in the presence of 2,6-lutidine at 365 nm or 405 nm.  Comprehensive 

mechanistic investigations reveal the formation of a coloured intermediate from 2,6-lutidine and alkyl bromide being involved in the 

photoactivation. The disclosed approach enables photo-assisted C-H functionalization to be carried out from commercially available 

reagents with ease. 
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