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Blue Light Induced Carbene Transfer Reactions of Diazoalkanes  
Renè Hommelsheim,[a] Yujing Guo,[a] Zhen Yang,[a] Claire Empel,[a] and Rene M. Koenigs*[a] 

Abstract: Carbenes are very important reactive intermediates to 
access a variety of complex molecules and possess widespread 
application in organic synthesis or drug discovery. Typically, their 
chemistry is accessed by the use of transition metal catalysts. 
Herein, we describe the application of low energy blue light for the 
photochemical generation of carbenes from donor-acceptor 
diazoalkanes. This catalyst-free and operationally simple approach 
enables highly efficient cyclopropenation reactions with alkynes and 
rearrangement of sulfides under mild reaction conditions, which can 
be utilized under both batch and continuous-flow conditions. 

Carbene transfer reactions are an important synthetic tool for 
highly efficient cycloaddition and rearrangement reactions or 
C—H and X—H insertion reactions.[1-3] Typically, these reactions 
are conducted in the presence of transition metal catalysts that 
are required to access a metal carbene intermediate from 
appropriate precursors.[1,2] For this purpose, diazoalkanes are 
ideally suited and, upon liberation of nitrogen, can be applied in 
a variety of carbene transfer reactions. Modern synthetic organic 
chemistry mostly relies on the utility of scarce precious metal 
catalysts, such as rhodium, iridium or gold with remarkable 
efficiency;[1] and more recently, earth-abundant non-precious 
metal catalysts have emerged as a sustainable alternative.[2,4] In 
classic organic synthesis, UV light is a common source to 
liberate carbenes from diazoalkanes,[3] yet applications are 
limited due to side-reactions caused by the high-energy UV light. 
Despite the fact, that most diazoalkanes are intensely colored 
and absorb visible light, carbene transfer reactions relying on the 
irradiation with visible light are vastly underexplored. Only 
recently, Davies et al. and Zhou, He and co-workers reported on 
first applications of carbene transfer reactions mediated by low 
energy visible light.[5,6] Moreover, as light-mediated carbene 
transfer reactions are conducted in the absence of any transition 
metal catalyst, these processes should allow further insight into 
the transition state of, e.g. the Doyle-Kirmse reaction, and thus 
provide a better understanding of the reaction mechanism.[7] 
Against the background of the development of environmentally 
benign transformations and high costs of precious metal 
catalysts, we became interested in catalyst-free, visible light 
mediated carbene transfer reactions of diazoalkanes (Scheme 
1). A particularly interesting reaction is the cyclopropenation 
reaction of alkynes,[8-15] for which a variety of expensive, 
precious metal catalysts, based on Rh(II),[9] Au(III),[10] Ir(I)[11] or 
Ag(I)[12] are reported. Valdés et al. reported on a metal-free 
cyclopropenation reaction using tosylhydrazones, which provide 
upon heating trifluoromethyl containing cyclopropenes in low to 
moderate yield and limitations in substrate scope.[14]  

 

Scheme 1. Blue light promoted carbene transfer reactions of diazoalkanes. 

We hypothesized that diazoalkanes, upon irradiation with low-
energy visible light, can open up a pathway towards carbenes 
that, in the presence of an alkyne, should undergo a catalyst-
free cyclopropenation reaction. We commenced our 
investigations by studying the reaction of phenylacetylene (1) 
with diazoester 2 as a model reaction. Further investigations 
revealed that 10 eq. of phenylacetylene[16] and the addition of 
the diazoester (2) by syringe pump to a solution of the alkyne (1) 
proved optimal (Table 1, entry 5). Under these conditions, the 
cyclopropene (3) could be isolated in excellent yield (97%). 
Notably, a broad range of solvents proved compatible and 
cyclopropene 3 was obtained in moderate yields. Only THF and 
1,4-dioxane were incompatible, which might be attributed to 
ylide formation.[17] To demonstrate that light is indeed needed, 
we carried out the reaction in the dark, yet no reaction was 
observed even after 24 hours. In contrast to many metal 
catalyzed cyclopropenation reactions, these visible light 
mediated reactions are operationally simple and can be carried 
out without exclusion of moisture and oxygen in standard p.A. 
grade solvents. 

 
Table 1. Optimization of the cyclopropenation reaction.  

 

#[a] Solvent Concentration Ratio (1:2) Yield (3) 

1 DCM 0.2 M 4 : 1 57% 

2 DCM 0.2 M 1 : 2 12% 

3 DCM 0.2 M 10 : 1 67% 

4 DCM 0.1 M 10 : 1 77% 

5[b] DCM 0.1 M 10 : 1 97% 

6[c] DCM 0.1 M 10 : 1 no reaction 

[a]Reaction conditions: 0.25 mmol 2 and 1 were dissolved in 1.25 mL DCM. The 
mixture was irradiated with blue LEDs (470 nm) for 16 h. Yields refer to isolated 
products. [b]2.0 mL reaction solution. Then addition of 0.5 mL solution of 1 in 
DCM over 5 h. [c]Reaction in the dark. 
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With the best conditions in hand, we initially investigated the 
robustness of this method in cyclopropenation reactions of 
terminal alkynes. Arylacetylenes readily reacted under catalyst-
free conditions and irradiation with blue LEDs to the desired 
cyclopropene in excellent yield, disregarding of the substitution 
pattern (3-17). Different halogens, electron-withdrawing and 
donating groups, such as a trifluoromethyl or a methoxy group, 
proved compatible with the reaction conditions and the 
corresponding cyclopropenes were isolated in high yield. 
Heterocyclic substrates such thiophene acetylene (34) reacted 
to a mixture of compounds and pyridyl-acetylenes (35,36) did 
not provide the cyclopropene, which might be attributed to an 

ylide formation of the electrophilic carbene with the nucleophilic 
sulfur or nitrogen atom, resulting in significant formation of 
undesired by-products.[18] With regards to the reactivity of 
disubstituted alkynes, a variety of disubstituted alkynes reacted 
in high yield to the desired cyclopropene. Alkyl-aryl substituted 
alkynes provided the target cyclopropene in very good yield (19, 
20). 1,2-Diaryl alkynes reacted with high yield to the tetra-
substituted cyclopropene (21, 22). Notably, even TMS-protected 
alkynes reacted smoothly under the present reaction conditions 
to the desired cyclopropene (17, 18). Similarly, different donor-
acceptor diazoalkanes smoothly reacted to the desired 
cyclopropene (23-33).  

 

Scheme 2. Scope of the photochemical carbene transfer reactions. Reaction conditions: substrate (10.0 eq. for cyclopropenation, 5.0 eq. for Doyle-Kirmse 
rearrangements) was dissolved in 2 mL DCM and a solution of diazoalkane (0.25 mmol, 1.0 eq.) in 0.5 mL DCM was added over a period of 5 h. The reaction 
mixture was irradiated with blue LEDs (470 nm) for a total of 16 h. Yields refer to isolated products. 
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To further demonstrate the applicability of the blue light induced 
carbene transfer reactions, we next probed this protocol in 
sigmatropic rearrangement reactions that are a powerful tool to 
construct densely functionalized small molecules.[1f,19] In 
particular, the reaction of sulfides with carbenes provides an 
access to sulfur ylides that readily, depending on the substitution 
pattern, undergo [1,2]- or [2,3]-sigmatropic rearrangement. 
Allylic sulfides smoothly reacted under the photochemical 
reaction conditions in a Doyle-Kirmse reaction to provide the 
homoallylic sulfides in very high isolated yield (37-45), including 
aliphatic and heteroaromatic thioethers.  
Although the Doyle-Kirmse reaction was initially described 50 
years ago,[19b,c] the exact reaction pathway still remains an 
unresolved question. In particular, it is still unclear, if Doyle-
Kirmse rearrangements occur via a free or a metal-bound ylide 
intermediate.[7] Current data from transition metal catalyzed 
Doyle-Kirmse rearrangements point at a free ylide mechanism, 
though the role of a metal-bound ylide cannot be finally ruled out 
(Scheme 3).[7a] As our photochemical access to carbene transfer 
reactions is essentially metal-free, we decided to study a 
substituted allylic sulfide (46) under our reaction conditions. We 
could obtain the desired rearrangement product 48 in good yield 
with a diastereomeric ratio of 60:40, which compares favorably 
with data from transition metal catalysis (Scheme 3),[7a,20] and 
thus provides further evidence of a free ylide (47) mechanism in 
rearrangement reactions of sulfur ylides. 

 

Scheme 3. Sigmatropic rearrangement under metal-free vs. metal-catalyzed 
conditions. With metals both ylides are potential intermediates. Under metal-
free conditions, only a free ylide intermediate is possible. 

Encouraged by the previous results and building on our 
experience on continuous processes with diazoalkanes,[21] we 
became intrigued in studying the blue light induced carbene 
formation under continuous-flow conditions.[22] Flow chemistry is 
ideally suited to conduct photochemical transformations, as 
small channel diameters and high reaction surface facilitate the 
influx of photons into the reaction solution. Consequently, we 
investigated a flow setup and focused on process intensification 
of this approach. While in a conventional batch reaction 16 
hours of reaction time were required, the same light source 
could be used with a glass microreactor (little things factory: 
LTF-VS, volume 1.0 mL) and quantitative conversion of the 
diazoalkane was observed within a reaction time of 5 hours,  

 

Scheme 4. Visible light mediated cyclopropenation reactions in continuous-
flow, tR = residence time in the microreactor (LTF-VS module). 

which is in the same range in terms of productivity (4 vs. 5 mg 
product/h). To further intensify the flow process, we used two 
glass microreactors and a total of eight LEDs (24 W, 240 lm).[17] 
This modified setup proved highly efficient and the reaction time 
could be further reduced to 30 min, which now allows a 
productivity of up to 144 mg of cyclopropene 3 per hour, which is 
36 times higher when comparing to the batch data.[17] This result 
highlights the potential of continuous processes for reaction 
intensification as it opens up reaction parameters that are 
inaccessible in conventional batch chemistry. 
Platz et al. studied the intramolecular UV light mediated 
cyclopropenation from a mechanistic perspective by UV/VIS and 
IR spectroscopy, revealing a free singlet carbene to undergo 
cyclopropenation reaction. The authors observed that a triplet 
carbene forms only in minor quantities.[15] With regards to the 
mechanism of the blue light induced carbene transfer reactions, 
we hypothesize that upon photolysis of the diazoalkane an 
electrophilic singlet carbene[23] is generated that can react with 
nucleophiles in downstream transformations, such as 
cyclopropenation or rearrangement reactions. Intersystem 
crossing of the singlet carbene 149 provides a triplet carbene 349, 
which is an unproductive pathway and is significantly slowed 
down, which might be a result of conformational changes of the 
carbon framework upon intersystem crossing.[24]  

 

Scheme 5. Postulated mechanism of the blue light induced carbene transfer 
reaction. 

In summary, we herein describe a photochemical process that 
involves the photolysis of donor-acceptor diazoalkanes to enable 
metal-free carbene transfer reactions. Notably, this operationally 
simple protocol allows highly efficient cyclopropenation reactions 
with a broad range of alkynes without the need to exclude 
moisture and air. It furthermore opens up a catalyst-free 
approach to Doyle-Kirmse reactions and our investigations 
suggest a free ylide intermediate being involved in this 
sigmatropic rearrangement reaction. We evaluated this protocol 
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in a continuous-flow setup that allows a 36-fold increase in 
productivity over conventional batch cyclopropenation and 
rearrangement reactions. The photochemical carbene transfer 
reaction thus opens up alternative pathways to small molecules 
with applications ranging in organic synthesis, drug discovery to 
agrochemistry. 

Acknowledgements 

RMK gratefully acknowledges the Dean’s Seed Fund of RWTH 
Aachen University. Funded by the Deutsche 
Forschungsgemeinschaft (DFG, German Research Foundation) 
– project no. 408033718. YG thanks the Chinese Scholarship 
Council (CSC No. 201807040083) for generous support. 

Keywords: diazoalkane • photochemistry • cyclopropenation • 
rearrangement • continuous-flow 

[1] a) H. M. L. Davies, J. R. Manning, Nature 2018, 451, 417-424; b) A. 
Ford, H. Miel, A. Ring, C. N. Slattery, A. R. Maguire, M. A. McKervey, 
Chem. Rev. 2015, 115, 9981-10080; c) M. P. Doyle, R. Duffy, M. 
Ratnikov, Z. Zhou, Chem. Rev. 2010, 110, 704-724; d) L. Mertens, R. 
M. Koenigs, Org. Biomol. Chem. 2016, 14, 10547-10556; e) Y. Xia, D. 
Qiu, J. Wang, Chem. Rev. 2017, 117, 13810-13889; f) Z. Sheng, Z. 
Zhang, C. Chu, Y. Zhang, J. Wang, Tetrahedron, 2017, 73, 4011-4022. 

[2] a) H.-J. Knölker, I. Bauer, Chem. Rev. 2015, 115, 3170-3387; b) S.-F. 
Zhu, Q.-L. Zhou, Natl. Sci. Rev. 2014, 1, 580-603; c) R. Shang, L. Ilies, 
E. Nakamura, Chem. Rev. 2017, 117, 9086-9139; d) O. F. Brandenberg, 
R. Fasan, F. H. Arnold, Curr. Opin. Biotechnol. 2017, 47, 102-111. 

[3] selected references: a) N. R. Candeias, C. A. M. Afonso, Curr. Org. 
Chem. 2009, 13, 763-787; b) O. S. Galkina, L. L. Rodina, Russ. Chem. 
Rev. 2016, 85, 537-555; c) J. Brunner, H. Senn, F. M. Richards, J. Biol. 
Chem. 1980, 255, 3313-3318; d) Y. Liang, L. Jiao, S. Zhang, J. Xu, J. 
Org. Chem. 2005, 70, 334-337; e) J. Wang, G. Burdzinski, J. Kubicki, M. 
S. Platz, J. Am. Chem. Soc. 2008, 130, 11195-11209; f) K. Nakatani, S. 
Maekawa, K. Tanabe, I. Saito, J. Am. Chem. Soc. 1995, 117, 10635-
10644. 

[4] a) B. Morandi, E. M. Carreira, Angew. Chem. Int. Ed. 2010, 49, 938-
941; Angew. Chem. 2010, 122, 950-953; b) M. S. Holzwarth, I. Alt, B. 
Plietker, Angew. Chem. Int. Ed. 2012, 51, 5351-5354; Angew. Chem. 
2012, 124, 5447-5450; c) J. Day, B. McKeever-Abbas, J. Dowden, 
Angew. Chem. Int. Ed. 2016, 55, 5809-5813; Angew. Chem. 2016, 128, 
5903-5907; d) J. R. Griffin, C. I. Wendell, J. A. Garwin, M. C. White, J. 
Am. Chem. Soc. 2017, 139, 13624-13627; e) D. M. Carminati, D. Intrieri, 
A. Caselli, S. Le Gac, B. Boitrel, L. Toma, L. Legnani, E. Gallo, Chem. 
Eur. J. 2016, 22, 13599-13612. 

[5] a) Z. Wang, A. G. Herraiz, A. M. del Hoyo, M. G. Suero, Nature 2018, 
554, 86-91; b) Y. S. Mimieux Vaske, M. E. Mahoney, J. P. Konopelski, 
D. L. Rogow, W. J. McDonald, J. Am. Chem. Soc. 2010, 132, 11379-
11385. 

[6] a) I. Jurberg, H. M. L. Davies, Chem. Sci. 2018, 9, 5112-5118; b) T. 
Xiao, M. Mei, Y. He, L. Zhou, Chem. Commun. 2018, 54, 8865-8868. 

[7] a) Z. Zhang, Z. Sheng, W. Yu, G. Wu, R. Zhang, W.-D. Chu, Y. Zhang, 
J. Wang, Nature Chem. 2017, 9, 970-976; b) K. J. Hock, R. M. Koenigs, 
Angew. Chem. Int. Ed. 2017, 56, 13566-13568; Angew. Chem. 2017, 
129, 13752-13754. 

[8] a) M. Rubin, M. Rubina, V. Gevorgyan, Synthesis 2006, 1221; b) I. 
Marek, S. Simaan, A. Masarwa, Angew. Chem. Int. Ed. 2007, 46, 7364-
7376.  

 [9] a) T. Goto, K. Takeda, N. Shimada, H. Nambu, M. Anada, M. Shiro, K. 
And, S. Hashimoto, Angew. Chem. Int. Ed. 2011, 50, 6803-6808; 
Angew. Chem. 2011, 123, 6935-6940; b) Y. Lou, M. Horikawa, R. A. 
Kloster, N. A. Hawryluk, E. J. Corey, J. Am. Chem. Soc. 2004, 126, 
8916-8918; c) H. M. L. Davies, G. H. Lee, Org. Lett. 2004, 6, 1233-
1236; d) M. K. Palleria, J. M. Fox, Org. Lett. 2007, 9, 5625-5628; d) B. 
Morandi, E. M. Carreira, Angew. Chem. Int. Ed. 2010, 49, 4294-4296; 
Angew. Chem. 2010, 122, 4390-4392; e) M. P. Doyle, M. Protopopova, 
P. Müller, D. Ene, E. A. Shapiro, J. Am. Chem. Soc. 1994, 116, 8492-
8498; f) M. P. Doyle, D. G. Ene, C. S. Peterson, V. Lynch, Angew. 
Chem. Int. Ed. 1999, 38, 700-702; g) S. Chuprakov, V. Gevorgyan, Org. 
Lett. 2007, 9, 4463-4467. 

[10] J. F. Briones, H. M. L. Davies, J. Am. Chem. Soc. 2012, 134, 11916-
11919. 

[11] M. Uehara, H. Suematsu, Y. Yasutomi, T. Katsuki, J. Am. Chem. Soc. 
2011, 133, 170-171. 

[12] a) J. F. Briones, H. M. L. Davies, Org. Lett. 2011, 13, 3984-3987; b) Z. 
Liu, Q. Li, P. Liao, X. Be, Chem. Eur. J. 2017, 23, 4756-4760. 

[13] a) L. Maestre, E. Ozkal, C. Ayats, A. Beltran, M. M. Diaz-Requejo, P. J. 
Perez, M. A. Pericas, Chem. Sci. 2015, 6, 1510-1515. b) X. Cui, X. Xu, 
H. Lu, S. Zhu, L. Wojtas, P. X. Zhang, J. Am. Chem. Soc. 2011, 133, 
3304-3307. 

[14] R. Barroso, A. Jimenez, M. C. Perez-Aguilar, M.-P. Cabal, C. Valdes, 
Chem. Commun. 2016, 52, 3677-3680. 

[15] Y. Zhang, J. Kubicki, M. S. Platz, J. Am. Chem. Soc. 2009, 131, 13602-
13603. 

[16] In most metal catalyzed cyclopropenation reactions, 10 eq. of alkyne 
are used as substrate. 

[17] for details, please see supporting information. 
[18] M. B. Jones, J. E. Jackson, N. Soundararajan, M. S. Platz, J. Am. 

Chem. Soc. 1988, 110, 5597. 
[19] J. D. Neuhaus, R. Oost, J. Merad, N. Maulide, Top. Curr. Chem. 2018, 

376, 15; b) W. Kirmse, M. Kapps, Chem. Ber. 1968, 101, 994-1003; c) 
M. P. Doyle, W. H. Tamblyn, V. J. Bagheri, J. Org. Chem. 1981, 46, 
5094-5102. 

[20] X. Zhang, Z. Qu, Z. Ma, W. Shi, X. Jin, J. Wang, J. Org. Chem. 2002, 
67, 5621-5625. 

[21] a) L. Mertens, K. J. Hock, R. M. Koenigs, Chem. Eur. J. 2016, 22, 
9542-9545; b) K. J. Hock, L. Mertens, F. K. Metze, C. Schmittmann, R. 
M. Koenigs, Green Chem. 2017, 19, 905-909; c) C. Empel, K. J. Hock, 
R. M. Koenigs, Org. Biomol. Chem. 2018, 16, 7129-7133. 

[22] a) S. T. R. Mueller, T. Wirth, ChemSusChem 2015, 8, 245-250; b) B. J. 
Deadman, S. G. Collins, A. R. Maguire, Chem. Eur. J. 2015, 21, 2298-
2308; c) M. Movsisyan, E. I. P. Delbeke, J. K. E. T. Berton, C. 
Battilocchio, S. V. Ley, C. V. Stevens, Chem. Soc. Rev. 2016, 45, 
4892-4928; d) K. J. Hock, R. M. Koenigs, Chem. Eur. J. 2018, 24, 
10571-10583. 

[23] A reversible formation of a donor-acceptor complex of the singlet 
carbene with solvent molecules might participate in the reaction and 
stabilize the electrophilic singlet carbene and thus might play a role in 
increasing the lifetime of the carbene. For references, please see N. J. 
Turro, Y. Cha, I. R. Gould, J. Am . Chem. Soc. 1987, 109, 2101-2107. 

[24] for the discussion of the interconversion of singlet and triplet carbenes: 
a) Z. Zhu, T. Bally, L. L. Stracener, R. J. McMahon, J. Am. Chem. Soc. 
1999, 121, 2863-2874. 

 

 

10.1002/anie.201811991

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



COMMUNICATION          

 
 
 
 

 
Entry for the Table of Contents (Please choose one layout) 
 
 

COMMUNICATION 

The photolysis of donor-acceptor diazoalkanes with low energy blue light provides 
an operationally simple access to carbene transfer reactions. Without the need of 
exclusion of moisture or air, cyclopropenation and rearrangement reactions of sulfur 
ylides can be performed with high efficiency using both batch and flow chemistry 
protocols.  

 R. Hommelsheim, Y. Guo, Z. Yang, C. 
Empel, and R. M. Koenigs* 

Page No. – Page No. 

Blue Light Induced Carbene Transfer 
Reactions of Diazoalkanes 
 

 

 
 

 

10.1002/anie.201811991

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.


