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Abstract: We report on a continuous flow synthetic process of 

non-symmetrical ureas, based on the implementation of a 

Staudinger/aza-Wittig reaction sequence. This flow technology 

allows obtaining the key urea functional group directly from the 

fundamental C1 building block CO2. A library of 24 derivatives, 

including alkyl/alkyl, alkyl/aryl and aryl/aryl ureas could be 

synthesised. In addition, the methods was also suitable for the 

synthesis of S-thiocarbamates. The potential for large-scale 

reaction implementation and a first application to continuous flow 
13C-isotope labeling are shown. 

Introduction 

Carbon dioxide (CO2) is an advantageous C1 building block with 

a low toxicity profile, widely used by the chemical industry to 

produce important building blocks such as urea, methanol, 

salicylic acid, formaldehyde, formic acid, cyclic carbonates and di-

methyl carbonate for instance.1 While the electrophilicity of CO2 

was recently shown to be comparable to benzaldehyde,2 the lack 

of thermodynamic driving force remains a challenge for its 

synthetic functionalization. Nonetheless, interest in 

transformations involving CO2 witnessed a remarkable progress 

and a large variety of novel reactions has been reported.3,4,5,6 

Furthermore, carbon isotopomers of CO2 are of crucial 

importance in the field of 11C, 13C and 14C labeling, as they 

represent the main primary sources of these isotopes.7,8 

Urea derivatives are a remarkable class of organic molecules and 

a functional group present in multiple compounds of interest and 

particularly in medicinal chemistry.9,10 According to a recent study 

by Ertl et al., urea represents the 14th most frequent functional 

group occurring in bioactive molecules described in medicinal 

chemistry literature.11 The presence of the carbonyl hydrogen 

bond acceptor and up to two hydrogen bond donors (for 

disubstituted derivatives) allows modulating the properties of this 

pharmacophore and improving the drug potency or receptor 

target interactions. As such, this moiety figures in a variety of 

biologically active compounds, such as anticancer,12 antibacterial 

agents 13 and HIV protease inhibitors for example.14 

Not surprisingly, plethora of synthetic methods exists to access 

this functional group.15 In our longstanding research program 

aiming to use CO2 as valuable building block in organic synthesis, 

we aimed to devise a sustainable technology that would allow 

accessing to substituted and non-symmetrical urea derivatives, 

under safe conditions, avoiding use of poisonous reagents (as 

phosgene and carbon monoxide), with potential for simple scale-

up implementation. In this context, the use of continuous flow 

chemistry was appealing, due to the practical and safer set-up for 

gas-liquid reactions on a laboratory scale. Indeed, continuous 

flow systems permit to improve the interfacial mixing, which plays 

a critical role in phase transfer.16 In addition, flow chemistry 

procedures can easily be automatized, thus helping reducing time 

consumption and offering high reproducibility and easier 

scalability. Besides, the use of a backpressure regulator (BPR) 

allows the control of the gas stoichiometry and the use of high-

pressure environment, thus increasing the solubility of gases into 

liquid phases.16 

In this report, we describe a continuous flow synthesis of non-

symmetrical ureas utilizing CO2 as key building block.17 This 

process, based on a Staudinger/aza-Wittig sequence, enabled to 

obtain a library of 24 derivatives containing both aliphatic and 

(hetero)aromatic substituents. The potential for scalability of the 

procedure was showcased and, by carefully controlling the gas-

flow, a rare and interesting application of flow chemistry to the 

isotopic labeling of the carbonyl moiety with carbon-13 was 

performed. 

Synthesis of urea derivatives in continuous flow chemistry have 

been reported and they rely essentially on the reactivity of 

isocyanates, either using commercially available sources or 

prepared in flow conditions. In 2008, Ley and co-workers 

proposed two strategies to synthesised isocyanates in-situ via a 

Curtius rearrangement at 120 °C, over 20 to 50 min. In the first 

strategy, an acyl chloride crossed a column packed with an azide 

ion-exchanged monolith to form acyl azide intermediates. After 

rearrangement, the formed isocyanate reacted with an amine to 

form the desired urea derivatives in 10 min at 100 °C, using a 

batch microwave system (Figure 1A).18 In a second procedure, 

they synthesised the acyl azide intermediate from a carboxylic 

acid and diphenylphosphoryl azide (DPPA). After the Curtius 

rearrangement, amines attack the isocyanate to form the desired 

ureas (Figure 1B).19 In 2017, Bana et al. investigated a 

microfluidic procedure starting from Boc-protected amines and 2-

chloropyridine to form, in presence of a dehydrating agent (Tf2O), 

the desired isocyanate in a first micro-reactor. Next, excess of 

amine (up to 9 equiv.) was added into the isocyanate stream to 

react in a second micro-reactor forming urea derivatives (Figure 

1C).20 On the other hand, an alternative strategy was reported by 

Rutjes to access libraries of urea derivatives based on the 
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piperidin-4-one scaffold, using a flow process with commercial 

isocyanates.21 In a similar fashion, the group of Ulven prepared a 

series of piperazine urea compounds directly from the available 

isocyanates.22 

While no example of continuous flow synthesis of ureas directly 

from CO2 has been reported, traditional batch methodologies 

using this C1 building block are well-established.23 Most of the 

published methods often require harsh reaction conditions (high 

temperatures and/or CO2 pressures) and are essentially limited to 

symmetrical ureas and display poor functional group tolerability.24, 

25 For example, the group of Stephan described in 2019 the 

synthesis of symmetric urea derivatives from CO2 and 

silylamines.26 While very effective, this procedure is applicable 

only to symmetrical ureas, is performed at 120-150 °C and 

needed excess of CO2 (2 to 5 atm). To access unsymmetrical, 

structurally more complex ureas, the use of iminophosphoranes 

has attracted attention due to their ability to undergo an aza-Wittig 

reaction in presence of CO2.27, 28 In 2013, the group of Cravotto29 

published a microwave-assisted Staudinger/aza-Wittig (SAW) 

reaction to prepare urea derivatives from azides, using supported 

diphenylphosphine under 14 bars of CO2 pressure at 50 °C. 

Recently, our group and others have shown that this strategy is 

suitable to the synthesis of carbon isotope labeled ureas. Under 

optimized conditions, the SAW reaction proceeds under 

exceptionally mild conditions (room temperature, 5 minutes) and 

using CO2 as limiting reagent.30 In 2022, this strategy was used 

by the group of Morandi to develop a selective molecular CO2 

sensing technology,31 and Ohata and co-workers have recently 

shown its potential for protein and DNA bioconjugation.32 

While the SAW reaction has shown to be a powerful tool to access 

urea derivatives from CO2, applications to isotope labeling are 

usually performed on limited scale. The use of a continuous flow 

system might offer a novel solution to synthesise larger amounts 

of product while taking advantage of the versatility of this 

transformation.33  

Figure 1. Continuous flow synthesis of non-symmetrical ureas via isocyanate formation. DBU, 1,8-Diazabicyclo[5.4.0]undec-7-ene ; CH3CN, Acetonitrile; MW, 

Microwave. 

Results and Discussion 

We started our investigations using conditions inspired by 

previous batch results obtained on the model reactants 1-azido-

2-benzylbenzene (1) and diisopropylamine (2).30b In presence of 

dimethylphenylphosphine (DMPP) in dry ACN (0.1 M), using CO2 

gas and liquid flow rates of 3 and 1 mL min-1, respectively 

(corresponding to 1.2 equivalents of CO2)34 and a residence time 

of 2 minutes at 25 °C, with a BPR stabilized at 3 bars, 70% yield 

of desired urea 3 was obtained (entry 1, Table 1). While satisfying, 

a number of secondary by-products were formed during the 

process, including aniline 4 coming from the Staudinger reduction, 

the corresponding symmetrical urea 5, as well as guanidines 6 

and 7, formed from the reaction of the transient 

iminophosphorane with the isocyanate generated in situ. In order 

to increase the yield and limit the formation of such by-products, 

we attempted to optimize further the reaction. Representative 

entries of the optimization are shown in Table 1 and in the 

supporting information. 

Beside the pressure, the increase of the temperature is known to 

affect the solubility of CO2 in organic solvents.35 When the 

temperature of the reaction was raised up to 100 °C, we observed 

a deleterious effect on the yield, and we noticed an increased 

formation of aniline 4 (entries 1-3, Table 1).  

Increasing of the gas flow rate (GFR) did not improve the yield 

(entries 5 and 6, Table 1), as CO2 was already present in slight 

excess (1.2 equivalent with 3 mL.min-1). When GFR is decreased 

to 1 mL.min-1 (i.e. to 0.4 equivalents of CO2, entry 4, Table 1), the 

yield dropped to 42%. Next, we observed that when the liquid flow 

rate (LFR) was increased, the yield decreased noticeably (entries 

7 and 8, Table 1). This relies to lack of CO2 equivalents in the 

reaction,34 as confirmed by the presence of unreacted 

iminophosphorane and reduced amine 4 in the crude mixture 

(entry 9, Table 1). Subsequently, we analysed the effect of 

pressure on the system. When P < 3 bars, a slug flow stream was 

observed at the out port, whereas when P > 3 bars, the flow 

seemed more annular (no visible bubbles) (Supp. Info, Table S1, 

entry 6). Decreasing the concentration of the sample (Supp. Info, 

Table S1, entries 2-3) and varying the pressure at the BPR (Supp. 
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Info, Table S1, entries 6, 8, 9) did not influence the yield of the 

reaction. Finally, a series of monodentate phosphines were 

screened (entries 10-12, Table 1). While a poor yield was 

observed in presence of triphenylphosphine (TPP), as the 

corresponding iminophosphorane requires a higher temperature 

to react efficiently with carbon dioxide,30a,36 we were pleased to 

see that methyldiphenylphosphine (MDPP) provided an improved 

yield of 80%. Here, MDPP (methyldiphenylphosphine) provided 

the best balance between the reactivity in the Staudinger 

reduction, the stability of the corresponding iminophosphorane 

and its nucleophilicity.37 

Table 1. Optimization for the synthesis of urea in continuous flow[a] 

 
Entry T (°C) 

GFR 
(mL/min) 

LFR 
(mL/min) 

Phosphine 
Yield 
(%)[b] 

1 25 3 1 DMPP 70 

2 50 3 1 DMPP 60 

3 100 3 1 DMPP 25 

4 25 1 1 DMPP 42  

5 25 5 1 DMPP 64 

6 25 7 1 DMPP 74 

7 25 3 0.1 DMPP 49 

8 25 3 2 DMPP 67 

9 25 3 4 DMPP 21 

10 25 3 1 TPP 10 

11 25 3 1 MDPP 80 

12 25 3 1 DPPP 50 

[a] Conditions : 0.1 mmol of 1 azido-2-benzylbenzene 1, 0.1 mmol of 

diisopropylamine 2, 0.1 mmol of phosphine, in 1mL of CH3CN (0.1 M), the 

pressure inside the device was 3 bars, the volume of the reactor is 2mL and the 

residence time was 2 min [b] NMR yield using dibromomethane as internal 

standard. GFR = Gas Flow Rate. LFR = Liquid Flow Rate. DMPP = 

dimethylphenylphosphine, TPP = triphenylphosphine, MDPP = 

methyldiphenylphosphine, DPPP = diphenylpropylphosphine 

Having established a convenient and reliable procedure for the 

synthesis of urea 3, we aimed to establish the scalability of the 

process. As shown in Figure 2A, the highest yields were obtained 

by scaling up the process from 1.0 mmol to 5.0 mmol until a 

plateau of 80% yield, which is in agreement with NMR yields 

measured A productivity of 6 mmol. h-1 could be reached showing 

the potential of this method for scaling-up synthesis.  

With this optimized set of conditions, we next explored the scope 

of the reaction and its limitations (Figure 2B, 2C and 2D). Using 

the 1-azido-2-benzylbenzene 1 as model azide, primary and 

benzylic amines (3, 8, 9), as well as secondary aliphatic amines, 

including cyclic amines, such as azetidine and morpholine, 

proved suitable and allowed to isolate the corresponding ureas 8-

12 in 62 to 73% yield. The use of hydrazines was tolerated and 

the desired semicarbazides 13 and 14 were obtained in 41% and 

53% yields, respectively. On the other hand, highly sterically 

hindered cyclic amines such as 2,2,6,6-tetramethylpiperidine (31) 

were unproductive.  

Next, various substitutions on the azide moiety were explored, 

both with aromatic and aliphatic derivatives. In agreement with our 

previous findings, the presence of electron-donating groups 

(EDG) on the aromatic azide favoured the formation of the product 

(16, 80% yield). In contrast, with 1-azido-4-bromobenzene the 

yield dropped significantly under standard conditions (15). 

Moreover, alkylazides allowed obtaining the corresponding ureas 

17-21 in 27% to 75% yield. Notably, 1-azidoadamantane in 

presence of s-butylamine allowed isolating product 19 in 59% 

yield. The presence of heterocyclic moieties such as coumarin 

and pyridine were well tolerated, as ureas 22 and 23 were isolated 

in 81% and 67% yield. Subsequently, we looked to anilines as 

nucleophilic partners. While indoline proved suitable under 

standard conditions and urea 24 was obtained in 56% yield, 

aryl/aryl ureas (25 and 26) gave only traces amounts of the 

desired products, at room temperature. According to the study 

reported by Babin et al.,30b excess of the nucleophile (2 equiv.) at 

80 °C and the use of N-methylimidazole were used in order to 

enhance the reactivity of anilines. Under such conditions, the flow 

reaction allowed isolating 25 and 26 in 34% and 54% yield, 

respectively. Besides amines, the process was suitable to the 

intramolecular reaction in presence of o-azidophenol, and 

compound 30 was isolated in 51% yield.36 On the other hand, 

alcohols and carboxylic acid containing amines were 

unsuccessful (34, 35 and 36). In contrast, we were pleased to see 

that thiols allowed isolation of the corresponding S-

thiocarbamates 27 and 28 in satisfying yields. By means of the 

current technology, biologically relevant compounds such as 

herbicide Diuron 29, Chlorzoxazone 30 (an FDA approved drug 

displaying muscle relaxant properties)38 and compound 31, a 

recently reported inhibitor of Acinetobacter baumannii,39 could be 

obtained in one single step from CO2. RTICBM-189 (32), a 

Cannabinoid Type-1 receptor (CB1) negative allosteric modulator 

(NAMs), was shown by Zhang and co-workers to attenuate 

reinstatement of cocaine-seeking behaviour.40 Using the current 

flow system, RTICBM-189 was obtained in 70% yield on a 0.3 

mmol scale. Pleasingly, when the reaction was scaled at on 4.6 

and 9.0 mmol the desired compound was obtained in 65% and 

74% yield corresponding to 0.92 and 2.06 grams of final product. 

Notably, the compound could be purified by simple filtration, as 

compound 30 precipitated directly in the crude reaction mixture.  

A straightforward access to 13C-labeled compounds is of 

paramount importance in medical science. Stable labeled 13C-

molecules are used as internal standards to conduct targeted 

metabolomics studies, where the qualification of various 

metabolites is pivotal.41 Moreover, Absorption, Distribution, 

Metabolism and Excretion (ADME) studies, as well as mass 

balance studies, can be performed using stable 13C-labeled 

products.42 
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Figure 2. Synthesis of various urea derivatives, molecules of interest and scale-up. Conditions: azide (1.0 equiv., 0.3 mmol), amine or thiol or alcohol derivatives (1 
equiv., 0.3 mmol), methyldiphenylphosphine (1 equiv., 0.3 mmol), dry CH3CN (0.1 M, 3mL). Reactions occur in a 2 mL standard coil reactor from Vapourtec®, 25 °C, 
gas (CO2) flow rate at 3 mL min-1, liquid flow rate at 1 mL min-1, 3 bars. a) Azide (1.0 equiv., 0.3 mmol), amine (2 equiv. 0.6 mmol), 1-methylimidazole (2 equiv., 0.6 
mmol), methyldiphenylphosphine (1 equiv., 0.3 mmol), dry CH3CN (0.1 M, 3mL). 

 
When using naturally abundant [12C]CO2, usually excess of the 

reagent is utilized, as costs of the gas are disregarded. In stark 

contrast, for the isotopically labeled counterpart the higher price 

of the starting material43 requires a careful reconsideration of the 

gas stoichiometry. Flow chemistry is an ideal tool as the 13C-

labeled gas bottle can be easily connected through a pressure 

regulator to a mass flow controller and therefore to the flow 

system. Under the optimized conditions, it was therefore possible 

to use the gas with a stoichiometric amount by setting a specific 

gas flow rate. We were pleased to isolate [13C]RTICBM-189 in 

58% yield on a 1.3 mmol scale using 1.2 equivalents of [13C]CO2  

Conclusion 

In conclusion, a continuous flow synthesis of non-symmetrical 

ureas was developed, based on the implementation of the well-
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known Staudinger/aza-Wittig reaction. Compared to the state of 

the art, this technology allows obtaining the key urea functional 

group directly from the fundamental C1 building block CO2. After 

optimization, this procedure allowed to synthesise a library of 24 

derivatives, including alkyl/alkyl, alkyl/aryl and aryl/aryl ureas. In 

addition, the method was also suitable to the synthesis of S-

thiocarbamates. Application to the synthesis of biologically active 

ureas was successfully implemented and RTICBM-189 (32) a 

Cannabinoid Type-1 receptor (CB1) negative allosteric modulator 

(NAMs) was obtained on a 9 mmol scale (2 grams) and isolated 

by simple precipitation. As the optimized protocol was carefully 

chosen to limit the equivalents of CO2 (1.2 equivalent of gas), a 

first application of continuous flow 13C-labeling was also shown. 

Experimental Section 

Into a vial, the azide (1.0 equiv.) is dissolved in dry CH3CN (0.1 M). Then, 

the amine (1.0 equiv.) and the methyldiphenylphospine (1.0 equiv.) were 

added to the solution. The mixture was then transferred inside Vapourtec 

injection loops. The liquid flow rate (dry CH3CN) and the gas flow rate 

(CO2) was set up at 1 mL.min-1 and 3 mL.min-1 respectively. A Mass Flow 

Controller (MFC) was used to obtain a regular gas flow rate. The liquid and 

the gas phases were mixed using à Y-mixer and went through a 2mL 

Vapourtec® coil at room temperature. A Back Pressure Regulator (BPR) 

set up at a fixed pressure of 3 bars ended the set-up (Figure S1, 

Supp.Info). The crude product was purified by flash Chromatography or 

precipitation depending on the urea. 

Acknowledgements  

This project was supported by CEA and by the European Union’s 

Horizon 2020 research and innovation program FET-OPEN No 

862179 and the European Research Council (ERC-2019-COG – 

864576). The authors thank D.-A. Buisson, S. Lebrequier, A. 

Goudet for the excellent analytical support. 

Keywords: Continuous Flow Chemistry • Carbon Dioxide • 

Staudinger-Aza-Wittig • Non-Symmetrical Ureas • Carbon-13 

[1] a) D. S. Marlin; E. Sarron; O. Sigurbjörnsson; Front.Chem, 2018, 

6, 446; b) E. Alper; O. Y. Orhan; Petroleum 2017, 3, 109-126. 

[2] Li, Z.; Mayer, R. J.; Ofial, A. R.; Mayr, H. J. Am. Chem. Soc. 

2020, 142, 8383-8402. 

[3] Aresta, M. Carbon dioxide as chemical feedstock (John Wiley & 

Sons, 2010). 

[4] Q. Liu, L. Wu, R. Jackstell, M. Beller, Nat. Commun. 2015, 6, 

5933. 

[5] F. Juliá-Hernández, M. Gaydou, E. Serrano, M. van Gemmeren, 

R. Martin, Top. Curr. Chem. 2016, 374, 45. 

[6] A. Rosas-Hernández, C. Steinlechner, H. Junge, M. Beller, Top. 

Curr. Chem. 2017, 376, 1. 

[7] a) V. Babin, F. Taran, D. Audisio, JACS Au 2022, 2, 1234-1251; 

b) A. Del Vecchio, G. Destro, F. Taran, D. Audisio, J Label 

Compd Radiopharm. 2018, 61, 988-1007. 

[8] X. Deng, J. Rong, L. Wang, N. Vasdev, L. Zhang, L. Josephson, 

S. H. Liang, Angew. Chem. Int. Ed. 2019, 58, 2580-2605. 

[9] a) A. K. Ghosh, M. Brindisi, J. Med. Chem. 2020, 63, 2751-

2788; b) A. Dhanajay, N. B. Kondekar, A. A. Sadani, J. W. 

Chern, Curr. Med. Chem. 2017, 24, 622-651; c) P. Sikka, J. K. 

Sahu, A. K. Mishra, S. R. Hashim, Med. Chem. 2015, 5, 479-

483. 

[10] R. Ronchetti, G. Moroni, A. Carotti, A. Gioiello, E. Camaioni, 

RSC Med. Chem. 2021, 12, 1046-1064. 

[11] P. Ertl, E. Altmann, J. McKenna, J. Med. Chem. 2020, 63, 8408-

8414. 

[12] H.Q. Li, P.C. Lv, T. Yan, H. L. Zhu, Anti-cancer Agents. Med. 

Chem. 2009, 9, 471-480. 

[13] S. Batra, Z. Tusi, S. Madapa, Anti-infective Agents. Med. Chem. 

2006, 5, 135-1160. 

[14] C. N. Hodge, P. E. Aldrich, L. T. Bacheler, C.-H. Chang, C. J. 

Eyermann, S. Garber, M. Grubb, D. A. Jackson, P. K. Jadhav, 

B. Korant, P. Y. S. Lam, M. B. Maurin, J. L. Meek, M. J. Otto, M. 

M. Rayner, C. Reid, T. R. Sharpe, L. Shum, D. L. Winslow, S. 

Erickson-Viitanen, Chem. Biol. 1996, 3, 301-314. 

[15] F. Bigi, R. Maggi, G. Sartori, Green Chem. 2000, 2, 140-148. 

[16] M. B. Plutschack, B. Pieber, K. Gilmore, P. H. Seeberger, Chem. 

Rev. 2017, 117, 11796-11893. 

[17] For representative reviews on the use of CO2 in continuous flow, see: a) 

J. Wu, X. Yang, Z. He, X. Mao, T. A. Hatton, T. F. Jamison, Angew. Chem. 

Int. Ed. 2014, 53, 8416-8420; b) C. J. Mallia, I. R. Baxendale, Org. 

Process Res. Dev. 2016, 20, 327-360: c) H. Seo, L. V. Nguyen, T. F. 

Jamison, Adv. Synth. Cat. 2019, 361, 247-264. 

[18] M. Baumann, I. R. Baxendale, S. V. Ley, N. Nikbin, C. D. Smith, 

Org. Biomol. Chem. 2008, 6, 1587-1593. 

[19] M. Baumann, I. R. Baxendale, S. V. Ley, N. Nikbin, C. D. Smith, 

J. P. Tierney, Org. Biomol. Chem. 2008, 6, 1577-1586. 

[20] P. Bana, A. Lako, N. Z. Kiss, Z. Béni, A. Szigetvari, J. Koti, G. 

T. Turos, J. Eles, I. Greiner, Org. Process Res. Dev. 2017, 21, 

611-622. 

[21] A. Riesco-Domínguez, D. Blanco-Ania, F. P. J. T. Rutjes, Eur. 

J. Org. Chem. 2018, 2018, 1312-1320. 

[22] T. P. Petersen, A. Ritzén, T. Ulven, Org. Lett. 2009, 11, 5134-

5137. 

[23] Y. Ren, S. A. L. Rousseaux, J. Org. Chem. 2018, 83, 913-920. 

[24] M. Xu, A. R. Jupp, D. W. Stephan, Angew. Chem. Int. Ed. 2017, 

56, 14277-14281. 

[25] For a non-exhaustive list of methologies describing the 

synthesis of ureas from CO2, see: a) M. J. Fuchter, C. J. Smith, 

M. W. S. Tsang, A. Boyer, S. Saubern, J. H. Ryan, A. B. Holmes, 

Chem. Commun. 2008, 2152-2154 ; b) M. Marchegiani, M. 

Nodari, F. Tansini, C. Massera, R. Mancuso, B. Gabriele, M. 

Costa, N. Della Ca’, J. CO2 Util. 2017, 21, 553-561; c) A. Ion, V. 

Parvulescu, P. Jacobs, D. D. Vos, Green Chem. 2007, 9, 158-

161; d) M. Tamura, K. Ito, Y. Nakagawa, K. Tomishige, J. Catal. 

2016, 343, 75-85; e) F. Shi, Y. Deng, T. SiMa, J. Peng, Y. Gu, 

B. Qiao, Angew. Chem. Int. Ed. 2003, 42, 3257-3260. 

[26] M. Xu, A. Jupp, M. Ong, K. Burton, S. Chitnis, D. Stephan, 

Angew. Chem. Int. Ed. 2019, 58, 5707–5711 and references 

cited therein. 

[27] a) J. Kovács, I. Pintér, A. Messmer, G. Tóth, H. Duddeck, 

Carbohydrate Research 1987, 166, 101-111; b) E. W. van 

Tilburg, A. D. Windhorst, M. van der Mey, J. D. M. Herscheid, J. 

Label Compd Radiopharm. 2006, 49, 321-330; c) E. Łukasik, Z. 

Wróbel, Synthesis 2016, 48, 1159-1166. 

[28] a) F. Palacios, C. Alonso, D. Aparicio, G. Rubiales, J. M. de los 

Santos, Tetrahedron 2007, 63, 523-575. b) S. Eguchi, Y. 

Matsushita, K. Yamashita, Org. Prep. Proced. Int. 1992, 24, 

209-243. 

[29] D. Carnaroglio, K. Martina, G. Palmisano, A. Penoni, C. Domini, 

G. Cravotto, Beilstein J.Org. Chem. 2013, 9, 2378-2386. 

[30] a) A. Del Vecchio, F. Caillé, A. Chevalier, O. Loreau, K. Horkka, 

C. Halldin, M. Schou, N. Camus, P. Kessler, B. Kuhnast, F. 

Taran, D. Audisio, Angew. Chem. Int. Ed. 2018, 57, 9744-9748; 

b) V. Babin, A. Sallustrau, O. Loreau, F. Caillé, A. Goudet, H. 

Cahuzac, A. Del Vecchio, F. Taran, D. Audisio, Chem. Commun. 

2021, 57, 6680-6683 ; c) V. Babin, A. Sallustrau, M. Molins, A. 

Labiche, A. Goudet, F. Taran, D. Audisio, Eur. J. Org. Chem., 

2022, e202200133; d) U. S. Ismailani, M. Munch, B. A. Mair, B. 

H. Rostein, Chem. Commun. 2021, 57, 5266-5269. 



    

6 

 

[31] O. Green, P. Finkelstein, M. A. Rivero-Crespo, M. D. R. Lutz, M. 

K. Bogdos, M. Burger, J.-C. Leroux, B. Morandi, J. Am. Chem. 

Soc. 2022, 144, 8717-8724. 

[32] a) H. M. El-Shaffey, E. J. Gross, Y. D. Hall, J. Ohata, J. Am. 

Chem. Soc. 2022, 144, 9178-9180; b) S. Ishizawa, M. 

Tumurkhuu, E. J. Gross, J. Ohata, Chem. Sci. 2022, 13, 6749-

6751. 

[33] For an example of Staudinger aza-Witting reaction, with aldehydes in 

continuous flow conditions, see: I. R. Baxendale, J. Deeley, C. M. 

Griffiths-Jones, S. V. Ley, S. Saaby, G. K. Tranmer, Chem. Commun. 

2006, 2566-2568. 

[34] For the stoichiometry of CO2 in gas-liquid flow reactions, see 

the following protocol developed by the Noel research group: 

https://noel-research-group-streamlit-problem-session-main-

esrber.streamlitapp.com/  

[35] G. R. Pazuki, H. Pahlavanzadeh, Theor. Found. Chem. Eng. 

2005, 39, 240-245. 

[36] A. Del Vecchio, A. Talbot, F. Caillé, A. Chevalier, A. Sallustrau, 

O. Loreau, G. Destro, F. Taran, D. Audisio, Chem. Commun. 

2020, 56, 11677-11680. 

[37] a) T. Meguro, N. Terashima, H. Ito, Y. Koike, I. Kii, S. Yoshida, 

T. Hosoya, Chem. Commun. 2018, 54, 7904-7907; b) T. 

Meguro, S. Yoshida, K. Igawa, K. Tomooka, T. Hosoya, Org. 

Lett. 2018, 20, 4126-4130. 

[38] D.-L. Dong, Y. Luan, T.-M. Feng, C.-L. Fan, P. Yue, Z.-J. Sun, 

R.-M. Gu, B.-F. Yang, Eur. J. Pharmacol. 2006, 545, 161-166. 

[39] M. Patil, A. Noonikara-Poyil, S. D. Joshi, S. A. Patil, S. A. Patil, 

A. Bugarin, Antibiotics 2019, 8, 178. 

[40] T. Nguyen, T. F. Gamage, D. B. Finlay, A. M. Decker, T. L. 

Langston, D. Barrus, M. Glass, J.-X. Li, T. P. Kenakin, Y. Zhang, 

J. Med. Chem. 2022, 65, 257-270. 

[41] A. E. Mutlib, Chem. Res. Toxicol. 2008, 21, 1672-1689. 

[42] I.-Y. Kim, S.-H. Suh, I.-K. Lee, R. R. Wolfe, Exp. Mol. Med. 2016, 

48, e203-e203. 

[43] V. Zachleder, M. Vítová, M. Hlavová, Š. Moudříková, P. Mojzeš, 

H. Heumann, J. R. Becher, K. Bišová, Biotechnol. Adv. 2018, 

36, 784-797. 

https://noel-research-group-streamlit-problem-session-main-esrber.streamlitapp.com/
https://noel-research-group-streamlit-problem-session-main-esrber.streamlitapp.com/


    

7 

 

 


