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CO2 Assisted Synthesis of Non-symmetric αααα-Diketones Directly 

from Aldehydes via C-C Bond Formation  

Pradipbhai Hirapara, Daniel Riemer, Nabanita Hazra, Jignesh Gajera, Markus Finger, and Shoubhik 

Das* 

CO2 assisted various symmetric and non-symmetric α-diketones 

have been synthesized directly from the corresponding aldehydes 

using transition metal-free catalysts. This method even can be 

applied to synthesize pharmaceuticals directly from aldehydes. 

The crucial role of CO2 has been investigated in detail and 

mechanism is proposed on the basis of experiments and DFT 

calculations. 

α-Diketones are highly important structural moieties and have been 

widely used as building blocks for synthesis of fine chemicals and 

pharmaceuticals.
[1]

 Traditional synthesis of these α-diketones relies on 

oxidation of alkenes, alkynes, acyloins and 1,2-hydroxy compounds.
[2-5]

 

Additionally, oxidative cleavage of 1,3-diketones, α,β-epoxy ketones 

and α,β-unsaturated ketones are also known for the synthesis of α-

diketones.
[6]

 Unfortunately, these methodologies have major drawbacks 

such as harsh reaction conditions, low product yields and narrow 

substrates scope. Moreover, synthesis of non-symmetric α-diketones 

via above-mentioned methods requires the corresponding non-

symmetric starting materials and therefore further steps and tedious 

purifications. In contrast, direct synthesis of non-symmetric α-diketones 

from aldehydes via C-C bond formation will be an attractive 

alternative.
[7]

 It reduces formation of possible toxic by-products and 

provides access to numerous α-diketones starting from commercially 

available aldehydes. 

 

Inspired by this idea, we investigated the use of substituted N-

heterocyclic carbenes (NHC) that are known to form C-C bonds.
[8]

 In this 

respect, we were especially interested to apply CO2 as a soft promoter. 

In the last two decades, a number of transition metal-based catalysts 

and transition metal-free homogeneous reactions have been discovered 

that apply CO2 either as building block or promoter in sustainable 

syntheses of pharmaceutical products and fine chemicals.
[9]

 It should be 

noted that activation of CO2 is highly challenging due to its strong 

thermodynamic and kinetic stability.
[10-11]

 On the other hand, utilizing 

CO2 as a soft promoter only has been achieved by heterogeneous 

catalysts for oxidative dehydrogenation, oxidative coupling and 

oxidation of alkanes.
[12]

 To the best of our knowledge, homogeneous 

catalysts have been explored rarely to use CO2 as a soft promoter in 

organic reactions.
[13]

 Based on all these information, herein we report 

CO2 promoted synthesis of symmetric and non-symmetric α-diketones 

directly from the corresponding aldehydes using NHC based 

catalysts.
[14]

 

 

At the outset of our reactions, a variety of NHC catalysts (10 mol%) 

along with different bases have been applied to optimize the reaction 

conditions for the synthesis of furil directly from furfural under CO2 

atmosphere (Table 1, supporting information). Indeed, in presence of 

1.5 eq. of K2CO3, 3-benzyl-5-(2-hydroxyethyl)-4-methylthiazolium 

chloride as catalyst (10 mol%) showed 49% of product formation in 

DMSO at 55 °C after 16 h. To our delight, changing catalyst to cheaper 

3-ethyl-5-(2-hydroxyethyl)-4-methylthiazolium bromide increased 

formation of furil to 86% within 16 h. In fact, even on a 5 g-scale 80% 

furil was isolated without any further precautions. Other bases such as 

Cs2CO3, KOH, KO
t
Bu, DMAP showed less activity at the same reaction 

conditions. Also, a decrease of base loading from 1.5 to 0.5 eq. gave 

significantly lower yield of the product. No formation of product was 

observed in absence of base and/or catalyst. The essential role of CO2 in 

this reaction has been proven under N2 and O2 atmosphere (without the 

presence of CO2) when the formation of product was negligible (Table 

1, supporting information). 

 

With these optimized conditions in hand, the scope of this reaction 

protocol was explored (Scheme 1). A number of aromatic and hetero-

aromatic aldehydes were converted to the corresponding α-diketones. 

Electron-donating as well as electron-withdrawing groups on the rings 

were well tolerated and leaded to good yields up to 83% (Scheme 1, 4–

6). Also, hetero-aromatics (Scheme 1, 7–10) and condensed aromatic 

rings (Scheme 1, 12) gave excellent yields up to 82%. It was also 

noteworthy that the reaction proceeded smoothly for both substitution 

types on the furan and thiophene ring (Scheme 1, 1, 3, and 7–8).  
 

Further application of symmetric α-diketones was also explored, 

particularly from 4,4’-dichlorobenzil (Scheme 1, 5). It should be noted 

that commercially available 4,4’-dichlorobenzil is highly expensive such 

as from Sigma Aldrich (119 €/10 mg), AK Scientific (717 €/5 g), 

Fluorochem (430 €/5 g) or TCI (319 €/5 g). To our delight, the synthesis 

of 4,4’-dichlorobenzil can be achieved using a cheap catalyst and 

reagents in 5 g-scale with 80% yield. Based on this reagent, a number of 

commercially interesting compounds were successfully synthesized, i.e. 

pharmaceutically active molecules 14 (a neuroprotective agent) and 15 

(an antimalarial agent)
[15]

 or 16 which is an important precursor for 

graphene nanoribbons that helps to improve the properties of organic 

electronic materials in polymer blends (Scheme 2).
[16] 
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Scheme 1: Synthesis of α-diketones directly from aldehydes. 

Reaction conditions: Substrates (0.5 mmol), K2CO3 (1.5 eq), catalyst (10 mol%), DMSO 

(2.5 mL), CO2 (balloon), 55 °C, 16–40 h. All are isolated yields. 

 

As another promising aspect, a number of aldehydes such as furfural, 

hydroxymethylfurfural (HMF) or 5-methyl furfural are available from 

carbohydrates in large scale by many well-known methods. 

Carbohydrates are the major component of biomass, one of the most 

abundant renewable resources, which has got significant priority for the 

production of fuels and fine chemicals.
[17]

 Using our reaction 

methodology, these aldehydes can be converted to the corresponding 

α-diketones (Scheme 1; 1, 11 and 13). E.g. furil (1) can be synthesized 

directly from furfural without any purification issue. Later it can be 

transformed into 2,3-di(furan-2-yl)quinoxaline (17), which was found to 

slow down the corrosion rate of mild steel in H2SO4 (Scheme 3).
[18a]

 A 

pyrazine derivative (18), prevalent in flavors, numerous biologically 

active substances and agrochemicals, could be generated from furil as 

well.
[18b]

 Through CuI catalyst and air-promoted oxidative cyclization it 

was also possible to synthesize an oxazole derivative (19), an important 

scaffold for pharmaceuticals and functional materials.
[18c]

 We 

successfully converted furil to an antitumor active compound (20) that 

was found to have the highest activity against a panel of cancel cell 

lines.
[18d]

 Moreover, imidazole (21) can also be synthesized from furil, 

benzaldehyde and ammonium acetate.
[18e]

 Imidazoles in general are 

important building blocks for the synthesis of antitumor, antibiotic, 

antifungal, anti-inflammatory and anti-allergic drug molecules. To the 

best of our knowledge, there was no such report for the direct 

conversion of biomass-derived furfural into wide utilizable chemicals 

and pharmaceuticals. 

 

We also investigated the applicability of the new protocol for the 

synthesis of non-symmetric α-diketones. For this purpose, we started 

with a 1:1 ratio of the two different aldehydes but obtained mixtures of 

products with poor product selectivity. However, changing of the 
aldehydes ratio to 1:1.5 increased the selectivity in all cases (Scheme 

4).
[19,20]  

It must be noted that formation of the homo α-diketones as by-

products could not be suppressed completely. To our delight, α-

diketones having different hetero-aromatics (Scheme 4, 22–23, 30–32), 

α-diketones having electron-withdrawing/electron-donating groups 

(Scheme 4, 26), and α-diketones having aromatic/hetero-aromatic 

(Scheme 4, 24–25 and 27) can be obtained in an excellent yield. 

Notably, none of these non-symmetric α-diketones are commercially 

available and traditional synthesis relies on two to three steps 

syntheses. Finally, non-symmetric α-diketones were also obtained 

directly from biomass-derived aldehydes in an excellent yield (Scheme 

4, 28–29 and 33). 

 

Scheme 2: Synthesis of drug molecules and precursors for graphene 

nanoribbons from 4,4’-dichlorobenzil. 

 

 

 

 

 

 

 

Reaction conditions: 1. Path a: 1.) 4,4’-dichlorobenzil (0.5 mmol), thiosemicarbazide 

(1.0 mmol), EtOH, reflux, 40 h; 2.) MeI (1.2 eq), NEt3 (7.2 eq), MeOH, r.t. 2 h; path b: 1.) 

cyclohexylthiourea (0.58 mmol), 4,4’-dichlorobenzil (0.52 mmol), KOH (0.8 mmol), 

water/DMSO, 110°C, 10 min; 2.) NH3, tBu hydroperoxide, water/MeOH, r.t. overnight. 

Path c: Substrate (0.22 mmol), (nBu)4NOH (0.22 mmol), 
t
BuOH, 80°C, 20 min; All are 

isolated yield. 

 

Scheme 3: Conversion of biomass-derived furil to utilizable chemicals. 
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Scheme 4: Synthesis of non-symmetric α-diketones directly from two 

different aldehydes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Reaction conditions: Substrates (0.25 mmol and 0.375 mmol, respectively), 
K2CO3 (1.5 eq), catalyst (10 mol%), DMSO (2.5 mL), CO2 (balloon), 55 °C, 36–
48 h. All are isolated yields. 

 

 

Considering the broad scope of this new approach, we investigated its 

mechanism. Initial role of the base here (K2CO3) is to generate of the 

free carbene in situ that acts as the actual catalyst in the benzoin 

condensation. Indeed, following the conversion of furfural with 

progress of time under the optimized reaction conditions showed that 

furfural was converted to furoin by the catalyst within the first hour 

while later furoin was slowly oxidized under CO2 atmosphere to the 

desired furil (Figure 1, supporting information). Under N2-atmosphere 

exclusively furoin was formed which was completely converted to furil 

under CO2 atmosphere in a separate step (Scheme 5). To address the 

nature of the oxidant further, in situ gas GC and NMR measurements 

were utilized to determine reduced products from CO2 such as CO, 

HCOOH or HCOO
-
. However, only CO2 as single peak was found in in situ 

gas GC measurement. Additionally, the missing peak of O2 in these 

experiments excluded presence of exogeneous O2 as possible oxidant. 

Apparently, DMSO acts as oxidizer but the corresponding reduced 

product dimethyl sulfide could not be quantified due to its low boiling 

point (31°C).
[21]

 For this purpose, butyl sulfoxide was used. With this 

replacement, the final reduced product, dibutyl sulfide (boiling point: 

189°C) was quantified and found to have equal ratio with the product 

furil (Scheme 5).  

 

Finally, in presence of dibutylhydroxytoluene (BHT, radical scavenger), 

neither the reaction was slowed down nor stopped and in fact 80% 

product was isolated, ruling out a radical pathway. If CO2 is not the 

oxidant, the question as to its actual role remains open. It is well known 

from literature that CO2 can bind to the hydroxy group of the furoin to 

form the corresponding O-carboxylated intermediate.
[22]

 Direct 

recognition of this O-carboxylated intermediate was not successful. 

However, in presence of 
13

CO2 and ethyl iodide the corresponding ethyl 

carbonate product was detected by HRMS (Scheme 5). To sum up, the 

reaction proceeds in two independent steps, first carbene catalyzed 

benzoin condensation reaction between two aldehydes followed by a 

considerable slower but selective, CO2-promoted oxidation of the 

benzoin product by DMSO. 

 

Scheme 5: Experimental evidence for the crucial role of CO2 in the 

oxidation step. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The role of CO2 in the oxidation step was further investigated by means 

of DFT calculations (Scheme 6) including alternative pathways (see 

supporting information). The most realistic scenario is that by formation 

of an intermediate carboxylate, the hydroxyl group is transformed to a 

good leaving group prone to nucleophilic attack by DMSO.
 [20]

 Formation 

of the ester is energetically uphill and explains why it could not be 

detected experimentally. The following rate determining step can either 

proceed stepwise (SN1) or in a concerted fashion (SN2). Considering that 

both the energy of the intermediate charge separated ion pair (SN1) or 

the (gas phase) free energy of the transition state (SN2) are 

methodically overestimated, it is safe to assume that the calculated 

value of 29.4 kcal/mol provides an upper limit that however agrees well 

with the experimental time frame (16 h). Once the intermediate 

sulfonium has formed, deprotonation and fast proton transfer under 

formation of the dimethyl sulfide lead to the diketone. Interestingly, if 

DMSO is used as an oxidation agent it needs to be activated by a strong 

electrophile such as oxalyl chloride (Swern), dicyclohexylcarbodiimide 

(Pfitzner- Moffatt) or others.
[21]

 In contrast, CO2 is a very mild and 

sustainable reagent that activates the alcohol. 

 

 

 

 

Scheme 6: Calculated pathway of the CO2-promoted oxidation step 

(B3LYP/def2-TZVPP, COSMO(DMSO) corrected single point energies). 
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Conclusions 

In conclusion, we have demonstrated an efficient and sustainable 

synthesis of symmetric and non-symmetric α-diketones directly from 

aldehydes using CO2 as a promoter. This methodology has shown broad 

substrates scope along with wide applications towards the synthesis of 

pharmaceuticals and fine chemicals. Many of these α-diketones are 

currently expensive or commercially not available but can easily be 

accessed using our cheap and commercially available catalysts and 

reagents. We believe this methodology could find interest in the 

synthesis of highly functionalized molecules, in the synthesis of natural 

products and pharmaceuticals. 

Conflicts of interest 

There are no conflicts to declare. 

Acknowledgements 

We thank Fonds der Chemischen Industrie (FCI, Liebig-Fellowship to 

S.D.) for the financial support. We thank Georg-August-Universität 

Göttingen start-up funding to support P.H. and N.H. We are also 

thankful to Prof. Dr. Lutz Ackermann for his kind support behind our 

work. Special support from Prof. Inke Siewert for GC measurements is 

also acknowledged. 

Notes and references 

[1] a) K. C. Nicolaou, D. L. F. Gray, J. Tae, J. Am. Chem. Soc. 2004, 126, 613. b) X. 

Hui, J. Desrivot, C. Bories, P. M. Loiseau, X. Franck, R. Hocquemiller, B. Figadère, 

Bioorg. Med. Chem. 2006, 6, 815. c) G. R. Boyce, J. S. Johnson, Angew. Chem. 

Int. Ed. 2010, 49, 8930. 

[2] a) C. A. Buehler, J. O. Harris, W. F. Arendale, J. Am. Chem. Soc. 1950, 72, 4953. 

b) G. L. Southard, B. R. Zaborowsky, J. M. Pettee, J. Am. Chem. Soc. 1971, 93, 

3303. c) S. Chen, Z. Liu, E. Shi, L. Chen, W. Wei, H. Li, Y. Cheng, X. Wan, Org. Lett. 

2011, 13, 2274. d) Y. Xu, X. Wan, Tetrahedron Lett. 2013, 54, 642. e) M. S. 

Yusybo, V. D. Filimonov, Synthesis, 1991, 131. f) W.-X. Lv, Y.-F. Zeng, S.-S. Zhang, 

Q. Li, H. Wang, Org. Lett. 2015, 17, 2972. 

[3] a) Z. Wan, C. D. Jones, D. Mitchell, J. Y. Pu, T. Y. Zhang, J. Org. Chem. 2005, 71, 

826. b) W. Ren, Y. Xia, S.-J. Ji, Y. Zhang, X. Wan, J. Zhao, Org. Lett. 2009, 11, 

1841. c) W. Ren, J. Liu, L. Chen, X. Wan, Adv. Synth. Catal. 2010, 352, 1424. d) 

C.-F. Xu, M. Xu, Y.-X. Jia, C.-Y. Li, Org. Lett. 2011, 13, 1556. e) A. Gao, F. Yang, J. 

Li, Y. Wu, Tetrahedron 2012, 68, 4950. f) J. Muzart, J. Mol. Catal. A: Chem. 2011, 

338, 7. g) X. Zhu, P. Li, Q. Shi, L. Wang, Green Chem. 2016, 18, 6373. 

[4] a) E. J. Steves, S. S. Stahl, J. Am. Chem. Soc. 2013, 135, 15742. b) Y. Yu, C. Lin, B. 

Li, P. Zhao, S. Zhang, Green Chem. 2016, 18, 3647. c) G. Urgoitia, R. SanMartin, 

M. T. Herrero, E. Domínguez, Green Chem. 2011,13, 2161. d) T. Bhattacharya, T. 

K. Sarma, S. Samanta, Catal. Sci. Tech. 2012, 2, 2216. e) T. A. Alsalim, J. S. Hadi, 

O. N. Ali, H. S. Abbo, S. J. Titinchi, Chem. Central J. 2013, 7, 2. f) M. Kirihara, Y. 

Ochiai, S. Takizawa, H. Takahata, H. Nemoto, Chem. Commun. 1999, 1387. g) R. 

Ray, S. Chandra, D. Maiti, G. K. Lahiri, Chem. Eur. J. 2016, 22, 8814. h) M. 

Mahyari, M. S. Laeini, A. Shabani, Chem. Commun. 2014, 50, 7855. h) A. 

Shaabani, M. Boroujeni, M. Laeini, Appl. Organometal. Chem. 2016, 30, 154. 

[5] X.-F. Zhao, C. Zhang, Synthesis 2007, 551. 

[6] a) L. Huang, K. Cheng, B. Yao, Y. Xie, Y. Zhang, J. Org. Chem. 2011, 76, 5732. b) A. 

Stergiou, A. Bariotaki, D. Kalaitzakis, I. Smonou, J. Org. Chem. 2013, 78, 7268. c) 

Z. Li, J. Yin, G. Wen, T. Li, X. Shen, RSC Adv. 2014, 4, 32298. 

[7] a) G. Brahmachari, RSC Adv. 2016, 6, 64676. b) D. Ravelli, S. Protti, M. Fagnoni, 

Chem. Rev. 2016, 116, 9850. c)  

[8] a) R. S. Menon, A. T. Biju, V. Nair, Beilstein J. Org. Chem. 2016, 12, 444. b) X. 

Bugaut, F. Glorius, Chem. Soc. Rev. 2012, 41, 3511. 

[9] a) Q. Liu, L. Wu, R. Jackstell, M. Beller, Nat. Commun. 2015, 6, 5933. b) F. D. 

Bobbink, P. J. Dyson, J. Catal. 2016, 343, 52. c) P. G. Jessop, S. M. Mercer, D. J. 

Heldebrant, Energy Environ. Sci. 2012, 5, 7240. d) N. Eghbali, C.-J. Li, Green 

Chem. 2007, 9, 213. e) M. Peters, B. Köhler, W. Kuckshinrichs, W. Leitner, 

ChemSusChem 2011, 4, 1216. f) T. G. Ostapowics, M. Schmitz, M. Krystof, J. 

Klankermayer, W. Leitner, Angew. Chem. Int. Ed. 2013, 52, 12119. g) A. 

Decortes, A. M. Castilla, A. W. Kleij, Angew. Chem. Int. Ed. 2010, 49, 9822. 

[10] a) W. Desens, T. Werner, Adv. Synth. Catal. 2016, 358, 622. b) C. Kohrt, T. 

Werner, ChemSusChem 2015, 8, 2031. c) S. Das, F. D. Bobbink, A. Gopakumar, P. 

J. Dyson, Chimia, 2015, 69, 76.  

[11] a) L. Wu, Q. Liu, I. Fleischer, R. Jackstell, M. Beller, Nat. Commun. 2014, 5, 3091; 

b) S. Das, F. D. Bobbink, G. Laurenczy, P. J. Dyson, Angew. Chem. Int. Ed. 2014, 

53, 12876. c) S. Das, F. D. Bobbink, S. Bulut, K. Soudani, P. J. Dyson, Chem. 

Commun. 2016, 52, 2497. d) K. Sasano, J. Takaya, N. Iwasawa, J. Am. Chem. Soc. 

2013, 135, 10954. e) H. Mizuno, J. Takaya, N. Iwasawa, J. Am. Chem. Soc. 2011, 

133, 1251. f) C. M. Williams, J. B. Johnson, T. Rovis, J. Am. Chem. Soc. 2008, 130, 

14396. g) S. Gaillard, C. S. J. Cazin, S. P. Nolan, Acc. Chem. Res. 2012, 45, 778. h) 

I. I. F. Boogaerts, S. P. Nolan, J. Am. Chem. Soc. 2010, 132, 8858. i) X. Wang, M. 

Nakajima, R. Martin, J. Am. Chem. Soc. 2015, 137, 8924. j) X. Wang, Y. Liu, R. 

Martin, J. Am. Chem. Soc. 2015, 137, 647. k) C. D. N. Gomes, O. Jacquet, C. 

Villiers, P. Thuery, M. Ephritikhine, T. Cantat, Angew. Chem. Int. Ed. 2012, 51, 

187. l) D. Riemer, P. Hirapara, S. Das, ChemSusChem 2016, 9, 1916. m) M. Hulla, 

F. D. Bobbink, S. Das, P. J. Dyson, ChemCatChem 2016, 8, 3338. n) S. Fenner, L. 

Ackermann, Green. Chem. 2016, 18, 3804. 

[12] a) L. Zhang, Z. Wu, N. C. Nelson, A. D. Sadow, I. I. Slowing, S. H. Overbury, ACS 

Catal. 2015, 5, 6426. b) M. B. Ansari, S.-E. Park, Energy. Environ. Sci. 2012, 5, 

9419. 

[13] a) X. Wang, Y. N. Lam, C. Lee, M. Ji, E. J. Kang, H. Jang, RSC Adv. 2013, 3, 24922. 

b) L. Gu, Y. Zhang, J. Am. Chem. Soc. 2010, 132, 914. c) V. Nair, V. Varghese, R. R. 

Paul, A. Jose, C. R. Sinu, R. S. Menon, Org. Lett. 2010, 12, 2653. d) P. –C. Chiang, 

J. W. Bode, Org. Lett. 2011, 13, 2422. e) G. Pupo, R. Properzi, B. List, Angew. 

Chem. Int. Ed. 2016, 55, 6099. 

[14] a) S. N. Riduan, Y. Zhang, J. Y. Ying, Angew. Chem. Int. Ed. 2009, 48, 3322. b) F. 

D. Bobbink, W. Gruszka, M. Hulla, S. Das, P. J. Dyson, Chem. Commun. 2016, 52, 

10787.   

[15] a) H. Irannejad, M. Amini, F. Khodagholi, N. Ansari, S. Tusi, M. Sharifzadeh, A. 

Shafiee, Bioorg. Med. Chem. 2010, 18, 4224. b) Chen et al., ACS Med. Chem. 

Lett. 2014, 5, 89. 

[16] M. Gemayel, A. Narita, L. Dössel, R. Sundaram, A. Kiersnowski, W. Pisula, M. 

Hansen, A. Ferrari, E. Orgiu, X. Feng, K. Müllen, P. Samori, Nanoscale 2014, 6, 

6301. 

[17] P. Gallezot, Chem. Soc. Rev. 2012, 41, 1538. 

[18] a) J. Saranya, M. Sowmiya, P. Sounthary, K. Parameswari, S. Chitra, K. 

Senthilkumar, J. Mol. Liq. 2016, 216, 42; b) P. Ghosh, A. Mandal, Green Chem. 

Lett. Rev. 2012, 5, 127; c) P. Hu, Q. Wang, Y. Yan, S. Zhang, B. Zhang, Z. Wang, 

Org. Biomol. Chem. 2013, 11, 4304; d) Q. Chen, V. Bryant, H. Lopez, D. Kelly, X. 

Luo, A. Natarajan, Bioorg. Med. Chem. Lett. 2011, 21, 1929; e) S. Khaskar, M. 

Alipour, Montash. Chem. 2013, 144, 395. 

[19] S. M. Lnagdon, M. M. D. Wilde, K. Thai, M. Gravel, J. Am. Chem. Soc. 2014, 136, 

7539. 

[20] Under nitrogen atmosphere we observed 1:1 ratio of mix cross benzoin 

products together with homo products and then when we released CO2 

atmosphere generated our desired product. We have observed the reactivity of 

our catalyst in this following order: furfural>5-methyl furfural>HMF>Benzofuran 

aldehyde. For the cross products formation, we took lowest reactive partner in 

higher ratio than the highest reactive partner and that gave us the best yield 

after examining all other possibilities. This ratio is highly important for the 

selective formation of cross-products.   

O

O

O

O
OH

O

O

O

S

O

O

O

S

O

O

O

O

O

O

OH
CO2

O

H

O
+ HCO3

-
O O

O + HCO3
-

DMSODMSO

O

H2O + CO2

O

DMS

0.0 (0.0) 13.9 (4.1) 29.4 (31.2)

TS: 42.1 (19.5 )

25.1 (14.5 )22.3 (19.9)-31.0 (-21.5)

TS: 24.8 (21.6)

∆G (∆E) in kcal/mol

Page 4 of 6Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 0
4 

O
ct

ob
er

 2
01

7.
 D

ow
nl

oa
de

d 
by

 G
az

i U
ni

ve
rs

ite
si

 o
n 

04
/1

0/
20

17
 1

4:
34

:3
0.

 

View Article Online
DOI: 10.1039/C7GC02425H

http://dx.doi.org/10.1039/c7gc02425h


Journal Name  COMMUNICATION 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5  

Please do not adjust margins 

Please do not adjust margins 

[21] a) X. Wu, K. Natte, Adv. Synth. Catal. 2016, 358, 336. b) J. Zou, W. Huang, L. Li, Z. 

Xu, Z. Zheng, K. Yang, L. Xu, RSC Adv. 2015, 5, 30389. c) J. H. Song, M. J. Sailor, 

Inorg. Chem. 1998, 37, 3355.  d) T. Tidwell, Synthesis 1990, 10, 857. 

[22] S. B. Long, T. M. Locascio, J. A. Tunge, Org. Lett. 2014,16, 4308.  

Page 5 of 6 Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 0
4 

O
ct

ob
er

 2
01

7.
 D

ow
nl

oa
de

d 
by

 G
az

i U
ni

ve
rs

ite
si

 o
n 

04
/1

0/
20

17
 1

4:
34

:3
0.

 

View Article Online
DOI: 10.1039/C7GC02425H

http://dx.doi.org/10.1039/c7gc02425h


 

Page 6 of 6Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 0
4 

O
ct

ob
er

 2
01

7.
 D

ow
nl

oa
de

d 
by

 G
az

i U
ni

ve
rs

ite
si

 o
n 

04
/1

0/
20

17
 1

4:
34

:3
0.

 

View Article Online
DOI: 10.1039/C7GC02425H

http://dx.doi.org/10.1039/c7gc02425h

