
Journal of Visualized Experiments
 

Versatile CO2 Transformations into Complex Products: a One-pot Two-step Strategy
--Manuscript Draft--

 
Article Type: Invited Methods Article - JoVE Produced Video

Manuscript Number: JoVE60348R3

Full Title: Versatile CO2 Transformations into Complex Products: a One-pot Two-step Strategy

Section/Category: JoVE Chemistry

Keywords: CO2
One-pot two-step
4e- reduction
hydroboration
bis(boryl)acetal
versatile reactivity
chirality

Corresponding Author: Sebastien Bontemps
Centre National de la Recherche Scientifique
Toulouse, FRANCE

Corresponding Author's Institution: Centre National de la Recherche Scientifique

Corresponding Author E-Mail: sebastien.bontemps@lcc-toulouse.fr

Order of Authors: Sarah Desmons

Dan Zhang

Angelica Mejia Fajardo

Sebastien Bontemps

Additional Information:

Question Response

Please indicate whether this article will be
Standard Access or Open Access.

Standard Access (US$2,400)

Please indicate the city, state/province,
and country where this article will be
filmed. Please do not use abbreviations.

Toulouse, France

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



 

         

TITLE:  1 
Versatile CO2 Transformations into Complex Products: a One-pot Two-step Strategy 2 
 3 
AUTHORS AND AFFILIATIONS:  4 
Sarah Desmons1,2,*, Dan Zhang1,*, Angelica Mejia Fajardo1, Sébastien Bontemps1 5 
 6 
1LCC-CNRS, Université de Toulouse, CNRS, Toulouse, France  7 
2LISBP, Université de Toulouse, CNRS, INRA, INSA, Toulouse, France 8 
*These authors contributed equally. 9 
 10 
Email addresses of co-authors: 11 
Sarah Desmons  (sarah.desmons@lcc-toulouse.fr) 12 
Dan Zhang               (dan.zhang@lcc-toulouse.fr) 13 
Angelica Mejia Fajardo (angelica.mejia@lcc-toulouse.fr) 14 
 15 
Corresponding author:  16 
Sébastien Bontemps  (sebastien.bontemps@lcc-toulouse.fr) 17 
 18 
KEYWORDS:  19 
CO2, one-pot two-step, 4e- reduction, hydroboration, bis(boryl)acetal, versatile reactivity, 20 
chirality. 21 
 22 
SUMMARY:  23 
CO2 transformations are conducted in a one-pot two-step procedure for the synthesis of complex 24 
molecules. The selective 4 e- reduction of CO2 with a hydroborane reductant affords a reactive 25 
and versatile bis(boryl)acetal intermediate which is subsequently involved in condensation 26 
reaction or carbene-mediated C-C coupling generation. 27 
 28 
ABSTRACT:  29 
CO2 transformations using a one-pot two-step method are presented herein. The purpose of the 30 
method is to give access to a variety of value-added products and notably to generate chiral 31 
carbon centers. The crucial first step consists in the selective double hydroboration of CO2 32 
catalyzed by an iron hydride complex. The product obtained with this 4 e- reduction is a rare 33 
bis(boryl)acetal, compound 1, which is subjected in situ to three different reactions in a second 34 
step. The first reaction concerns a condensation reaction with (diisopropyl)phenylamine 35 
affording the corresponding imine 2. In the second and third reaction, intermediate 1 reacts with 36 
triazol-5-ylidene (Enders’ carbene) to afford compounds 3 or 4, depending on the reaction 37 
conditions. In both compounds, C-C bonds are formed, and chiral centers are generated from CO2 38 
as the only source of carbon. Compound 4 exhibits two chiral centers obtained in a 39 
diastereoselective manner in a formose-type mechanism. We proved that the remaining boryl 40 
fragment plays a key role in this unprecedented stereocontrol. The interest of the method stands 41 
on the reactive and versatile nature of 1, giving rise to various complex molecules from a single 42 
intermediate. The complexity of a two-step method is compensated by the overall short reaction 43 
time (2 h for the larger reaction time), and mild reaction conditions (25 °C to 80 °C and 1 to 3 atm 44 
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of CO2). 45 
 46 
INTRODUCTION: 47 
In light of the large interest in using CO2 as a sustainable carbon source1-3, the purpose of the 48 
method is to transform CO2 into a variety of value-added products. 49 
 50 
Intense researches aim at functionalizing CO2

4,5 or reducing it into formic acid (2 e- reduction), 51 
carbon monoxide (2 e- reduction), methanol (6 e- reduction) or methane (8 e- reduction)1,6. The 52 
interception of the 2 e- reduction product with amine, notably, gives rise to formamide and 53 
methylamine7-9. These areas of research are the most advanced so far. However, the scope of 54 
accessible functions and the added value of products formed compared to the starting materials 55 
remains rather minimal. 56 
 57 
To circumvent this limitation, we focused i) on the 4 e- reduction of CO2 and ii) on applying a one-58 
pot two-step procedure. The interest of the one-pot two-step procedure is to limit compatibility 59 
issues between the two steps and consequently to broaden the type of reactivity which could be 60 
conducted after the first step of reduction. We targeted the 4 e- reduction of CO2 because 61 
formaldehyde –the simplest 4 e- reduction product– is a particularly reactive and versatile carbon 62 
source10,11. It is used in condensation reaction as a methylene source and can be polymerized 63 
into carbohydrates. The latter –called formose reaction– is an impressive transformation 64 
generating carbon chain and chiral carbon centers solely from formaldehyde and is of high 65 
interest for synthetic-12,13 and prebiotic-chemistry14-16. While we are able to observe free 66 
formaldehyde from CO2 hydroboration,17 its selective generation under homogeneous conditions 67 
is still unprecedented. Instead of formaldehyde, we developed the synthesis of bis(boryl)acetal 68 
compound 1 from the selective double hydroboration of CO2

18,19.  69 
 70 
In one-pot two step processes we prove herein that, in the same pot, this intermediate 1 i) reacts 71 
as a surrogate of formaldehyde in condensation reactions18 or ii) gives rise to a modified formose-72 
type reaction20. In this latter reaction, C-C coupling and chiral carbon centers are obtained.  73 
 74 
PROTOCOL: 75 
 76 
CAUTION: Please consult material safety data sheets (MSDS) of the chemicals before use. Please 77 
use appropriate safety practices when performing the following reactions and personal 78 
protective equipment. A special attention must be dedicated to the use of the vacuum line and 79 
gas pressure system. 80 
 81 
1. Synthesis of compound 2 from CO2 in a nuclear magnetic resonance (NMR) tube 82 
 83 
1.1. Stock solution of Fe(H)2(dmpe)2: dissolve 4.6 mg of Fe(H)2(dmpe)2

21,22 in 1 mL of 84 
tetrahydrofuran (THF)-d8. 85 
 86 
NOTE: dmpe = 1,2-bis(dimethylphosphino)ethane 87 
 88 



 

1.2. In a glove box, charge an NMR tube with 15.9 mg of 9-borabicyclo[3.3.1]nonane (9-BBN) 89 
and 100 μL of a stock solution of Fe(H)2(dmpe)2 (1 mol%).  90 
 91 
1.3. Add 0.5 mL of tetrahydrofuran (THF)-d8. 92 
 93 
1.4. Close the tube and bring it outside the glove box. 94 
 95 
1.5. Connect the tube to a gas system and place it at 25 °C for 15 min to equilibrate the 96 
temperature of the solution inside the tube. 97 
 98 
NOTE: The gas system connects the CO2 bottle to both the vacuum line and the NMR tube. The 99 
connections are with Teflon tube and Swadgelock connectors (see Figure 1 for a scheme of the 100 
setup). This system enables to add the pressure defined at the regulator at the desired 101 
temperature. 102 
 103 
1.6. Add 1 atm of CO2. 104 
 105 
1.7. Leave for 3 min under a dynamic pressure of CO2 and close the tube.  106 
 107 
1.8. Leave the tube at 25 °C for 45 min. 108 
 109 
NOTE: At this step bis(boryl)acetal 1 is generated inside the NMR tube in 85% yield (see 110 
representative results for the NMR analysis). 111 
 112 
1.9. Stock solution of amine: dissolve 177.3 mg of 2,6-(diisopropyl)phenylamine in 1 mL of 113 
THF-d8.Once compound 1 is generated, open the NMR tube inside a glove box and add 55 μL of 114 
a stock solution of the 2,6-(diisopropyl)phenylamine, corresponding to 1 equivalent of the 115 
generated bis(boryl)acetal 1.  116 
 117 
1.10. Close the tube and hand shake it for 10 s. 118 
 119 
1.11. After 20 min, confirm the formation of imine 2 by 1H NMR analysis (Figure 2). Use 120 
hexamethylbenzene (roughly 10 mol% vs 9-BBN) as an internal standard to determine the NMR 121 
yield. 122 

 123 
2. Synthesis of compound 3 from CO2 in a Fisher Porter 124 
 125 
2.1. Charge a Fisher Porter with 320 mg of 9-BBN, 9.4 mg of Fe(H)2(dmpe)2 and a magnetic 126 
stirring bar21,22. 127 
 128 
2.2. Add 10 mL of THF. 129 
 130 
2.3. Close the Fisher Porter and bring it outside the glove box. 131 
 132 



 

2.4. Place it at 25 °C for 15 min to equilibrate the temperature of the solution. 133 
 134 
2.5. Connect the Fisher Porter to the gas system and add 1 atm of CO2. 135 
 136 
NOTE: The gas system connects the CO2 bottle to both the vacuum line and the Fisher Porter. The 137 
connections are with Teflon tube and Swadgelock connectors (see Figure 1 for a scheme of the 138 
setup). This system enables to add the pressure defined at the regulator at the desired 139 
temperature. 140 
 141 
2.6. Leave for 3 min under a dynamic pressure of CO2, close the tube and stir it at 25 °C for 45 142 
min. 143 
 144 
NOTE: This stage corresponds to the selective generation of bis(boryl)acetal 1 from CO2 145 
hydroboration in 85% yield. 146 
 147 
2.7. After 45 min, open the Fisher Porter in a glove box and add a solution of 380 mg of triazol-148 
5-ylidene in 6 mL of THF. 149 
 150 
2.8. Outside the glove box, charge the Fisher Porter with 3 atm of CO2. 151 
 152 
2.9. Stir the solution at 60 °C for 60 min under a dynamic pressure of 3 atm of CO2. 153 
 154 
2.10. Let the solution cool down to room temperature. 155 
 156 
2.11. Remove the volatiles under vacuum and wash the residue with 3x 2 mL of diethylether 157 
(Et2O) at 0 °C to obtain CO2 adduct 3 as a white powder (Figure 3).  158 
 159 
2.12. To generate monocrystals, place a concentrated THF/pentane solution at -37 °C for 24-48 160 
h. 161 
 162 
3. Synthesis of compound 4 from CO2 in a Fisher Porter 163 
 164 
3.1. In a glove box, charge a Fisher Porter tube with 159 mg of 9-BBN, 4.7 mg (1 mol%) of 165 
Fe(H)2(dmpe)2 and a magnetic stirring bar. 166 
 167 
3.2. Add 5 mL of THF. 168 
 169 
3.3. Close the Fisher Porter and bring it outside the glove box. 170 
 171 
3.4. Place it at 25 °C for 15 min to equilibrate the temperature of the solution. 172 
 173 
3.5. Connect the Fisher Porter to the gas system and add 1 atm of CO2. 174 
 175 
3.6. Leave 3 min under a dynamic pressure of CO2, close the Fisher Porter and stir it at 25 °C 176 



 

for 45 min. 177 
 178 
NOTE: This stage corresponds to the selective generation of bis(boryl)acetal 1 from CO2 179 
hydroboration in 85% yield. 180 
 181 
3.7. After the generation of 1, open the Fisher Porter in a glove box and add 54 mg of triazol-182 
5-ylidene. 183 
 184 
3.8. Outside the glove box, stir the solution at 80 °C for 40 min to generate a mixture of 185 
compounds containing compound 4. 186 
 187 
3.9. Remove the solvent and dissolve part of the residue in 0.6 mL of THF-d8.  188 
 189 
3.10. Filtrate the solution with a syringe equipped with a PTFE filter (0.2 μm) and place it in an 190 
NMR tube for analysis. Use hexamethylbenzene (roughly 10 mol% vs 9-BBN) as an internal 191 
standard to determine the NMR yields. 192 
 193 
4. Alternative synthesis of compound 4 from D,L-Glyceraldehyde 194 
 195 
4.1. In a glove box, charge a Schlenk tube with 50 mg of D,L-Glyceraldehyde, 135 mg of 9-BBN 196 
and a magnetic stirring bar. 197 
 198 
4.2. Add 4 mL of THF. 199 
 200 
CAUTION: Upon dissolution of the compound, H2 evolution occurs. 201 
 202 
4.3. Close the Schlenk with a septum and stick a needle into it to allow the constant release of 203 
H2 formed.  204 
 205 
4.4. Stir the white suspension at room temperature for 24 h inside the glove box.  206 
 207 
4.5. Add 165 mg of triazol-5-ylidene. 208 
 209 
4.6. Stir 3 h at room temperature. All residues solubilize during that time. 210 
 211 
4.7. Remove the volatiles under vacuum. 212 
 213 
4.8. Solubilize the residue in a minimum amount of Et2O (1 mL) and place the solution at -37 214 
°C for 12 h. 215 
 216 
4.9. Compound 4 precipitates. Remove the filtrate by filtration and dry the precipitate under 217 
vacuum. 218 
 219 
4.10. Isolate compound 4 as a white powder in 72% yield. 220 



 

 221 
REPRESENTATIVE RESULTS:  222 
Successful generation of bis(boryl)acetal compound 1 is assessed by 1H NMR analysis with the 223 
characteristic methylene pick at 5.54 ppm in THF-d8 (Figure 4a).Successful generation of 224 
compound 2 is assessed by 1H NMR analysis with the characteristic AB signal (δ = 7.73 (d, 1H, 2JH-225 

H = 18.4 Hz, CH2), 7.30 (d, 1H, 2JH-H = 18.4 Hz, CH2) for the two inequivalent protons of the 226 
methylene in THF-d8 (Figure 4b). Successful generation of compound 3 is assessed by 1H NMR 227 
analysis in THF-d8 (Figure 4c). The most notable signals are the CHCO2 at 5.34 ppm, and the CH 228 
of the BBN fragment at 0.26 and -0.65 ppm. Successful generation of compound 4 is assessed by 229 
1H NMR analysis in THF-d8. As shown in Figure 4d, compound 4, in situ generated from CO2, is 230 
notably characterized by a doublet at 4.64 ppm (3JH-H = 7.9 Hz, H3) and a pseudo-t at 3.36 (2JH-H = 231 
9.7 Hz, 3JH-H = 9.5 Hz, 1H, H1b). In the isolated compound 4 from D,L-Glyceraldehyde, the four 232 
proton signals of the C3 chain are clearly observed (Figure 4e) and the three carbon atoms of the 233 
chain are characterized in the 13C{1H} NMR analysis at 76.9 (C2), 74.0(C3) and 71.5(C1) ppm 234 
(Figure 5). 235 
 236 
FIGURE AND TABLE LEGENDS:  237 
Figure 1: Gas system. Scheme of the gas system enabling the addition of a defined pressure of 238 
CO2 at a given temperature. 239 
 240 
Figure 2: Reductive functionalization of CO2. Synthesis of compounds 1 and 2. 241 
 242 
Figure 3: Carbene-mediated C-C bond formation. Synthesis of compounds 3 and 4. 243 
 244 
Figure 4: 1H NMR analyses of compound 1-4, recorded at room temperature in THF-d8. (a) In 245 
situ generated compound 1, (b) in situ generated compound 2, c) isolated compound 3, d) in situ 246 
generated compound 4 from CO2, e) isolated compound 4 from D,L-Glyceraldehyde. 247 
 248 
Figure 5: Representative characterization of compound 4 isolated from D,L-Glyceraldehyde. 249 
13C{1H} NMR analysis recorded at room temperature in THF-d8; inlet: zoom of the C1-C3 area. 250 
 251 
DISCUSSION:  252 
Herein, we present the one-pot two-step versatile transformations of CO2 into complex products. 253 
The first step of the method concerns the selective 4 e- reduction of CO2 with a hydroborane 254 
reductant. This step is critical because selectivity toward the 4 e- reduction is challenging. Very 255 
few systems have been reported that describe the selective generation of bis(boryl)acetal23-25. In 256 
our case, an iron hydride complex catalyzes this selective 4 e- reduction of CO2 with 9-BBN, 257 
affording compound 1, under mild conditions (25 °C) and with very short reaction time (45 min) 258 
(Figure 2)18. Our study shows that the reaction conditions are very important. In our hand, each 259 
attempt to change the concentration, solvent, CO2 pressure and temperature led to the decrease 260 
of the yield in compound 1. A longer reaction time is also detrimental because it leads to over-261 
reduction to the methanol level or evolution of the bis(boryl)acetal into several oligomeric 262 
compounds. From our experience, it is necessary to verify the outcome of this reduction step by 263 
in situ 1H NMR characterization. The reproducibility of the method needs to be probed over 264 



 

several runs. 265 
 266 
The in situ condensation reaction of the intermediate 1 with a bulky aniline gives rise to the 267 
corresponding imine 2 (Figure 2). This is a straightforward method and compound 2 is readily 268 
formed in a high yield (83%). This reaction can also be used to probe the efficiency of the 269 
reduction step. This method is the only method enabling the synthesis of imine function from 270 
CO2. Moreover, intermediate 1 was proved to be a versatile source of methylene in various 271 
condensation reactions leading to the formation of C-N, C-O, C-C and C=C bonds18. This method 272 
thus offers a straightforward way of using CO2 as a surrogate of formaldehyde in condensation 273 
reactions26.  274 
 275 
Intermediate 1 reacts with Ender’s carbene to afford compounds 3 or 4, depending on the 276 
reaction conditions (Figure 3)20. With the support of in-depth experimental and theoretical study, 277 
we were able to explain the observed reactivity. In this case, compound 1 does not react as 278 
formaldehyde since boryl moieties remain in compounds 3 and 4. This feature arises from the 279 
formation of an unprecedented O-Borylated Breslow intermediate (Figure 3)27-32. This 280 
intermediate is not observed experimentally but may act as a bifunctional Lewis acid/Lewis base 281 
activator toward CO2 to afford compound 3 or leads to the homocoupling of two more carbon 282 
centers to afford compound 4. In both products, chiral centers are generated and in the case of 283 
compound 4, the two chiral centers, C2 and C3, are obtained in a diastereoselective manner, 284 
thanks to the presence of the bridging boryl fragment. 285 
 286 
The advances presented herein were possible thanks to the one-pot two-step method employed 287 
and to the high and versatile reactivity of intermediate 1 generated from the selective 4e- 288 
reduction of CO2. Following a similar method to further improve the scope and the complexity of 289 
the synthesized molecules, on-going works are dedicated i) to tune the properties of 290 
bis(boryl)acetal in using other hydroborane reductants and ii) to probe different coupling 291 
conditions in using other organo-catalysts. 292 
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Name of Material/Equipment Company

Wilmad quick pressure valve NMR tube 5 mm diam. Sigma-Aldrich

Filtre-seringue PTFE hydrophobe Ø 25 mm pores 0,22 µm UGAP	

Fisher Porter Home made system

9-borabicyclo[3.3.1]nonane dimer Sigma-Aldrich

FeCl2 (anhydrous) Strem

d,l-Glyceraldehyde Sigma-Aldrich

2,6-(diisopropyl)phenylamine Sigma-Aldrich

dimethylphosphinoethane Strem

Tetrahydrofuran Carlo Erba

Diethyl ether Carlo Erba

Pentane Carlo Erba

Tetrahydrofuran D8 Eurisotop
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Catalog Number Comments/Description

Z562882-1EA

2528593

178713
MFCD00011004

G5001

374733

MFCD00008511

solvent

solvent

solvent

D149FE
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Editorial comments: 

 

[EXSCINDED]The manuscript has been modified and the updated manuscript, 60348_R1.docx, is 

attached and located in your Editorial Manager account. Please use the updated version to make 

your revisions. 

 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no 

spelling or grammar issues. 

done 

2. For in-text referencing, please put the reference number before a comma or period. 

done 

3. Step 1.2: Please write this step in the imperative tense. 

done 

4. Step 1.11: Please write this step in the imperative tense. 

done 

5. Step 2.12: Please write this step in the imperative tense. 

done 

6. Please define all abbreviations before use. 

done 

7. Please use h, min, s for time units. 

done 

8. For each figure, please add a short description of the figure in figure legend. 

I do not understand: is the “FIGURE AND TABLE LEGEND” section not what you are asking? 

9. Please remove trademark (™) and registered (®) symbols from the Table of Equipment and 

Materials. 
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