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Turning carbon dioxide into dialkyl carbonates
through guanidinium-assisted SN2 ion-pair process

Juliette Delcorps,1 Kuber Singh Rawat,2 Mathilde Wells,3 Emna Ben Ayed,1 Bruno Grignard,4

Christophe Detrembleur,5,6 Bertrand Blankert,3 Pascal Gerbaux,7 Veronique Van Speybroeck,2

and Olivier Coulembier1,8,*
SUMMARY

The synthesis of dialkyl carbonates, versatile compounds with appli-
cations in organic synthesis, pharmaceuticals, and polymers, has at-
tracted considerable attention due to their environmentally benign
nature. Here, we describe the selective bimolecular nucleophilic
substitution (SN2) reaction between primary and secondary alkyl io-
dides with 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD)-based carbon
dioxide-binding organic liquids. We show that TBD is a great candi-
date for bulk carbon dioxide and alcohol binding at 100�C. TBD-
based carbonate salts are selective for SN2 processes, allowing
them to work with highly reactive alkyl iodide while eliminating
unwanted base quaternization either in acetonitrile or in bulk at
both 21�C and 65�C. The high reactivity of these TBD-based carbon
dioxide-binding organic liquids toward backside SN2 processes
at low temperature is explained by the presence of the TBD.H+

guanidinium, revealing a unique metal-free cation-assisted SN2
ion-pair process.
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INTRODUCTION

Among the strategies for reducing carbon dioxide (CO2) emissions, chemical con-

version into value-added products has been the spearhead of the research to

date.1–3 From hydrogenation-based to chemical fixation-based products, CO2 al-

lows for a vast array of valuable chemical compounds to be prepared and designed

for specific applications.4–6 If groundbreaking work on catalyst design now allows for

CO2 to be transformed efficiently, only a few of the technologies available today are

economically viable and scalable, such as the production of urea and carbonate-

based polymers.2 Aliphatic polycarbonates are attractive biomaterials owing to

the potential CO2 utilization involved in their production, which is estimated to reach

10–50 Mt/year by 2050.2 In the current market structure, carbonate-based polymers

are mainly prepared by the copolymerization of CO2 and epoxides.7 However, they

could also be obtained from carbonate-based synthons, either cyclic or linear, them-

selves potentially derived from CO2. Since the best strategy for producing polycar-

bonates—in which carbonate linkages are connected by more than three carbon

atoms—is the condensation polymerization of diols and dialkyl carbonates,8 a

high-scale production of the latter is of utmost importance for the plastics industry.

In addition to being used as simple intermediates in polymer production, dialkyl car-

bonates are also important chemical compounds due to their potential use as polar

aprotic solvents, monomers for organic glasses-based polymers, synthetic lubri-

cants, plasticizers, intermediates of pharmaceuticals, energy storage enhancers,

and CO2 scavengers.
9–14
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Scheme 1. Preparation of carbonates via SN2 methods and DBU- and TBD-based CO2BOL routes

(A) General reaction scheme for the dialkyl carbonate (ROCO2CH2R
0) preparation from an SN2 reaction between a metal-based carbonate salt

(ROCO2
�,Mt+) and a primary alkyl halide (R0CH2X).

(B) DBU-based CO2BOL route used for the preparation of ethylene and propylene carbonates.

(C) This work: a TBD-based CO2BOL route.
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Dialkyl carbonates, especially the dimethyl and diethyl forms (DMC and DEC),15–19

have been commercially synthesized through the phosgene process, Bayer nonphos-

gene process,20 ENIChem alcohol oxycarboxylation process,21 UBE alkyl nitrate

carbonylation process,22 and Asahi-Kasei transesterification process.15,17,23–25

Although the values of Gibbs free energy indicate that these conventional routes

are advantageous,20 they quickly become unattractive in terms of safety, toxicity,

and environment, driving both scientific and industrial interests to CO2-based pro-

cesses. In general, there are three main synthetic routes to dialkyl carbonates from

CO2: the direct carboxylation of alcohols, the alcoholysis of urea, and the transester-

ification of cyclic carbonates with alcohols.17,26–28 Surprisingly, bimolecular nucleo-

philic substitution (SN2) processes between carbonate salts and alkyl halides are

not typically used to prepare dialkyl carbonates (Scheme 1A). Although this method

offers a simple technological process, the low yield for dialkyl carbonates and

rigorous operation conditions generally prevent its popularization. When dialkyl car-

bonates are prepared from metal-based carbonate salts, the high temperatures

adopted to circumvent the poor nucleophilicity of the carbonate active site are

generally incompatible with either the carbonate salt’s thermal stability or the sub-

strate functionalities. To that end, exotic organic solvents such as N-methyl-2-pyrro-

lidone or N,N-dimethylacetamide are necessary to maintain the solubility of the

metal salts.28
2 Cell Reports Physical Science 5, 102057, July 17, 2024



Scheme 2. CO2BOL synthesis

from the DBU amidine base and

Burton’s guanidine base
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Organic compounds such as ionic liquids could moderately improve the SN2 reac-

tion by enhancing the nucleophilicity of metal-based carbonate salt.29 As organic

molecules offer many advantages over metals, it would be unfortunate to see

them as mere additives to metals. To date, only a handful of studies have focused

on the preparation of linear dialkyl carbonates using organo-based carbonate

salts.30,31 While Rossi et al. have reported the synthesis of organic carbonates

from tetrabutylammonium alkyl carbonates, Bratt and Taylor developed an innova-

tive process based on the use of intermediate methanesulfonyl carbonates. If the

latter process suffers from harsh conditions such as high temperatures (>150�C),
the former necessitates the synthesis of highly hygroscopic and noncommercially

available tetrabutylammonium alkyl carbonates.

Highly interesting for CO2 capture and sequestration, organic solvent systems

known as carbon dioxide-binding organic liquids (CO2BOLs) have been developed.

CO2BOLs are based on a liquidmixture of an alcohol and amidine or guanidine base,

especially 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and Burton’s base, that chem-

ically binds CO2 to form amidinium or guanidinium carbonate salts (Scheme 2).32,33

In 2019, Khokarale and Mikkola described a one-pot process for the synthesis of 5-

and 6-membered cyclic carbonates such as ethylene carbonate (EC) and propylene

carbonate (PC) based on the CO2BOL concept (Scheme 1B).34 They demonstrated

that in presence of the DBU superbase, halohydrins can be effectively converted

to cyclic carbonates, except for 2-bromo and 2-iodoethanol, which react equiva-

lently with the amidine and form N-alkyl DBU salts. Surprisingly, the authors made

no mention of the extremely mild conditions under which the syntheses were carried

out, or of the glaring difference in the reactivity of the carbonate salts when they are

produced from DBU rather than metals. Although the ease of reaction can obviously

be partly explained by the thermodynamic stability of the as-prepared 5- and

6-membered cycles, it is not wrong to envisage that the R-OCO2
�, DBU.H+/R0X sys-

tem also presents similarities to anion-p interactions-based systems35,36 or to rare

ion-pair SN2 processes,37–40 in which reaction intermediate and transition state are

stabilized (Figure S1).

While guanidines such as 1,1,3,3-tetramethylguanidine (TMG) and Barton’s base

have already been studied to prepare CO2BOLs, no one has ever considered the

attractive alternative of 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) guanidine.

Compared to both TMG and Barton’s base, TBD is a unique organic structure due

to its high basicity but, more importantly, due to its bifunctionality characterized

by two reactive sites at close distance.41 While its catalytic abilities have already

been exploited in various organic reactions, including transesterification,42,43 trans-

carbonylation,44 amidation,45–53 Michael addition and aldol reactions,54,55 it also

appears as a ‘‘magic catalyst’’ for the polymer community.56 Ready-to-apply liquid
Cell Reports Physical Science 5, 102057, July 17, 2024 3



ll
OPEN ACCESS

Please cite this article in press as: Delcorps et al., Turning carbon dioxide into dialkyl carbonates through guanidinium-assisted SN2 ion-pair pro-
cess, Cell Reports Physical Science (2024), https://doi.org/10.1016/j.xcrp.2024.102057

Article
formulations of TBD are also available, allowing one to overcome the complicated

handling of its crystalline delivery form and its rather limited market availability.41

Here, we describe the selective SN2 reaction between primary and secondary alkyl

iodides with TBD-based CO2BOLs (Scheme 1C). By crossing experimental observa-

tions and molecular modeling to reveal the most preferred reaction mechanism, we

demonstrate that TBD is themost favorable candidate for binding CO2 and alcohols,

especially primary ones. As compared to DBU-based CO2BOLs, the TBD-based

CO2BOLs are selective to SN2 processes, allowing us to work with highly reactive

alkyl iodides while eliminating undesirable base quaternization. The high reactivity

of those TBD-based CO2BOLs toward backside SN2 processes is unambiguously ex-

plained by the presence of the TBD.H+ guanidinium revealing a unique metal-free

cation SN2 ion-pair process.
RESULTS AND DISCUSSION

Preparation of TBD-based CO2BOLs

A fast, selective, and potentially industrially scalable preparation of dialkyl carbon-

ates from a CO2BOL salt requires adapting to the use of different types of commer-

cially available alkyl halides, especially those bearing excellent leaving groups such

as bromide and iodide. Despite iodo-based compounds having been excluded by

Khokarale and Mikkola due to their ease of quaternizing DBU during the prepara-

tion of EC and PC,34 we decided to face the challenge by working only with

such extremely reactive alkyl halides, thus necessitating the design of a metal-

free carbonate salt that is easy to prepare, cheap, and highly selective to a SN2

process.

The physical and chemical properties of CO2BOLs can be manipulated by changing

alcohol/base pairs. Appropriate organic bases include amidines, guanidines, some

amines, and phosphazenes. In comparison to nucleophilic DBU,57 non-nucleophilic

tertiary amines such as triethylamine and Hünig’s base seem attractive to get rid of

the unwanted N-alkylation of the base. However, they have been demonstrated to

be ineffective for CO2BOLs preparation under regular conditions of temperature

and pressure.58 Moreover, phosphazene superbases present some concerns about

toxicological issues59,60 and are not produced on an industrial scale, excluding ap-

plications in the chemical industry and, of course, in the present study.

To evaluate the relevance of using TBD to prepare CO2BOLs from alcohols, we

decided to compare its efficiency to the one of the well-known DBU bases. In the

presence of DBU, the rate of CO2 uptake from an alcohol is dependent mainly on

the stirring rate of the medium since the reaction is a function of the mass transfer

of CO2 from the gas phase into solution.32 Under optimal stirring rate conditions,

a few seconds are sufficient to almost quantitatively transform a primary alcohol/

DBU mixture into a CO2BOL. To make an efficient comparison between DBU and

TBD, we then deliberately decided to work primarily on a static open medium (no

stirring rate applied) by simply bubbling CO2 into the alcohol/base mixture

(pCO2 = 0.2 bar). Conversions were monitored gravimetrically and confirmed from

time to time by 1H-NMR spectroscopy. As presented in Figure 1A, such simple

experimental modification has a tremendous impact on the overall CO2 uptake

when CO2BOLs are prepared from different alcohols and the DBU base

([alcohol]0/[DBU]0 = 1) in bulk (no solvent). While there is a little preference for meth-

anol, ethanol, and 1-propanol over a longer 1-hexanol, these primary alcohols are

preferred over secondary alcohols (isopropanol, cyclohexanol, and butan-2-ol)
4 Cell Reports Physical Science 5, 102057, July 17, 2024



Figure 1. CO2BOLs production and catalyst comparison

(A) CO2BOLs production from primary alcohols (maroon dot, methanol, red dot, ethanol, yellow dot, 1-propanol, sky blue dot, 1-hexanol), secondary

alcohols (light green dot, isopropanol, green dot, butan-2-ol, medium blue dot, cyclo-hexanol), and phenol (dark blue dot) as activated by DBU

([alcohol]0/[DBU]0 = 1) at 21�C and under CO2 bubbling (pCO2 = 0.2 bar). Error bars represent the SDs of 3 trials.

(B) CO2BOLs production obtained from ethanol as activated by TBD (orange dot) and DBU (blue dot) in MEK ([ethanol]0 = [DBU]0 = [TBD]0 = 3 M) at 21�C
(pCO2 = 0.2 bar).
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and very strongly preferred over the phenol. If such observations appear in line with

those of Heldebrant et al.,32 the maximal CO2 uptake of this exothermic system (Fig-

ure S2), here obtained from primary alcohols, is limited to 52%–56%, reaching a

plateau after 5–10 min. Considering those values as reasonable in terms of conver-

sion and kinetics to easily compare the DBU and the TBD bases, we selected those

experimental conditions and ethanol as the representative alcohol for our CO2BOL

preparation study with TBD.

Because the semi-crystalline version of TBD has been used, efficiencies of both DBU

and TBD bases were experimentally compared by reactions performed in solution

for an initial concentration in bases and ethanol of�3 M. The degree of CO2 loading

in CO2BOLs is known to control the polarity of the solvent, but conversely the polar-

ity has also been exploited as a means to control CO2 loading.
61 Since nonpolar sol-

vents aid in the decomplexing of CO2 from CO2BOLs, we first decided to compare

the respective activities of both DBU and TBD by selecting the polar methyl ethyl ke-

tone (MEK) solvent also known for its great ability to dissolve CO2 as compared to

other solvents such as alcohols.62

As expected, the use of TBD considerably increases the overall kinetics of CO2BOL

production and improves the maximal CO2BOL production value to �87%

(Figure 1B), at least in MEK. By comparing the relative integration of the

CH3CH2OCO2
� to the TBD.H+ methylene signal, the 1H-NMR spectroscopy analysis

reveals that the quasi-quantitative CO2 conversion is attributed to a partial evapora-

tion of the ethanol during the exothermic CO2BOL formation. Moreover, the oxy-

gen-bound methylene of the ethyl group of the sample shifted from the normal po-

sition of ethanol (3.52 ppm in CDCl3) to 3.81 ppm, which is close to the chemical

shifts of the DBU-based hexyl carbonate salts (3.90 ppm)63 or the dihexylcarbonate

(4.13 ppm in CCl4).
64

To gain further insights into the reaction mechanism and reactivity of both DBU and

TBD in the CO2 conversion toward CO2BOL, we conducted a detailed investigation

using density functional theory (DFT) calculations (CPCMðtolueneÞ= B3LYP-D3(BJ)/6-

311++G**,SDD(I) level of theory). Further computational details are given in the

experimental procedures section. To better evaluate the relevance of the as-ob-

tained DBU- and TBD-based results, an extra comparison with a nonefficient pyri-

dine base has also been performed (Figure 2).
Cell Reports Physical Science 5, 102057, July 17, 2024 5



Figure 2. CO2 activation via ethanol and organic bases: pathways, energy profiles, and transition

state geometries

CO2 activation via ethanol in the presence of bases. (A) Possible reaction pathway and

(B) calculated free energy profiles at CPCMðtolueneÞ/B3LYP-D3(BJ)/6–311++G** level of theory. (C)

Optimized geometries for transition states with bond lengths (in angstroms).

The atom colors are elaborated in the figure (see also Table S1).
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The reaction initiates with the interaction between a CO2 molecule and the base

along with ethanol (1/2). The calculated free energies (DG) for this reaction were

5.04, 2.19, and 1.98 kcal/mol (Figure 2B; Table S1) for the pyridine, DBU, and TBD

bases, respectively. Next, the transition from intermediate 2 to the final product 3

(2/3) occurs via a concerted transition state (TS1) instead of a stepwise process.

Upon closer inspection, it can be observed that in these transition states, the C

atom of the CO2 molecule participates in a reaction with the oxygen atom of ethanol

while the base simultaneously abstracts the proton from the alcohol (representative

structures are depicted in Figure 2C). The calculated energy barriers (DGz) for pyri-
dine, DBU, and TBD were determined to be 15.77, 8.93, and 4.64 kcal/mol, respec-

tively. These results are in agreement with our experiments and indicate that TBD is

themost favorable candidate for this reaction compared to the other two bases, and,

most importantly, DBU. Moreover, the overall reaction free energy profile also re-

veals a strong interaction between the carbonate anion and TBD.H+, leading to an

overall exothermic reaction-free energy of �6.94 kcal/mol compared to the endo-

thermicity observed for DBU.H+ (3.1 kcal/mol) and pyridine.H+ (9.72 kcal/mol).

The CO2 activation using the base only was also explored in previous reports,65,66

and we found that in this scenario as well, activation by TBD (2.89 kcal/mol) requires
6 Cell Reports Physical Science 5, 102057, July 17, 2024
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a lower energy barrier compared to DBU (6.56 kcal/mol) (Figure S18). These barriers

are lower compared to the CO2 activation by ethanol in the presence of bases.

Nevertheless, the final products are found to be 5.09 and 5.81 kcal/mol more favor-

able for TBD and DBU, respectively, when CO2 reacts with ethanol rather than with

base alone.

To demonstrate that the preparation of CO2BOLs from TBD is a promising and effi-

cient process, the ability of the guanidine base to quantitatively convert longer pri-

mary alcohols into carbonate salts has been investigated by adjusting the experi-

mental conditions to improve the CO2BOL conversion. Long primary alcohols do

not solubilize the semi-crystalline version of TBD at room temperature (RT), thus

requiring one to either use an efficient solvent to solubilize reactants while stabilizing

the as-produced carbonate salt or to generate CO2BOLs in the melt state. To the

best of our knowledge, the second strategy has never been studied and could repre-

sent a real breakthrough for the industrial production of CO2BOLs. 1-Heptanol has

been used as a representative candidate for the rest of our study.

In 2008, Jessop et al. briefly stated that the production of CO2BOLs from DBU and

alcohols proceeds to great conversion in CDCl3.
63 To get rid of the relatively slow

kinetics observed under static conditions, 1-heptanol and TBD were therefore solu-

bilized in this solvent ([1-heptanol]0 = 4 M, [OH]0/[TBD]0 = 1) and subjected to a CO2

bubbling treatment (pCO2 = 0.2 bar, 2–3 bubbles per second) under a high stirring

rate (�500 rpm).32 Under these experimental conditions, our 1H-NMR data show that

the reaction proceeds to very high conversions. Specifically, the proton assignable

to the OH function of the 1-heptanol initially shifts downfield and then completely

disappears after 10 min of reaction. Concomitantly, the N-H signal of the TBD shifts

downfield by +0.53 ppm to the benefit of the guanidium protons signal (Figure S3).

By comparing integration values before and after reaction, a conversion of 95% G

5% is calculated. Considering the moderate accuracy of the 1H-NMR integration,

such a result indicates either a complete or an almost-complete conversion to the

alkyl carbonate salt.

To complement our observation and clearly visualize the important role of the chlo-

roform solvent, the CO2 activation was also evaluated when the carbonate salt is pro-

duced under CHCl3 solvation. Appropriate DFT calculations were then investigated

and compared to a representative toluene-based medium (Figure S4). The calcu-

lated energy barriers (TS1) for DBU and TBD in CHCl3 were found to be 7.15 and

3.99 kcal/mol, respectively. These energy barriers were 1.78 and 0.65 kcal/mol lower

compared to the toluene solvent for DBU and TBD, respectively (Figure S19).

Furthermore, the comprehensive analysis of the free energy profile of the reaction

indicated that the final product (3) is favored more when CHCl3 is the solvent, with

an additional free energy stabilization of 2.93 and 2.08 kcal/mol for DBU and TBD,

respectively. Moreover, TBD exhibited a more favorable reaction free energy

(�9.02 kcal/mol) when compared to DBU (0.17 kcal/mol). This observation aligns

well with the experimental results, suggesting that TBD is a better base for CO2 acti-

vation compared to DBU, especially in CHCl3. Additionally, we performed a compar-

ative analysis of various solvents in the activation of CO2 using TBD. Our computa-

tional findings, as illustrated in Figure S19, indicate that acetonitrile (ACN) leads to a

greater thermodynamic stability compared to toluene and CHCl3.

Although academically very interesting, producing CO2BOLs in organic solvents

presents certain disadvantages. Generally speaking, in the limited context of a sin-

gle production of CO2BOLs, the use of solvent considerably reduces any interest in
Cell Reports Physical Science 5, 102057, July 17, 2024 7



Figure 3. Bulk production of CO2BOLs via heat-activated TBD and 1-heptanol mixture under CO2

exposure
1H-NMR spectra (between d = 0 ppm and d = 4.5 ppm) of an equimolar mixture of 1-heptanol and

TBD during a CO2 treatment at 100�C (see also Figure S6).
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industrial production. In the more specific context of our study, and in view of the

DFT results presented above, chloroform contributes considerably to the general

stabilization of CO2BOLs, limiting de facto their reactivity toward the alkyl halides

used to prepare dialkyl carbonates through a one-pot SN2 reaction. To get rid of

such a problem, we investigated the possibility of producing CO2BOLs at a temper-

ature sufficiently high to solubilize TBD into the alcohol without using any solvent.

As already stated, liquid long primary alcohols such as 1-heptanol do not solubilize

the semi-crystalline version of TBD at 21�C. When heated at 100�C for few seconds,

the two-phase mixture turns into a clear fluid solution. By cooling down the medium

to RT, the TBD starts to recrystallize producing the heterogeneous 1-heptanol/

guanidine mixture. To produce the corresponding CO2BOL in bulk, the equimolar

mixture of 1-heptanol and TBD was therefore heated up and subjected to a CO2

exposure (pCO2 = 0.2 bar) under a high stirring rate (�500 rpm) at a constant tem-

perature of 100�C. Although slower than that in CHCl3 solution, treating the homo-

geneous mixture at 100�C under a CO2 atmosphere enables the corresponding car-

bonate salt to be produced selectively in a near-quantitative yield (�96%), after 1 h

of reaction and without the use of solvent (Figures 3 and S6). Obviously, the working

temperature must be sufficiently high but also below the decomposition tempera-

ture of the CO2BOL to prevent the potential thermal release of CO2 from the

TBD-based salt, a topic slated for further investigation. However, the liberation of

CO2 from the CO2BOL suggests a potential avenue for recyclability. Indeed, exam-

ination of the TBD-based salt’s thermal stability revealed that under a nitrogen flow

(pN2 = 0.2 bar), it takes 1.5 h to achieve �90% degradation at 90�C, whereas com-

plete degradation occurs within 0.5 h at 110�C (Figure S5). Subsequent to thermal

degradation, the alcohol and TBD are recovered (Figure S7). Consequently, the

CO2BOL could be readily regenerated by reintroducing CO2 into the mixture.

Preparation of linear dialkyl carbonates from TBD-based CO2BOLs

Taking into account the experimental data in the literature on reactions involving the

use of DBU-based carbonate salts and alkyl halides, it would appear that, leaving

aside the poisoning alkylation reactions of DBU, the production of carbonates is
8 Cell Reports Physical Science 5, 102057, July 17, 2024



Table 1. Reaction yields

Alkyl iodine Entry

Bulk

Entry

ACN

Yield (%) at
21�C

Yield (%) at
65�C

Yield (%) at
21�C

Yield (%) at
65�C

Iodoethane 1 �99 �99 4 93 �99

1-Iodooctane 2 23 �99 5 67 93

2-Iodopropane 3 67 96 6 97 95

Yields of heptyl-OCO2
�, TBD.H+ salt with different alkyl iodides as reacted in bulk and ACN (2 M) at 21�C

and 65�C. Yields are determined by 1H-NMR analysis from the crude mixture taking into account the

engaged TBD-based salt content.
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somehow based on a SN mechanism. The primary nature of the alkyl halides gener-

ally used seems to support the fact that the mechanism involved implies an SN2 pro-

cess. Despite this, the generally mild experimental conditions, compared to those

adopted for the use of metal-based carbonate salts, make the exact nature of this

process unclear. This is all the more true as the nucleophilic nature of carbonate salts

is supposed to be very weak, making the process theoretically fastidious. To remove

the doubt and define this reaction as accurately as possible, a series of experimental

carbonatations were carried out and supplemented by DFT theoretical calculations.

Various linear dialkyl carbonate syntheses were performed by adding primary and

secondary alkyl iodides to a heptyl-OCO2
�,TBD.H+ salt, pregenerated by the treat-

ment of an equimolar mixture of 1-heptanol and TBD under CO2 bubbling for 1.5 h

at 100�C (conversion�95%). Iodoethane and 1-iodooctane were selected as primary

alkyl iodides, while 2-iodopropane was used as a representative secondary alkyl

halide. Reactions were performed for 24 h under air by using 1 equiv of alkyl iodide

as compared to the initial 1-heptanol. Since all of the reactants are liquid, nucleo-

philic substitution reactions were performed in ACN (2 M) but also in bulk at 21�C
and 65�C (Table 1). Carrying out SN reactions without solvent should favor the forma-

tion of the expected solid TBD.H+, I� salt by-product, simplifying the separation pro-

cess and easily enhancing reaction purity.

Carrying out the carbonatation reactions in ACN gives high yields whatever the

temperature and the nature of the alkyl iodide (Table 1, entries 4–6). This observa-

tion certainly highlights a reaction mechanism based on an SN2 process. Since the

frontside pathway is highly disfavored because of the increased steric repulsion re-

sulting from the proximity of the carbonate nucleophile and I� leaving group in the

transition state, the hypothesis of an SN2 backside process appears more

convincing. It is interesting to note that the overall polarity of the solvent is not

crucial since high yields of reactions are also obtained in bulk, especially at 65�C
(Table 1, entries 1–3). More interestingly, it is worth noting that the yields observed

when iodoethane is used as the alkyl iodide are somehow identical with or without

ACN (Table 1, entries 1 and 4). Although results obtained when using 1-iodooctane

must be discarded due to a partial crystallization of the carbonate produced in bulk

at 21�C (Table 1, entry 2), the use of 2-iodopropane also provides highly acceptable

results in the absence of solvent at RT, considering the secondary nature of this alkyl

iodide (Table 1, entry 3). Based on the concept of ion pairs introduced and devel-

oped by Winstein et al.,67 all of these observations suggest that the hypothetical

backside SN2 process does not proceed from free ions or solvent-separated ions

but from contact ion pairs where the countercation (i.e., the TBD.H+ guanidinium)

and the anion (i.e., the heptyl-OCO2
� carbonate anion) are in close proximity to

each other.
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Figure 4. DFT mechanistic investigation of TBD-based CO2BOL reactivity toward alkyl iodides: comparison with and without DBU and pyridine

SN2 reaction mechanism: (A) possible reaction pathway, (B) optimized geometries for transition states (bond lengths in angstroms), and (C) calculated

free energy profile (backside attack) at CPCMðtolueneÞ/B3LYP-D3(BJ)/6–311++G**, SDD(I) level of theory.

H atoms are omitted from TBD for clarity. The atom colors are elaborated in the figure (see also Figure S20; Table S2).
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To understand the high reactivity of the TBD-based CO2BOLs in regard to the alkyl

iodides and to shed some light on the mechanism involved, mechanistic investiga-

tions at the DFT level were performed. To make an accurate comparison, the reac-

tivity of TBD-based CO2BOLs has been compared to the ones hypothetically ob-

tained from both DBU and pyridine bases. Simulations were performed by

considering intermediate 3 (Figure 2A) and 1-iodooctane. The proposed reaction

pathway is illustrated in Figure 4A. Two scenarios have been hypothesized, one in
10 Cell Reports Physical Science 5, 102057, July 17, 2024
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which the mechanism implies a carbonate anion in absence of its TBD.H+ counterca-

tion (labeled ‘‘no-base’’) and another in the presence of the protonated base cation

(labeled ‘‘pyridine,’’ ‘‘DBU,’’ and ‘‘TBD’’). In each scenario, the SN2 reaction was

examined via two distinct transition states (Figure 4B): (1) the carbonate anion

attacks via the backside (TS2) of the leaving group (I�) or (2) the carbonate anion at-

tacks from the frontside of the leaving group (TS20). Based on the calculated free en-

ergy barriers (Figures 4C and S20; Table S2), it is evident that the backside attack is

more favorable in all of the cases. Interestingly, a backside attack without TBD.H+

shows the most favorable path, with a free energy barrier of 9.04 kcal/mol, which

is 28.03 kcal/mol lower compared to when the carbonate anion approaches from

the frontside (Table S2). However, the calculated barriers via TS2 are 13.48, 17.08,

and 22.76 kcal/mol for DBU, TBD, and pyridine, respectively. This indicates that,

compared to an amidinium cation, the involvement of a guanidinium cation de-

mands a higher barrier to accomplish the process. The reason stems from the disrup-

tion of the strong interaction between the cation and the carbonate anion during the

substitution process. As a result, the separation of the carbonate anion and base.H+

in intermediate 3 requires large free energies of 44.23 and 38.22 kcal/mol (Fig-

ure S21) for TBD and DBU, respectively. Such high energy barriers confirm that

free ions are not involved and that contact ion pairs are acting as nucleophiles in

the SN2 process. Nevertheless, noncovalent interaction (NCI) analysis68 reveals

that the energy required to break the interaction can be counterbalanced by stabi-

lizing both the leaving and attacking groups through the formation of NCIs with

TBD.H+ in TS2. To investigate the role of these interactions, various configurations

of TS2 (Figure 5) were computed by altering the manner in which TBD.H+ interacts

with the leaving I� ion and attacking carbonate anion groups. When both I� and

the unreactive O atom of the carbonate anion engage in interactions with TBD.H+

(I$$$TBD andN�H$$$O), a barrier of 17.08 kcal/mol is required (Figure 5A). As clearly

represented by Figure 5E, such an optimized transition state induces an attractive

NCI between the TBD.H+ and the leaving I�, strongly supporting a guanidinium-as-

sisted SN2 ion-pair process. Any alteration in these interactions (Figures 5F–5H)

leads to a higher barrier.

Overall, as compared to DBU and pyridine, the presence of TBD is quite crucial to

assist in the CO2 activation and subsequent SN2 reaction with alkyl iodides through

a unique guanidinium-assisted SN2 ion-pair process. Additionally, a combined free

energy profile for the reaction gives additional support to the role of different bases

(Figure 6).

We also explored the free energy profile using ACN, toluene, and CHCl3 solvents for

the TBD base (Figure S22). A comprehensive analysis of the overall reaction free en-

ergy profile shows a preference for ACN, showcasing energy advantages of 6.99 and

2.85 kcal/mol over toluene and CHCl3, respectively. This observation aligns well with

our experimental results, demonstrating that ACN exhibits improved catalytic per-

formance compared to the bulk.

Considering the reactants involved, performing reactions in bulk presents an inter-

esting asset—the precipitation of the TBD.H+, I� salt and its simple isolation from

the crude medium. Whatever the alkyl iodide used, and after only a few minutes,

a significant amount of a white compound indeed starts to precipitate, making its

isolation by filtration easy. While the 1H-NMR analysis of that compound confirms

the presence of a protonated guanidinium (TBD.H+) (Figure S15), the presence

of an iodide counteranion has been unambiguously certified by electrospray ioniza-

tion mass spectrometry analysis (ESI-MS) (Figure S16). Indeed, besides ions
Cell Reports Physical Science 5, 102057, July 17, 2024 11



Figure 5. Transition state geometries and NCI analysis of TBD-based SN2 reaction: Impact of NCIs on energy barriers

(A–D) Optimized geometries for transition states (TS2) involving TBD base in backside-attack SN2 reaction, considering various NCIs between TBD.H+

and both leaving I� and the attacking carbonate anion groups.

(E–H) The calculated energy barriers (in kilocalories per mole) are presented alongside their corresponding NCI plots, providing a detailed visualization

of the impact of these interactions on the energy barriers. Isosurface colors reflect the nature and strength of the interactions, with blue indicating

regions of strong attractive interactions, green representing areas of attractive interactions, and red highlighting regions of repulsion.
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Figure 6. Role of TBD in CO2 activation and SN2 reaction: Comparative free energy profile with DBU and pyridine

A combined free energy profile for CO2 activation and SN2 ion-pair reaction using different bases calculated at CPCMðtolueneÞ/B3LYP-D3(BJ)/6–

311++G**, SDD(I) level of theory. The reactants, products, and intermediates of TBD are enclosed in blue dashed-line boxes.
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corresponding to the cationic part of organic salts, such as ionic liquids, aggregate

ions associating the parent ion with one or more ionic liquid molecules are often de-

tected upon ESI in the positive ion mode,69 making the identification of both the

cationic and anionic parts of an organic salt possible in a single MS analysis. In Fig-

ure S16, besides the dominant signals at m/z 140.1 and 279.2 that are readily

ascribed to [TBD+H]+ and [2TBD+H]+ ions, the singly charged ions detected at

m/z 407.1 correspond to such an aggregate associating two protonated TBD mole-

cules to a single iodide anion, typically [2TBD+2H+I]+, whose detection supports our

first hypothesis. Satellite signals at m/z 168.1, 196.2, and 435.2 are also detected

and attest to the presence of TBD molecules that have been quaternized by iodo-

ethane. In our opinion, the detection of these signals is attributable to the presence

of at least 5 mol % of TBD+C2H5. Such N-quaternized TBD comes from the fact that

iodoethane has been used in slight excess as compared to the heptyl-OCO2
�,

TBD.H+ salt initially produced at �95 mol % from the 1-heptanol ([iodoethane]0 =

[TBD]0 = [1-heptanol]0 � (100/95).[heptyl-OCO2
�, TBD.H+]).

All of the linear dialkyl carbonates have been characterized by 1H-NMR spectros-

copy and gas chromatography (GC)-MS analysis (Figures S8, S9, and S11–S14). Fig-

ure 7 is a representative example of carbonate obtained in bulk at 21�C after filtra-

tion of the TBD.H+, I� by-product (Table 1, entry 1). GC-MS analyses have been

performed under chemical ionization (CI) conditions using methane as the CI gas,

since under electron ionization conditions no molecular ions were detected. Under

CI(CH4), the C7H15-O-C(=O)-O-C2H5 carbonate is detected as protonated mole-

cules, [M + H]+, at m/z 189.2. Note that the adduct ions at m/z 217.2 and 229.2

are generated in the ionization source running at high pressure in methane. Besides

the quasi-molecular ions, the fragment ions detected at m/z 91.0, 119.1, and 131.1

arise from a 98-u (atomicmass unit) loss (C7H14) from them/z 189.2, 217.2, and 229.2
Cell Reports Physical Science 5, 102057, July 17, 2024 13



Figure 7. Characterization of heptyl-ethyl carbonate by 1H-NMR and GC-MS analysis

(A) 1H-NMR (CDCl3, 500 MHz) of the heptyl-ethyl carbonate (see Table 1, entry 1) between d = 0.5 and 4.5

ppm (with asterisk signals belonging to the residual 1-heptanol) and (B) its corresponding GC-MS

analysis (CI (CH4) HRMS (high-resolution mass spectrometry) C10H21O3 [M + H]+ m/zexp = 189.1517,

m/zth = 189.1491; D = 2.6 mDa). m/zexp, experimental mass-to-charge ratio; m/zth, thereotical mass-to-

charge ratio.
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parent ions, respectively. We further confirm the elemental composition of the m/z

189.2 ions as [C10H20O3+H] using an accurate mass measurement (high-resolution

MS [HRMS]) experiment, confirming the presence of the C7H15-O-C(=O)-O-C2H5

composition. This last sample was finally analyzed by Fourier transform infrared

spectroscopy (FTIR), along with both 1-heptanol and the heptyl-OCO2
�,TBD.H+

CO2BOL salt (Figure S10). By comparing spectra, distinctive changes are clearly

visible, constituting reliable evidence for the formation of the dialkyl carbonate func-

tion, supporting de facto the SN2 ion-pair process. Before reacting with

1-iodoethane, the CO2BOL exhibits a C=N ring stretching vibration at 1,570 cm�1

and N–H stretching at 3,152 and 3,232 cm�1, confirming the presence of the proton-

ated TBD. This is consistent with the 1H-NMR data. Additionally, the strong absorp-

tion at 1,655 cm�1 and the weak peak at 1,388 cm�1 correspond to the stretching

vibrations of C=O and C–O– groups of the carbonate anion, respectively. In compar-

ison, the IR spectrum of the C7H15–O–C(=O)–O–C2H5 dialkyl carbonate shows a

distinctive absorption at 1,744 cm�1, attributed to the asymmetric stretching vibra-

tion of the C=O group, and a band at�1,251 cm�1, corresponding to the symmetric

stretching vibration of the C–O–C linkage within the carbonate group.

While the nature of the isolated TBD.H+, I� salt might suggest a possible reconver-

sion as solar cell components or as catalysts for the fixation of CO2 to epoxides,70–72
14 Cell Reports Physical Science 5, 102057, July 17, 2024
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whatever the linear dialkyl carbonate produced in bulk, the residual presence of the

guanidinium salt (<1 mol % based on 1H-NMR analysis) was always pointed out (Fig-

ure 7A, insets between d = 3.3 and 3.4 ppm and between d = 2.0 and 2.1 ppm). To

avoid a tedious extraction process involving the use of a large quantity of organic

solvent, we reasoned that the salt could be considered an acceptable contaminant

regarding the final application of the as-produced carbonate. Because linear dialkyl

carbonates represent an important intermediate class of pharmaceuticals, a salt

toxicity test has been undertaken. The study was performed on fetal human epithe-

lial cells FHs74Int (American Type Culture Collection [ATCC], CCL-241). Cells were

incubated at 37�C for 24 h before being treated with a series of 2-fold dilutions of

the TBD.H+, I� salt. The effective tested concentrations ranged from 0.78 to

200 mM. After 24 h, cell viability was assessed through a [3(-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide)] (MTT) assay.73 Cell viability (%) was calculated

compared to a negative control. Within the tested concentration range, the TBD.H+,

I� salt displayed no significant toxicity on FHs74Int cells (Figure S17). The slope of

the curve was shown to be nonsignificantly different from zero following a Fisher-

Snedecor test (p = 0.7151). This wide interval of concentrations was chosen as it is

presumed to be far above the likely residual levels of the catalyst. FHs74Int cells

were selected as they are derived from nonpathological human intestinal tissue

and constitute a good model to study the toxicity of any compound/food that could

come into contact with the intestinal epithelial barrier.74 Although these preliminary

results are promising, other cell lines could also be investigated in the future, notably

liver-derived cells to evaluate the effect of a potential metabolization on the cytotox-

icity of TBD.H+, I�.

We compared the formation of DBU- and TBD-based CO2BOLs both experimentally

and theoretically, and concluded that TBD is a better candidate for the formation of

CO2BOLs. We also demonstrated the ability of TBD to form CO2BOLs in bulk with

quasi-quantitative yields. This allowed us to attempt an SN2 on the as-prepared

CO2BOLs using various alkyl iodides without performing any prior purification. Ex-

periments and DFT calculations showed that despite a significant energy barrier,

the reaction still proceeded without much difficulty. TBD-based carbonate salts ex-

hibited remarkable selectivity for SN2 processes, consistently achieving yields above

90% across a range of conditions in both acetonitrile and bulk settings at tempera-

tures from 21�C to 65�C. This underscores the robustness and versatility of TBD-

based carbonate salts in promoting SN2 reactions with highly reactive alkyl iodides.

The high reactivity of these TBD-based CO2BOLs toward backside SN2 processes at

low temperatures is explained by the presence of the TBD.H+ guanidinium,

revealing a unique metal-free cation-assisted SN2 ion-pair process. By performing

reactions in bulk, the TBD.H+, I� by-product crashes out and is easily filtered out.

In the pharmaceutical use of dialkylated carbonates, the presence, even residual,

of the guanidinium salt does not likely pose a problem in view of its noncytotoxicity,

at least on FHs74Int cells.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the lead contact, Olivier Coulembier (olivier.coulembier@

umons.ac.be).

Materials availability

This study did not generate new unique reagents.
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Data and code availability

All of the processed data are available in the paper or supplemental information.

Further questions will be addressed by the lead contact upon reasonable request.
Materials

Carbon dioxide N50 (R99.999%) was supplied by Air Liquide. 1-Propanol (R99%),

2-butanol (99%), 1-hexanol (anhydrous, R99%), deuterated chloroform (0.03 vol %

tetramethylsilane, deuteration degree minimum 99.8% for NMR spectroscopy, sta-

bilized with Ag), as well as 1-heptanol were purchased from Sigma-Aldrich. Meth-

anol (GPR Rectapur) and propan-2-ol were purchased from VWR. Iodoethane

(R98%, stabilized with Cu) and 1-iodooctane were acquired from Alfa Aesar. Cyclo-

hexanol (99%) and DBU (R98%) were supplied by Thermo Scientific. Phenol (R99%,

for biochemistry, loose crystals) and 2-butanone (or MEK, ACS Reagent) were ac-

quired from Acros Organics. Ethanol (denaturated with 3% diethyl ether, Desinfec-

tol) was purchased from Chemlab. TBD was supplied by Apollo Scientific.

2-Iodopropane (stabilized with Cu chip) was purchased from TCI. All of the reagents

were used as received.
NMR spectroscopy

CO2 conversion kinetics were followed time-to-time through 1H-NMR using a Spin-

solve 60 Ultrabenchtop NMR spectrometer (Magritek). All of the spectra were ac-

quired according to the following parameters: aq = 6.4 s, repetition time = 10 s,

pulse angle = 90, and ns = 32.

Final dialkyl carbonate products were characterized by 1H-NMR using a Bruker

AVANCEII 500 MHz apparatus at RT in chloroform-d1 (CDCl3). All of the spectra

were acquired according to the following parameters: aq = 6.8 s, d1 = 10 s, sw =

12, o1p = 5, ns = 32 (1,024 for 13C).
FTIR

FTIR was performed to further demonstrate the formation of both the heptyl-

OCO2
�,TBD.H+ salt and the ethyl-heptyl carbonate using a Bruker Tensor 27

spectrometer.
DFT calculations

All of the calculations were performed using the DFT as implemented in Gaussian 16

package75 with Becke’s three-parameter hybrid exchange and Lee-Yang-Parr’s cor-

relation functional (B3LYP).76,77 A mixed basis set of SDD for the I atom and the 6-

311++G** basis set for all of the other atoms were considered.78–80 To account for

the solvent effect of toluene, a conductor-like polarizable continuum model

(CPCM) was applied.81 Chloroform and acetonitrile solvents were also considered

for comparison. All of the structures were optimized using Grimme’s dispersion

correction D3(BJ) to consider noncovalent interactions.82,83 Confirmation of inter-

mediates and transition states was achieved through harmonic vibrational fre-

quencies, ensuring the absence of imaginary frequencies for intermediates and

the presence of one imaginary frequency for transition states corresponding to

the desired transformation. Free energies and free energy barriers were calculated

at 298.15 K and 1-atm pressure. The NCI plot was used and depicted with visual mo-

lecular dynamics to gain more insight into the crucial noncovalent interactions be-

tween base and reactants in the transition state.68,84 All of the optimized structures

were illustrated using the visualization package CYLView.85
16 Cell Reports Physical Science 5, 102057, July 17, 2024
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Cytotoxicity tests

Fetal human epithelial cells FHs74Int (ATCC, CCL-241) were cultivated and seeded

in 96-well plates (23 104 cells per well). Cells were incubated at 37�C for 24 h before

being treated with a series of 2-fold dilutions of the TBD.H+, I� salt. Culture medium

(Hybri-Care medium [ATCC] supplemented with 10% fetal bovine serum) was used

for the dilutions, and the effective tested concentrations ranged from 0.78 to

200 mM. After 24 h, cell viability was assessed through an MTT assay, a colorimetric

test that allows the measurement of cellular metabolic activity. Briefly, the cell me-

dium was discarded and replaced by 200 mL MTT solution at 0.5 mg/mL in PBS.

Following a 4-h incubation period, the MTT solution was removed from the plates,

and DMSO was added to dissolve the formed formazan crystals. The absorbance

was measured at 570 nm using a SpectraMax M2 (Molecular Devices). Cell viability

(%) was calculated compared to a negative control (untreated cells in presence of

culture medium).

General procedure for the synthesis of DBU-based CO2BOLs

A vial equipped with a septum is chargedwith DBU (3mL, 0.0201mol) and an alcohol

(0.0201mol). Two needles (20G), one of which is connected to the CO2 tank, are then

used to pierce the septum and bubble carbon dioxide (pCO2 = 0.2 bar) onto the re-

action mixture. The reaction is performed at RT and kinetically studied by gravimetry

or 1H-NMR (60 MHz).

General procedure for the synthesis of TBD-based CO2BOLs in MEK

A vial equipped with a septum is charged with TBD (2.7979 g, 0.0201 mol), ethanol

(1.170 mL, 0.0201 mol), and MEK (6.7 mL, CTBD = 3 M). Two needles (20G), one of

which is connected to the CO2 tank, are then used to pierce the septum and bubble

carbon dioxide (pCO2 = 0.2 bar) onto the reaction mixture. The reaction is per-

formed at RT and kinetically studied by gravimetry or 1H-NMR (60 MHz).

General procedure for the synthesis of TBD-based CO2BOLs from 1-heptanol

A vial equipped with a septum and a stir bar is charged with a mixture of TBD (2.7979

g, 0.0201 mol) and 1-heptanol (2.8414 mL, 0.0201 mol) in CDCl3 (5 mL, CTBD = 4 M)

or in bulk. Two needles (20G), one of which is connected to the CO2 tank, are then

used to pierce the septum and bubble carbon dioxide (pCO2 = 0.2 bar) onto the

reaction mixture. The reaction is performed at RT (in CDCl3) or at 100�C (in bulk)

and under 500 rpm stirring. Reaction kinetics were studied by 1H-NMR spectros-

copy. 1H-NMR (500 MHz, CDCl3): d = 3.90 (t, 2H), 3.30 (dt, 8H), 2.00 (quint, 4H),

1.60 (quint, 2H), 1.30 (m, 8H), and 0.87 (t, 3H).

General procedure for the alkylation of CO2BOLs

Alkylation reactions were performed on CO2BOLs obtained according to the pro-

cedure described in the previous section. No treatments or purifications were per-

formed on the reaction mixtures. Selected alkyl iodides (0.0201 mol) were added

to the vial after the completion of the synthesis of the CO2BOLs. Reactions were per-

formed at RT or 65�C, in bulk or in ACN (2M), and under 500 rpm stirring for 24 h.

Reaction kinetics were studied by 1H-NMR spectroscopy.

(1) Ethyl-heptyl carbonate: 1H-NMR (500 MHz, CDCl3): d = 4.18 (q, 2H), 4.12

(t, 2H), 1.67 (quint, 2H), 1.31 (t, 8H), 0.89 (t, 3H). GC-MS: CI (CH4) HRMS

C10H21O3 [M + H]+ m/zexp = 189.1517, m/zth = 189.1491; D = 2.6 mDa.

(2) Octyl-heptyl carbonate: 1H-NMR (500 MHz, CDCl3): d = 4.12 (t, 4H), 1.66

(quint, 4H), 1.30 (b.s., 18H), 0.89 (t, 6H). GC-MS: CI (CH4) HRMS C16H33O3

[M + H]+ m/zexp = 273.2432, m/zth = 273.2430; D = 0.2 mDa.
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(3) isoPropyl-heptyl carbonate: 1H-NMR (500 MHz, CDCl3): d = 4.87 (m, 1H), 4.12

(t, 2H), 1.66 (quint, 4H), 1.29 (d, 14H), 0.88 (t, 3H). GC-MS: CI (CH4) HRMS

C11H23O3 [M + H]+ m/zexp = 203.1644, m/zth = 203.1647; D = �0.3 mDa.

(4) TBD.H+, I�: 1H-NMR (500 MHz, CDCl3): d = 3.35 (d.t., 8H), 2.03 (quint, 4H).

MS: ESI HRMS C14H28N6I [2 TBDH+ + I�] m/zexp = 407.1413, m/zth =

407.1420; D = �0.7 mDa.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.

2024.102057.
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52. Guo, W., Gómez, J.E., Martı́nez-Rodrı́guez, L.,
Bandeira, N.A.G., Bo, C., and Kleij, A.W. (2017).
Metal-Free Synthesis of N-Aryl Amides Using
Organocatalytic Ring-Opening Aminolysis of
Lactones. ChemSusChem 10, 1969–1975.
https://doi.org/10.1002/cssc.201700415.

53. Rankic, D.A., Stiff, C.M., am Ende, C.W., and
Humphrey, J.M. (2017). Protocol for the Direct
Conversion of Lactones to Lactams Mediated
by 1,5,7-Triazabicyclo[4.4.0]dec-5-ene:
Synthesis of Pyridopyrazine-1,6-diones. J. Org.
Chem. 82, 12791–12797. https://doi.org/10.
1021/acs.joc.7b02079.
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