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Cyclic carbonates through the photo-induced carboxylative cy-
clization of allylic alcohol with COz2: a comprehensive kinetic
study of the reaction mechanism by in-situ ATR-IR spectros-

copy.
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* Correspondence: thierry.tassaing@u-bordeaux.fr

Abstract: A one-pot multicomponent green process is investigated for the synthesis of perfluoroal-
kylated cyclic carbonate which merges the photo-promoted Atom Transfer Radical Addition
(ATRA) of a perfluoroalkyl iodide (Rf-I) onto allyl alcohols with the Lewis base promoted carboxy-
lative cyclization. The evolution of the complex mixture during the reaction was monitored by in-
situ ATR-IR and Raman spectroscopies that provided insights into the reaction mechanism. The
effect on the kinetics and the carbonate yields of key parameters such as the stoichiometry of rea-
gents, the nature of the Lewis base and the solvent, the temperature and the pressure of the solvent
were evaluated. It was found that high yields were obtained using strong Lewis bases that played
both the role of activating the allyl alcohol for the generation of the allyl carbonate in the presence
of CO2 and promoting the ATRA reaction through the activation of CsFsl by halogen bonding. This
protocol was also extended to various unsaturated alcohols.

Keywords: CO:2 organocatalysis; photo-promoted ATRA; cyclic carbonates;

1. Introduction

During the last decade, many academic and industrial researches have been devoted
to the development of sustainable synthetic pathways to produce five membered cyclic
carbonates by the catalytic coupling of CO: with epoxides I3 using appropriate organic
or transition metal catalysts. This 100% atom economic reaction is very attractive as it
represents a greener and safer alternative to the conventional synthesis of cyclic car-
bonates from diols and toxic phosgene. Today, these precursors find applications as elec-
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under harsh experimental conditions, and ii) a poor reaction selectivity. Interestingly, a-
alkylidene cyclic carbonates that are synthesized by coupling CO2 with propargylic alco-
hols using organocatalysts or metal based catalysts are intermediates of great interest in
organic and polymer synthesis. [16-24] However, at present, the substrate scope is
mainly restricted to tertiary alcohols as only few examples are reported using primary
and secondary alcohols.[25-27] Finally, 1,2 and 1,3-diols [28-32] were subjected to car-
bonation in order to afford five- and six-membered cyclic carbonates, respectively, but
their reaction with CO: is limited due to the formation of water as a by-product. To cir-
cumvent this drawback, both homogeneous and heterogeneous catalysts (Bu2SnO, K2COs,
CeQOxz...) used in combination with dehydrating systems were developed.[33, 34] Alt-
hough one efficient system involving CeO:z as the catalyst and 2-Cyanopyridine as dehy-
drating agent has been developed [34], this process requires harsh reaction conditions (150
°C, 5 MPa) and a large excess of an expensive dehydrating agent. Alternative protocols
have been recently suggested to overcome the limitation induced by the formation of wa-
ter by combining the use of an organic base and an alkylating agent under mild conditions.
For example, Zhang et al. [35] and Buchard et al. [36, 37] have combined strong Lewis
bases and Tosyl chloride (TsCl) as the alkylating agent to promote the synthesis of 6-mem-
bered cyclic carbonates. A similar strategy has been proposed by Kitamura et al.[38] and
Dyson et al. [31] using alkyl halides as the alkylating agents for the synthesis of cyclic
carbonates. The effect of the addition of ionic liquids to these systems to obtain cyclic car-
bonates from diols was also investigated.[39] A critical assessment of the reaction mecha-
nism at work in such metal-free dual activating systems for the coupling of CO:2 with 1,x-
diols to afford (a)cyclic carbonates has been recently proposed by Brege et al. [40]. In par-
ticular, it was shown that choosing either DBU/EtBr or TEA/TsCl as the organic dual acti-
vating system, it was possible to control the product selectivity to substituted cyclic and/or
acyclic carbonates depending on the nature of the substrate. Therefore, there is still a need
to develop innovative routes to broaden the structural diversity of cyclic carbonates that
could be exploited for the design of novel functionalized chemicals and polymers.

In this context, light-driven CO: fixation through C-C bond formation to give added
value chemicals and monomers remains a relatively unexplored area although it repre-
sents a very promising field and a green attractive route.[41-45]

A recent review reports several typical examples on the photochemical fixation of
CO: into heterocyclic scaffolds with detailed mechanistic descriptions of the various pro-
posed synthetic routes.[46] For example, an original radical synthetic route was pro-
posed for the synthesis of oxazolidinones through the photopromoted base-catalyzed cou-
pling of CO2 with allylamines [43] or propargyl amines [47] in the presence of perfluoro-
alkyl iodides and iodine, respectively. In the work by Wang et al. [43] allyl alcohols were
investigated to a limited extent although the reaction could be very useful for the prepa-
ration of cyclic carbonates. Also, the proposed mechanism was supported by a few mech-
anistic experiments conducted mostly using 'H NMR. Very recently, Jain et al. reported
the first photochemical synthesis of linear carbonates from the reaction of CO2 with alco-
hols using a silver-doped ceria nanocomposite at room temperature under visible light
irradiation. [48] In this context, we decided to investigate the synthesis of cyclic carbonates
through a one-pot multicomponent metal-free process which merges the photo-promoted
Atom Transfer Radical Addition (ATRA) of a perfluoroalkyl iodide (Rf-I) onto unsatu-
rated alcohols with the Lewis base promoted carboxylative cyclization (Scheme 1). A de-
tailed in situ ATR-IR and Raman spectroscopic study led to the optimization of reaction
conditions and provided insights into the reaction mechanism. In addition, the stoichiom-
etry of reagents, the nature of the Lewis base, the effects of the temperature, the pressure
and the solvent on the kinetics and the carbonate yields were evaluated. Finally, using
optimized conditions, the carbonation scope was extended to a variety of unsaturated al-
cohol substrates.
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Scheme 1. Proposed synthesis of 5-6 membered cyclic carbonates through a photo-promoted
ATRA reaction followed by a Lewis base-promoted carboxylative cyclization.

2. Results and discussion

2.1. Synthesis of perfluorobutyl cyclic carbonate 1 from the coupling of CO2 with
allylic alcohol and perfluorobutyliodide: Mechanistic study
2.1.1. Model reaction using allyl alcohol, DBU and CasFol

An in-situ ATR-IR/Raman kinetic study for the preparation of carbonate 1 was first
performed under UVA irradiation at 365 nm (LED) in the presence of 1,8-diazabicyclo-
[5.4.0]-undec-7-ene (DBU), perfluorobutyl iodide (CsFol) and allyl alcohol. The reaction
was conducted in acetonitrile (CHsCN) at T =25 °C under a low carbon dioxide pressure
of 0.3 MPa (Scheme 2) using a slight excess of DBU (1.05 eq) and C4Fsl (1.25 eq) relative to
allyl alcohol.

e

DBU @) 1

/\/OH + CyFol + >

hv

Scheme 2. Benchmark reaction for the synthesis of the perfluorobutyl carbonate 1. DBUH*I-
is obtained as a by-product.

Typical ATR-IR spectra of the mixture obtained at different reaction times are de-
picted in Fig. 1 where specific spectral signatures of reactants, intermediates and products
could be identified. From the spectrum of the reaction mixture before the addition of CO,
we have identified specific peaks of interest.

0.08 —Without CO2
——1min after CO2 injection
0.07 F ——20 min after LED ON (v, CO,= 2340 cm?)

. ——End of reaction
| (v, CO,=660cm™
0.06 vt ) DBU-H*/RCO5 or I

@ - i
L {v,,COy =1660cm™)

% 0.05 C4FSI (vep = 1240cm™) Y (Vewy = 1640cm?)
£ 0.04
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Figure 1. ATR-IR spectra of the reaction medium at several times during the reaction. Condi-

tions: allyl alcohol (48 pL, 0.5 mmol), DBU (1.05 equiv.), CaFdl (1.25 equiv.), CHsCN (1 mL), 25 °C,
CO2 (0.3 MPa), irradiation at 365 nm (LED) under stirring.
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Before addition of CO: to the ternary mixture of allyl alcohol, DBU and C4Fsl, a nar- 124

row band is observed at 1606 cm that is characteristic of the C=N stretching mode of DBU 125
indicating that there is no specific interaction and/or reaction between DBU and another 126
reactant of the mixture (black curve). In particular, there is no deprotonation of the alcohol 127
moiety by DBU, as well as no alkylation of DBU by CsFol. We have also identified a peak 128
at 684 cm that is assigned to a C-I stretching mode coupled with the C-F bending modes 129
of CsFsl. Unfortunately, we do not detect any contribution of the allyl alcohol. After the 130
addition of CO: at a pressure of 0.3 MPa (red curve), the DBU absorption band shifts at 131
1642 cm, which has been assigned to the C=NH* stretching mode of protonated DBU.[40, 132
49] Concomitantly, a shoulder of this broad peak appears around 1660 cm™, as well asa 133
new peak at 1275 cm”, both being attributed to C-O stretching modes of the allyl car- 134
bonate anion CH2=CHCH:2COs5".[50] Thus in the dark, a trimolecular reaction between 135
COg, allyl alcohol and DBU occurs which leads to the formation of the organic salt 136
CH>=CHCH:COs/DBUH*. We emphasize that the peak of DBU is barely detected as a 137
shoulder at about 1606 cm™ whose intensity gives an estimated concentration between 138
0.05 and 0.1eq of DBU still present in the mixture under these experimental conditions 139
that is consistent with the thermodynamic data of Heldebrant et al. [51]. Therefore, the 140
allylic alcohol is quantitatively transformed into its carbonated form during this first step 141
of the reaction that occurs within 5 minutes as it is mainly controlled by CO: solubilisation 142
kinetic in the organic phase. Then, when the LED is switched ON and during the course 143
of the kinetic (green and blue curves), the main absorption of DBUH* is slightly shifted 144
toward higher wavenumbers from 1642 cm™ to 1648 cm™ and gets thinner as the shoulder 145
due to the carbonate anion tends to disappear. The slight shift is ascribed to anion metath- 146
esis of DBUH*/RCOs™to DBUH/I" that should occur upon carbonate cyclization (scheme 147
1). Accordingly, the characteristic peak of RCOs at 1275 cm! gets weaker as a function of 148
time. Concomitantly, the new absorption band at 1813 cm”, assigned to the C=O stretching 149
mode of the perfluoroalkylated cyclic carbonate, smoothly increases with time. In the 150
same time the band at 684 cm™ associated with C4Fsl has vanished at the end of the reac- 151
tion. We emphasize that the intermediate ATRA product with the formation of a C-Ibond 152
was not detectable in our experimental conditions as the C-I stretching mode is observable 153
by ATR-IR at wavenumbers lower than 600 cm. Thus, the rate of the concentration evo- 154
lution of CsFol, RCOs, and the cyclic carbonate could be monitored by ATR-IR from the 155
height of the peak at 684 cm, 1275 cm™ and 1813 cm, respectively. To have complemen- 156
tary information from the allyl function of the alcohol that is not detectable by ATR-IR, 157
the kinetic of the same model reaction was monitored by in-situ Raman spectroscopy in 158
order to follow the evolution of the height of the peak at 1645 cm™ characteristic of the 159
C=C bond of the allyl alcohol (or allyl carbonate anion at the same wavenumber) and that 160
of cyclic carbonate observed at 1813 cm-! (see ESI Figure S1). 161
162
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Figure 2. Kinetic profiles followed on the same model reaction by ATR-IR and Raman spec- 164
troscopies. The kinetics were recorded once the LED (365 nm) was switched on, i.e. 5 min after the 165
solution containing the allyl alcohol (0.5 mmol), DBU (1.05 equiv.), C4FoI (1.25 equiv.), CO2 (0.3 MPa) 166
in CHsCN (1 mL) has been prepared. 167

168

Figure 2 displays the kinetic profiles of the disappearance of the CsFol substrate and 169
allyl carbonate intermediate generated quantitatively before irradiation, as well as of the 170
appearance of the cyclic carbonate product 1. For comparison, the kinetic profiles of the 171
cyclic carbonate bands measured in Raman and ATR-IR have been scaled to their maxi- 172
mum intensity at 600 minutes. By the same token, the maximum of the kinetic profile at 173
t=0 of the C=C and RCOs band have been scaled at about the maximum peak height of the 174
C4Fsl band. Good agreement is observed between the IR and Raman follow-ups of the 175
cyclic carbonates thus validating the repeatability of our experimental procedure. The 176
profiles show that the reaction is completed in about 8 h, time after which the reagents 177
have been fully consumed, while the cyclic carbonate 1 was formed with a yield >95% as 178
determined by ATR-IR using equation (1) in paragraph 3.3. The reaction thus occurs with 179
an excellent selectivity. The ATRA process is supported by the smooth decrease of the 180
intensity of the Raman band assigned to the C=C stretching mode of the allyl carbonate. 181
Interestingly, the kinetic profiles reveal that the rates of formation of 1 and consumption 182
of the allyl carbonate and CsFol occurs with the same rates, thus showing that the rate of 183

the intramolecular cyclization is much higher than that of the ATRA process. 184
185
2.1.2. Effect of reagent stoichiometry 186

In order to investigate the influence of the stoichiometry of DBU and C4Fsl on the 187
reaction outcome, in situ ATR-IR kinetic studies of the photoinduced carboxylative cou- 188
pling of CO2 with allyl alcohol were performed. 189
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DBU (Eq)

0 200 400 600 800 1000
Time (min) o
Figure 3. Influence of the amount of DBU on the rate of formation and yield of carbonate 1 191
followed in situ by ATR-IR spectroscopy. Conditions: allyl alcohol (48 puL, 0.5 mmol), DBU (0.5-1.5 192
equiv.), CaFsI (1.25 equiv.), CHsCN (1 mL), 25 °C, CO2 (0.3 MPa), l1v= 365 nm (LED). 193
194
Fixing the amount of C4Fsl (1.25 equiv.), the quantity of DBU was varied from 0.5to 195
1.5 equiv. (see figure 3). While increasing the amount of DBU from 0.5 to 1.5 equiv. did 19
not affect the initial reaction rates, lower yields of 1 were obtained when deviating from 197
the optimal amount of about 1-1.05 equiv. Using 0.5 and 0.75 equiv. of DBU led to de- 198
creased yields of 1 by about ~ 55% and 20%, respectively. This is what is expected when 199
considering the mechanism of scheme 1 in which the DBU combined with COg, first reacts 200
quickly and quantitatively in the dark with allyl alcohol to generate the allyl car- 201
bonate/DBUH* ion pair which then, under light irradiation undergoes the ATRA reaction 202
followed by intramolecular cyclization to deliver 1 and DBUH*/I". More surprising is the 203
detrimental effect on the yield when using an excess of DBU, the yield of 1 decreasing of 204
~10% and 20% with 1.25 and 1.5 equiv. of DBU, respectively. In agreement with our pre- 205
vious study,[52] this could be ascribed to the side-reactivity of DBU with Rfl, most prob- 206
ably to generate DBUC:FoH*-I. This would ultimately lead to the consumption of a signif- 207
icant amount of RfI. 208
209
210
211
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Figure 4. Influence of the amount of CsFsI on the kinetic of formation of perfluorobutyl car-
bonate followed by in situ ATR-IR spectroscopy. Conditions: allyl alcohol (48 pL, 0.5 mmol), DBU
(1.05-1 equiv.), CsFolI (1-1.5 equiv.), CHsCN (1 mL), 25 °C, COz2 (0.3 MPa), hv= 365 nm (LED).

Then, using a slight excess amount of DBU (1.05 equiv.), we have varied the quantity
of CsFol from 1 to 1.5 equiv. (see figure 4). Although a barely detected improvement of the
yield is observed upon an increase of the amount of CsFol from 1 to 1.25, a further increase
of the amount of CsFol up to 1.5 equiv. has a detrimental effect on the yield. Finally, using
1 equiv. of DBU and 1 equiv. of CsFol led to a significantly reduced yield.

Therefore, to further investigate our model reaction, we have used an excess amount
of DBU (1.05 equiv.) and CsFol (1.25 equiv.) for which we obtained the maximum yield.

2.1.3. Halogen bonding effect

The presence of DBU is mandatory in order to deprotonate the allyl alcohol in the
presence of COz to form the allyl carbonate anion. We have also shown recently that DBU
could form a halogen bond with RfI [52] thus potentially weakening the Rf-I bond, but
also that the UV-absorption of the [RfI-DBU] halogen bond complex was enhanced and
red-shifted compared to that of Rfl, thus facilitating the direct photolysis of the Rf-I bond
to generate Rf radicals which initiate a radical chain process.[53] In order to verify that
halogen bonding is playing a key role for the ATRA reaction, we performed first a reaction
without DBU. The follow-up of the reaction displayed in figure 5 revealed that the peak
height of C4FsI at 684 cm™ was constant over time hence showing that C4FsI was not con-
sumed during the reaction, confirming that DBU was playing a crucial role in the ATRA
process. A reaction was then performed using allyl benzene as a substrate in the presence
of catalytic amount of DBU, i.e. 10 mol%. Allyl benzene was chosen in order to avoid the
presence of the hydroxyl group on the substrate in order to avoid the carbonatation step
promoted by DBU and leading to its protonation. As seen in figure 5, using a catalytic
amount of DBU, a fast consumption of CsFol is observed, i.e. ~ 50% in 40 min while full
consumption is achieved in about 5h. Therefore, as reported before, [52] DBU catalyzes
the light-promoted iodoperfluoroalkylation reaction, most likely thanks to an halogen
bond interaction with CsFol. Thus, in the photo-induced carboxylative cyclization reaction,
the Bronsted and Lewis basicities of DBU are both playing a key role.
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Figure 5. Evolution of the height of the peak at 684 cm™ of C4Fsl in the presence of DBU (with 248
allyl benzene) or without DBU (with ally alcohol) followed by in situ ATR-IR spectroscopy. Condi- 249
tions: allyl alcohol or allyl benzene (0.5 mmol) without DBU or DBU (0.1 equiv.) respectively, C4sFol 250

(1.25 equiv.), CHsCN (1 mL), 25 °C, COz (0.3 MPa), hv= 2365 nm (LED). 251
252

2.1.4. Lewis base effect 253
The influence of the nature of the base, i.e. tertiary amines (TEA, TMEDA, DABCO) 254

and guanidines (TMG, MTBD), was then studied on the model reaction. 255

In comparison with the reference amidine (DBU), the acyclic guanidine (TMG) 256
showed similar reactivity, although the rate of formation of the cyclic carbonate with TMG 257
is significantly faster. A fast initial rate is also observed with the cyclic guanidine MTBD 258
but the reaction stops at ~ 65 %. This could be ascribed to secondary reactions such as the 259
nucleophilic attack of the allyl alcohol to 1 that that was shown to occur in the MTBD- 260
catalysed coupling of 2-methyl-3-butyn-2-ol with CO2.[20] Alternatively, the strong ab- 261
sorption of the MTBD-RfI halogen bonded complex in the UVA spectral range as reported 262
in reference [52] could be responsible for secondary photochemical reactions that would 263
ultimately lead to the consumption of a significant amount of RfI. 264

Using tertiary amines, the reaction proceeds at a very slow rate, the yields of cyclic 265
carbonate after 15 h reaching only ~ 25% with TEA and ~ 15% with TMEDA and DABCO. 266
Therefore, it appears that although strong (Brensted/Lewis) bases are needed in order to 267
reach high yields for such reaction, TMG and DBU displays the higher selectivity towards 268
the synthesis of 1. 269

270
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Figure 6. Influence of the nature of the base on the kinetic of formation of perfluoro- 273
butyl carbonate followed by in situ ATR-IR spectroscopy. Conditions: allyl alcohol (48 pL, 274
0.5 mmol), Base (1.05 equiv.), CsFsl (1.25 equiv.), CHsCN (1 mL), 25 °C, CO2 (0.3 MPa), hv 275

=365 nm (LED). 276
277
278
2.1.5. Mechanism 279

Thus, from the experimental results obtained above, a plausible mechanism for the 280
photoinduced carboxylative coupling of CO: with allyl alcohol is depicted in Scheme (3). 281
The first step, which occurs in the dark during the preparation of the reaction mix- 282
ture, is the carbonation of the alcohol group that leads to the carbonate A along with un- 283
reacted DBU (~ 10%). When the LED is switched on, the CFz-I bond activated by DBU 284
through a halogen bond undergoes a homolytic cleavage to generate I® and CsFoe radi- 285
cals, the latter adding onto carbonate A to give the radical intermediate B. B could then 286
react with Ie or, more likely, abstracts the iodine atom of C4Fol to afford the iodocarbonate 287
C and CsFoe which propagates a radical chain process. Finally, the fast intramolecular 288
cyclization affords the cyclic carbonate 1 along with DBUH*I-. 289
290

291

292
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Scheme 3. Mechanism proposal for the formation of the perfluorobutyl carbonate 1. 296

297

2.2. Influence of experimental parameters 298
Considering the model reaction using allyl alcohol, 1.05eq DBU and 1.25eq C4F9, the 299
influence of different reaction conditions on kinetics and yields for the formation of per- 300
fluorobutyl cyclic carbonate were investigated including the temperature, the pressure, 301

the irradiation wavelength and the nature of the solvent. 302
303
2.2.1. Temperature and pressure effect. 304
305

The influence of the temperature on the kinetics and yields is illustrated in Fig. 7. At 306
a fixed pressure of 0.3 MPa, the temperature increase from 25 °C to 50 °C did not affect 307
the reaction significantly. In contrast, heating up to 70 °C led to a maximum yield of about 308
30%. This agrees with previous works who showed that the carbonation of alcohols pro- 309
moted by a super base such as DBU is exothermic and highly effective at room tempera- 310
ture, and that heating at 90 °C shifted the equilibrium towards the starting reactants.[51, 311
54] 312
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Figure 7. Influence of temperature on the kinetic of formation of 1 followed by in
situ ATR-IR spectroscopy. Conditions: allyl alcohol (48 pL, 0.5 mmol), DBU (1.05 equiv.),
C4Fdl (1.25 equiv.), CHsCN (1 mL), T (25, 40, 50, 70 °C), CO2 (0.3 MPa), hv=365 nm (LED).

Similar rates and yields were obtained when conducting the reaction at 0.15, 0.35 and
2 MPa. Thus, using DBU, the reaction proceeds very effectively in the presence of slight
excess of the base with respect to allyl alcohol and at low COz pressure. In agreement with
Heldebrant’s work and the results of this study, the alcohol group predominantly exists
in the form of a carbonate in the reaction conditions which ensures a highly effective car-
boxylative cyclization compared to the possible competitive epoxidation from the iodo-
perfluoroalkyl alcohol.
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Figure 8. Influence of pressure of CO2 on the kinetic of formation of 1 followed by in

situ ATR-IR spectroscopy. Conditions: allyl alcohol (48 pL, 0.5 mmol), DBU (1.05 equiv.),
C4Fdl (1.25 equiv.), CHsCN (1 mL), T =25 °C, CO2 (0.15, 0.3, 2 MPa), hv= 365 nm (LED).

2.2.2. Irradiation wavelength effect

The effect of the irradiation wavelength on the kinetic and yield of the reaction have
been studied using a UVA LED (365 nm), a blue LED (405 nm) and a white light LED (425-
700 nm). As shown in the figure 9, the UVA and blue light irradiation led to similar reac-
tion rates and yields while white light irradiation (> 425 nm) led to a slower rate and mod-
erate yield (~ 60%) in 10 h. Thus, due to the formation of the halogen bond complex [CaFsI-
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DBU] whose absorption tails up to the blue region of the optical spectrum,[52] rather low 337
energy blue photons promote the homolytic cleavage of the C4Fo-I bond to generate Rfe 338

which initiates a radical chain process. 339
0T W
80 O
X
'9-— 60 -
=
QL
< 40 LED (nm)
—365
20 405
—425-700
0 1 1 1 1
0 200 400 600

Time (min)
340
Figure 9. Influence of the irradiation wavelength on the kinetic of formation of 1 fol- 341
lowed by in situ ATR-IR spectroscopy. Conditions: allyl alcohol (48 pL, 0.5 mmol), DBU 342

(1.05 equiv.), CaFsl (1.25 equiv.), CHsCN (1 mL), T =25 °C, CO2 (0.3 MPa), hv=2365nm, 405 343

nm and 425-700 nm (LED-). 344
345
346
2.2.3. Solvent effect 347
348

The influence of the nature of the solvent on the kinetics and the yields of the reaction 349

was then evaluated with various organic solvents such as THF, DMSO and anisole, the 350
latter being the less toxic.[55] Although CH3CN appears to be the best solvent for this 351
reaction in terms of kinetic and yield, the perfluorobutyl carbonate 1 could be formed in 352
a good yield (~ 85%) using DMSO (see figure 10). Lower yields of about 60 and 30% were 353
obtained with THF and anisole, respectively. 354
355
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Figure 10. Influence of the solvent on the kinetic of formation of 1 followed by in situ 357

ATR-IR spectroscopy. Conditions: allyl alcohol (48 uL, 0.5 mmol), DBU (1.05 equiv.), CsFol ~ 358
(1.25 equiv.), solvent (1 mL), T =25 °C, CO2 (0.3 MPa), hv= 365 nm (LED). 359
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360
2.3. Substrate scope 361

In an effort to extend the applicability of the protocol used for the synthesis of per- 362
fluorobutyl carbonate, several commercially available allylic and propargylic alcohols 363

were tested for the formation of both 5 and 6 membered cyclic carbonates (Scheme 4). 364
C4Fgl (1.25€q) /’
DBU (1.05¢q) o
C4F9 //// R
0.3 MPa 2 L
25°C n=0,1 Re
MeCN 365
Scheme 4. Substrate scope using optimal conditions of the model reaction. 366
367

Figure 11 shows the time dependence of the formation of 5 and 6 membered cyclic 368
carbonates from various alcohols. Allylic alcohols such has 1-pentene-3-ol, crotyl alcohol 369
and geraniol were converted into 5 membered cyclic carbonates but in lower yield than 370
that obtained for allyl alcohol. No cyclic carbonate was formed from the tertiary allylic 371
alcohol 2-methyl 3 butene-2-ol. Contrasting with other alcohols, the alkyl carbonate anion 372
RCOs did not form upon addition of CO2 at a pressure of 0.3 MPa. Interestingly, it was 373
possible to convert 3-butene-1-ol into a 6 membered cyclic carbonate albeit in a lower IR~ 374
yield compared to allyl alcohol. Finally, propargyl alcohol could not be converted into any 375
5 membered cyclic carbonate. This is probably due to the fact that the intramolecular nu- 376

cleophilic substitution on an sp2 carbon is more difficult to achieve. 377
100 |
80
§ 60 |
— —Allylic Alcohol
i)
Q —1- -3-
< 40 | 1-Penten-3-ol

;’\/'-"'vvﬁ-n
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——3-Buten-1-ol
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0 200 400 600 800 1000 1200
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Figure 11. Kinetic investigation of the substrate scope to afford 5 and 6 membered 379
perfluorobutyl cyclic carbonate. Conditions: substrate (0.5 mmol), Base (1.05 Eq), CsFol ~ 380

(1.25 Eq), CHsCN (1 mL), 25°C, CO2 (0.3 MPa), hv= 365 nm (LED). 381
3. Materials and Methods 382
3.1. Material 383

Allyl alcohol (Sigma Aldrich), 1-pentene-3-ol (Sigma Aldrich), Crotyl alcohol (Sigma 384
Aldrich), Geraniol (Sigma Aldrich), 3-butene-1-ol (Sigma Aldrich), 2-methyl 3 butene-2-ol ~ 385
(Sigma Aldrich), propargyl alcohol (Sigma Aldrich), acetonitrile (CH3CN, Sigma Aldrich), 386
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dimethyl sulfoxide (DMSO, Sigma Aldrich), tetrahydrofuran (THF, Sigma Aldrich), Ani- 387
sole (Alfa Aesar), 1,8-diazabicyclo[5.4.0]lundec-7-ene (DBU, Alfa Aesar), triethylamine 388
(EtsN, Sigma Aldrich), 7-Methyl-1,5,7-Triazabicyclo[4.4.0]dec-5-ene (MTBD, Sigma Al- 389
drich), TetramethylGuanidine (TMG, Alfa Aesar), Tetramethylethylenediamine, 390
(TMEDA, Sigma Aldrich), 1,4-Diazabicyclo[2.2.2]octane (DABCO, Sigma Aldrich) and 391

Perfluorobutyl iodide (CsFol, Sigma Aldrich) were used without further purification. 392
393
3.3. In situ kinetics methods 394

The reactions were monitored in situ by ATR-IR spectroscopy using a home-made Ge 395
ATR accessory suitable for high-pressure measurements (up to 5 MPa) and high temper- 39
ature (up to 100 °C) (See ESL, Fig. S2) coupled with a ThermoOptek interferometer (type 397
6700) equipped with a globar source, a KBr/Ge beamsplitter and a DTGS (Deuterated Tri- 398
Glycine Sulphate) detector. Single beam spectra recorded in the spectral range (600-4000 399
cm ™) with a 4 cm™ resolution were obtained after the Fourier transformation of 20 accu- 400
mulated interferograms for the first 20 spectra (one spectrum every 80 sec), and then Fou- 401
rier transformation of 120 accumulated intereferograms until the end of reaction time (one 402
spectrum every 8 min). 403

The in-situ Raman scattering investigations were performed using a Jobin-Yvon 404
Horiba XploRA confocal Raman microscope equipped with a 10X objective and a laser 405
diode at a wavelength A = 785 nm and 100 % laser power of 45 mW. The spectral range 406
from 140 to 2600 cm™ was recorded with a grating of 600 l/mm and a resolution of about 407
5 cm!. The spectra result from two acquisitions of 20 seconds each to improve the signal- 408
to-noise ratio. A home-made high pressure cell (up to 10 MPa with a volume of 3 mL) 409
equipped with two sapphire windows was used in order to simultaneously measure the 410
Raman spectra and irradiate the mixture with the same LED than that used on the ATR- 411
IR set-up. 412

The LEDS used in this study were purchased from Thorlabs. The LED at 365nm 413
(M365FP1) used for most of the experiments delivers an irradiance of about 5SmW/cm2? on 414
the sample. Two other LEDS (M405FP1) 405nm and MWWHEF2 (425-700nm) were used 415
for comparison at the same irradiance (5mW/cm?). 416

The alcohol (0.5 mmol) was solubilized in a 2 mL vial with 1 mL of solvent. CsFol (1.25 417
eq) was added to the vial and then the Lewis base (1.05 eq) was added to the vial. The 418
whole mixture was then transferred to the reaction chamber (volume: 5 mL) which was 419
directly fixed on the Ge crystal of the ATR-IR device and on which a sapphire window 420
allows the irradiation of the mixture with a LED. The mixture was constantly homoge- 421
nized during the experiment using a magnetically driven stirrer disposed in the reaction = 422
chamber. An optical lens was connected to the sapphire window’s support and the LED 423
was connected to the optical lens via an optical fibre in order to ensure a good reproduci- 424
bility for the irradiation of all the mixtures investigated. The setup was sealed with the 425
CO: feed pipe. A first spectrum was recorded and then, once CO2 was introduced in the 426
sample chamber at the desired pressure, the kinetic was started. Few minutes later, the 427
LED was then switched on in order to start the photoinduced carboxylative coupling of 428
CO: with various alcohols. At the end of the reaction, in order to determine the yield, the 429
ATR-IR spectrum of the reaction mixture was compared with the corresponding spectrum 430
of the neat carbonate recorded under the same conditions. The absorbance (A (1810)) of 431
the peak associated to the v(C=0) stretching mode at 1810 cm of the cyclic carbonate was 432
used to determine the yield for the entire kinetic deduced by proportionality according to 433
Equation 1. A number of experiments were conducted at least twice in order to check for 434
reproducibility. We emphasize that ATR-IR spectroscopy can be considered as a quanti- 435
tative method like '"H NMR as demonstrated in our previous work [40] with an accuracy 436
of about + 3 % and can highlight the potential formation of by-products. 437

[A(t)(1810)](reaction mixture)

[A (1810)](neat carbonate)

Yield (%) = (1) 438

439
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4. Conclusion 440

In this paper, we have investigated an original protocol for the synthesis of perfluoro- 441
alkylated cyclic carbonate by the photoinduced carboxylative cyclization of allyl alcohols 442
with CO:z promoted by visible/UVA light irradiation using perfluoroalkyl iodides. Under 443
optimised conditions, quantitative yields up to 99 % in perfluorobutyl carbonate were 444
reached in less than 8 h at 298 K and 0.15 MPa under blue irradiation at 405nm. In situ = 445
kinetic studies by ATR-IR and Raman spectroscopy revealed the evolution of all the com- 446
ponents of the complex mixture during the reaction while varying key parameters such 447
as the stoichiometry of the reactants, the nature of the Lewis base, the temperature, the 448
pressure, the irradiation wavelength, the solvent and the substrate scope. Such fundamen- 449
tal kinetic studies enabled the determination of the reaction mechanism and provided in- 450
sight into the underlying reason for the observed kinetics and selectivity. In particular, it 451
was found that strong Lewis bases are needed that played both the role of activating the 452
allyl alcohol for the generation of the allyl carbonate in the presence of CO2 and promoting 453
the ATRA reaction through the activation of CiFsl by halogen bonding. Various allylic 454
alcohols such has 1-pentene-3-ol, crotyl alcohol and geraniol (a biobased substrate) were 455
converted into 5 membered cyclic carbonates. Interestingly, it was possible to convert 3- 456
butene-1-ol into a 6 membered cyclic carbonate although to a lower yield. Thus, this route 457
offers a sustainable and promising approach for the valorisation of CO:z as a chemical feed- 458
stock through efficient usage of light energy. 459
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