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Abstract Herein, we describe the guanidine-promoted synthesis of
carbonates from glycerol, CO,, and alkyl halides. Specifically, a linear tri-
carbonate (1,2,3-tri-O-butoxycarbonylglycerol), a dicarbonate [butyl
(2-ox0-1,3-dioxolan-4-yl)methyl carbonate]| containing a linear and a
cyclic moiety, and a cyclic monocarbonate (4-hydroxymethyl-2-oxo-
1,3-dioxolan) were selectively obtained in good yields, which were
strongly affected by the steric bulkiness of the guanidine group substit-
uents. The developed method exhibits the advantages of high efficien-
cy and mild conditions, thus being a powerful tool for the synthesis of
value-added products from industrial by-products.
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The progressing global climate change requires the de-
velopment of efficient CO,-utilization methods to decrease
the atmospheric concentration of this greenhouse gas,
which can be used as a carbon source. It is currently recog-
nized as an attractive and versatile reagent in organic syn-
thesis because of its low cost and environmental friendli-
ness.! Moreover, the ever-increasing global production of
glycerol as a side-product of the biodiesel industry also ne-
cessitates the search for suitable utilization methods, e.g.,
those employing glycerol as the starting material for high
value-added products or as a green solvent.? Therefore, the
simultaneous conversion of both CO, and glycerol to valu-
able products is doubly advantageous from environmental
and economic perspectives, since two wastes are utilized at
the same time.

Organic carbonates obtained from glycerol or/and CO,
are an important class of biomass-based valuable prod-
ucts.®> Besides the widely used cyclic monocarbonate of
glycerol (4-hydroxymethyl-2-0xo-1,3-dioxolan or glycerol
carbonate),? linear tricarbonates (1,2,3-tri-O-alkoxycarbon-
ylglycerol)® and dicarbonates [alkyl (2-oxo-1,3-dioxolan-4-

industrial by-products
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yl)methyl carbonate] containing a linear and a cyclic moiety®
are also known, being used as refrigeration oils, biomateri-
als for tissue engineering, adjuvants for agrochemicals,
electrolyte solvents for Li-ion batteries and display devices,
and coating films. In particular, these tri- and dicarbonates
have high potential as starting materials for degradable ali-
phatic polycarbonates. Although several catalytic syntheses
of the above cyclic monocarbonate from glycerol and CO,

Table 1 Base-Promoted Synthesis of Carbonates from Glycerol, CO,,
and n-Butyl Bromide?

base
HO OH DMSO
\—<; + CO, + BuBr ———— >
OH
o (0]
BuO,CO OCO.Bu
\_& + o)ko + o)]\o
0CO,Bu \—Q_
1a 0CO,Bu OH
2a 3
Entry Base® NMR ratio 1a/2a/3
1 DBU 1:76:23
2 A 50:41:9
3 B 62:36:2
4 C 50:46:4
5 D 22:77:1
6¢ E 0:12:88

3 Reaction conditions: glycerol (1 mmol) was treated with n-BuBr (3.3 mmol)
in dimethyl sulfoxide (DMSO; 3 mL) under an atmosphere of CO, (0.7 MPa)
in the presence of a base (3.3 mmol) at 25 °C for 18 h. 1a, 2a, and 3 were
given mainly from glycerol.

b A: N-tert-butyl-N',N'-dimethylacetamidine, B: 2-tert-butyl-1,1,3,3-te-
tramethylguanidine, C: 2-cyclohexyl-1,1,3,3-tetramethylguanidine, D: 7-
methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene, and E: 2-phenyl-1,1,3,3-te-
tramethylguanidine.

¢ Recovery of glycerol: about 39% NMR vyield.
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have already been reported, the corresponding yields did
not exceed 35% even under harsh conditions in the pres-
ence of dehydration agents.” In addition, some reports
claim that glycerol carbonate can be efficiently prepared
from glycerol and CO, by noncatalytic methods, e.g., by us-
ing 1,8-diazabicyclo[5.4.0]lundec-7-ene (DBU)-dibromo-
methane-ionic liquid or silver complex-propargylic alcohol
systems.® However, to the best of our knowledge, the direct
synthesis of the above tricarbonates and dicarbonates from
glycerol and CO, has not been reported. In particular, the
environmentally benign synthesis of linear tricarbonates
presents a significant challenge. For example, transesterifi-
cation of dialkyl carbonates with glycerol in the presence of
potassium carbonate, a typical ecofriendly method of car-
bonates synthesis, was reported to exclusively afford the
thermodynamically most stable five-membered cyclic car-
bonates.?? Therefore, tricarbonates are commonly prepared
by using reactive haloformate esters derived from hazard-
ous phosgene,*¢ which inspired us to develop a facile
method of selectively preparing linear tricarbonates from
two industrial by-products, CO, and glycerol.

A number of methods for dialkyl carbonate synthesis
using CO, instead of phosgene as the carbon source have
been developed. Among them, carboxylation of alcohols
with CO, utilizing alkyl halides has been achieved in the
presence of inorganic or strong organic bases under mild
conditions.? Since the base-promoted reaction proceeds
through the alkylation of the carbonate salt intermediate
formed from CO,, alcohol, and the base, the product yield is

significantly affected by the basicity and nucleophilicity of
the organic base. Nevertheless, only DBU®? and 2-cyclohex-
yl-1,1,3,3-tetramethylguanidine® have been identified as
useful strong organic bases for the above synthesis. Al-
though a convenient synthesis of ethylene carbonates from
CO, and 1,2-diols using alkyl halides in the presence of DBU
has been reported,®" the DBU-assisted procedure has not
been successfully applied to the synthesis of linear dicar-
bonates of 1,2-diols except for the case of trans-cyclohex-
anediol, which does not readily undergo cyclization be-
cause of the inherent steric repulsion. On the other hand,
we have already tackled the utilization of CO, and glycerol,
succeeding in the synthesis of glycerol carbonate from glyc-
erol using sulfur'® and selenium!! as well as employing the
DBU-catalyzed reaction of CO, with aminobenzonitrile.!
Herein, we report a selective base-promoted synthesis of
linear tricarbonates from glycerol, CO,, and alkyl halides
under mild conditions.

The synthesis of linear tributylcarbonate 1a from glyc-
erol, CO,, and n-butyl bromide in the presence of several
strong organic bases was investigated as a model reaction
(Table 1). The use of DBU afforded dicarbonate 2a contain-
ing a linear and a cyclic moiety as the major product, along
with traces of 1a (entry 1). As DBU is known to be alkylated
by n-butyl bromide during the preparation of dialkyl car-
bonates,?® the reaction was carried out with a more bulky
and less nucleophilic acetamidine (base A), which resulted
in the formation of 1a in preference to 2a (entry 2). Further-
more, the use of tert-butyltetramethylguanidine (base B,

Table 2 Guanidine-Promoted Synthesis of 1a: Screening of Reaction Conditions®

HO OH MesN

Nt-Bu
(base B)
NMe,

\—& + CO, + BuBr
OH

1a + 2a + 3

Entry Base (mmol) CO, (MPa) Temp (°C) Solvent Amount of solvent (mL) n-BuBr (mmol) NMR ratio 1a/2a/3
1 3.3 0.7 25 DMSO 3 3.3 62:36:2
2 33 0.1 25 DMSO 3 3.3 33:60:7
3 3.3 1.7 25 DMSO 3 3.3 57:40:3
4 33 0.7 50 DMSO 3 3.3 49:47:4
5 3.3 0.7 0 NMP 3 3.3 40:51:9
6 33 0.7 25 NMP 3 3.3 70:28:2
7 33 0.7 25 MeCN 3 3.3 2:66:32
8 33 0.7 25 THF 3 3.8 7:76:17
9 3.3 0.7 25 none - 3.3 33:58:9

10 33 0.7 25 NMP 1 3.3 81:18:1
11 6 0.7 25 NMP 1 6 90:10:0
12 6 0.7 25 NMP 1 10 93b:7:0

3 Reaction conditions: glycerol (1 mmol), reaction time (18 h). 1a, 2a, and 3 were given mainly from glycerol.

bIsolated yield: 89%.
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expected to be stronger than base A) increased the yield of
1a, with the 1a/2a molar ratio decreasing with decreasing
steric bulkiness of the guanidine substituents (entries 3-5).
Moreover, the above ratio was also strongly affected by the
basicity of the substituted guanidines (entry 6). Consider-
ing the scope of the alkylating reagent, n-butyl chloride was
inferior to n-butyl bromide, affording compound 3 and un-
reacted glycerol instead of compounds 1a and 2a under the
tested conditions.

With the base B in hand, we proceeded to optimize oth-
er reaction conditions (Table 2), showing that the use of
pressurized CO, could effectively increase the yield of 1a,
whereas a further increase in pressure from 0.7 to 1.7 MPa
had no beneficial effect (entries 1-3). Similarly, tempera-
tures higher or lower than 25 °C also resulted in lower mo-
lar ratios of 1a (entries 1, 4, and 5), which were also consid-
erably influenced by the choice of solvent. Thus, N-meth-
ylpyrrolidinone and dimethyl sulfoxide were more suitable

Table 3 Guanidine-Promoted Synthesis of Tricarbonates 1: Scope of
Alkyl Halides?

HO OH base B

NMP
\—<; + CO;, + RX ——>
OH

RO,CO OCOzR

o]
\_Q_ + O)ko
0CO,R \—&
OCOzR
2

1

Entry RX 1 Yield (%)
1 n-BuBr 1a 89
2 s-BuBr 1b 61
3 s-Bul 1b 82
4 n-Cy,H,sBr 1c 81
5b CH,=CHCH,Br 1d 92
6> PhCH,Br le 90
7 EtOC(0)(CH,)5Br 1§ 81
8 NC(CH,),Br 1g 81
9 o 1h 79

[ >—(CH2)4Br
(0]
10P HC=CCH,Br (1i) 0°
110 MeC=CCH,Br 1j 454
12 t-Bul 0
13 EtOC(O)(CH,),Br 0
14 MeO(CH,),Br 1k 21¢

2 Reaction conditions: glycerol (1 mmol), CO, (0.7 MPa), alkyl halide (10
mmol), NMP (1 mL), base B (6 mmol), 25 °C, 18 h.

b0°C.

¢ Compound 2i: 49%. Recovery of glycerol: 0%.

4 Compound 2j: 47%.

¢ Compound 2k: 76%.

solvents than acetonitrile and tetrahydrofuran (entries 1
and 6-8), even though carbonates were obtained even un-
der solvent-free conditions (entry 9). Moreover, decreasing
the solvent volume from 3 to 1 mL increased the 1a/2a ratio
(entries 6 and 10), with a similar effect achieved by using
an excess of n-butyl bromide and base (entries 10-12).
Consequently, the optimized mild conditions allowed 1a to
be efficiently prepared from glycerol and CO, in the pres-
ence of an alkylated guanidine.

Subsequently, the optimized conditions were used to
investigate the scope of alkyl halides (Table 3).1* n-Butyl
bromide, sec-butyl halides, dodecyl bromide, allyl bromide,
and benzyl bromide smoothly reacted with glycerol in an
atmosphere of pressurized CO, to furnish the correspond-
ing trialkylcarbonates 1a-e in good to high yields (entries
1-6). Notably, better results were obtained for sec-butyl io-
dide than for the corresponding bromide because of the de-
creased yield of dicarbonate 2b observed in the former case
(entries 2 and 3). Reactions with allyl and benzyl bromides
were performed at low temperature to suppress the pro-
duction of 2d and 2e, affording the desired tricarbonates in
high yields (entries 5 and 6). In particular, the reaction was
applicable to alkyl bromides bearing ester, cyano, and ace-
tal groups, thus allowing the direct synthesis of functional-
ized tricarbonates 1f-h (entries 7-9) that are difficult to
prepare from the corresponding haloformate esters. More-
over, although terminal alkyne groups were not tolerated,
compound 1j, featuring an internal alkyne moiety, was ob-
tained in moderate yield along with 2j (entries 10 and 11).
However, no desired tricarbonates were obtained in the
cases of tert-butyl iodide and ethyl 3-bromopropionate be-
cause of the competing elimination of hydrogen halides
from these species (entries 12 and 13). Moreover, a poor
yield was also observed for 2-bromoethyl methyl ether ow-
ing to the competing formation of 2k (entry 14). Thus, sev-
eral tricarbonates were directly synthesized from glycerol,
CO0,, and alkyl halides by using tert-butyltetramethylguani-
dine as a promoter.

The above reaction was further applied to the synthesis
of cyclic carbonates from glycerol, CO,, and n-butyl bro-
mide. Thus, the synthesis of 2a was investigated under the
conditions optimized for the preparation of 1a (Table 4),
with the slow addition of n-butyl bromide in an atmo-
sphere of CO, (0.1 MPa) at 25 °C over 18 hours leading to
the relatively selective production of 2a (entry 1). Further-
more, an even higher selectivity was observed when the re-
action mixture was heated at 50 °C for four hours (entry
2).14 Subsequently, the synthesis of 3 was attempted. A de-
crease in the amount of n-butyl bromide and guanidine to
four equivalents caused a decrease in the 2a/3 ratio (entry
3), with a further decrease to two equivalents resulting in
the highly selective formation of 3 (entry 4). Thus, cyclic
carbonates could be selectively obtained only by changing
the reaction conditions.
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Table 4 Guanidine-Promoted Synthesis of 2a and 3: Screening of Re-
action Conditions?

base B
HQ OH NMP
+ COp + BuBr —> 1a + 2a + 3
OH
Entry Base n-BuBr  Temp Time (h) total, NMR ratio
(mmol)  (mmol) (°C) drop/stir® 1a/2a/3

1 6 6 25 18,6/12 33:67:0
2 6 6 50 4,31 0:95¢5
3 4 4 50 4,31 0:80:20
4 2 2 50 4,31 0:8:924

2 Reaction conditions: glycerol (1 mmol), CO, (0.1 MPa), NMP (1 mL).

b Total time: the sum of “drop” and “stir” times. Drop: time required for the
dropwise addition of n-BuBr into an NMP solution of glycerol and base B in
an atmosphere of CO,. Stir: time of stirring the reaction mixtures after the
dropwise addition of n-BuBr.

¢lsolated yield: 86%.

dlsolated yield: 74%.

The reaction of glycerol with CO, (0.7 MPa) and n-BuBr
(2.2 equiv) in the presence of base B (2.2 equiv) was
quenched after three hours to observe the reaction inter-
mediates (conditions A, entry 2, Table 5). Notably, the gas-
chromatographic (GC) analysis of the resulting mixtures
showed the production of only cyclic carbonates 2a and 3
along with 1a, which was ascribed to the conversion of lin-
ear carbonates to cyclic ones during the GC measurements.
Therefore, the unreacted hydroxyl groups in the resulting
mixtures were protected by treatment with acetic anhy-

dride (conditions B, Table 5). As shown in Table 5, the guan-
idine-promoted reaction (conditions A) followed by acetyl-
ation (conditions B) afforded some carbonates. Entries 1-3
reveal the formation of linear monocarbonates 5a1 and 5a2,
which were then converted into the corresponding linear
dicarbonates 6al and 6a2 and the tricarbonate 1a.

Thus, the studied reaction was concluded to proceed
through the formation of carbonate salt 8 from glycerol,
CO,, and guanidine, with its subsequent transformations af-
fording linear monocarbonates 5' that were further con-
verted to 6' and finally to 1 (Scheme 1). According to the
proposed mechanism, 5' cyclizes to 3, which is further car-
boxylated to afford 2. In a similar manner, the cyclization of
6' gives 2. In this cyclization, even if six-membered cyclic
carbonates were formed, it is considered that the six-mem-
bered carbonates were isomerized to five-membered ones
to give 2 and 3 excusively.” In addition, the 5a1 and 6a1 ra-
tios exceeded the 5a2 and 6a2 ones (entries 1-3, Table 5),
indicating that the 1- and 3-hydroxyl groups of glycerol
were carboxylated more smoothly than the 2-hydroxyl one.
Moreover, the formation of cyclic carbonates 2a and 7 was
favored by increasing the temperature (entries 2 and 4) and
the amount of base (entries 4-6). However, the amount of
base did not affect the yield of cyclic carbonates at 25 °C
(entries 2 and 7). Accordingly, the combination of reaction
temperature and amount of base had a considerable effect
on the cyclization step. As described above, linear tricar-
bonates could be selectively produced (entry 12, Table 2) in
an atmosphere of pressurized CO, by using excessive

Table 5 GC Analysis of Intermediates Observed in the Guanidine-Promoted Syntheses of Carbonates?

Ac,0O
base B EtsN
HO OH NMP DMGAP
+ CO, 4+ BuBr
OH conditions A conditions B
AcO OAc BuO,CO OAc
OCO,Bu OCO.Bu 0
AcO OAc 5a1 6a1l BuO,CO OCO-Bu )I\
+ + + + 0 O
AcO  OCO.Bu AcO  OCOBu \_&
OAc OCO,Bu
a 1a ‘ \_Q—OR
OAc OCO.Bu R=Ac 7
5a2 6a2 CO,Bu 2a
Entry Base (mmol) Temp (°C) Time (h) GC ratio 4/5a1/5a2/6a1/6a2/1a/7/2a

1 2.2 25 0.3 20:37:8:15:14:4:1:1
2 2.2 25 3 12:37:5:22:15:7:1:1
3 2.2 25 18 3:18:2:33:18:23:0:3
4 2.2 50 3 8:21:4:22:15:14:6:10
5 33 50 3 4:4:1:8:5:31:8:39
6 4.4 50 3 1:1:0:1:2:39:8:48
7 33 25 3 8:25:8:25:21:12:0:1

2 Reaction conditions: A: glycerol (1 mmol), CO, (0.7 MPa), n-BuBr (2.2 mmol), NMP

—

1 mL); B: Ac,0 (3 mmol), Et;N (3 mmol), DMAP (0.05 mmol), r.t., 2 h.
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amounts of base to promote the formation of carbonate
salts, with other parameters corresponding to room tem-
perature, medium concentration, and excess alkyl halides
to suppress intramolecular cyclization.

Alcohols produced in the cyclization step reacted with
CO, and alkyl halides in the presence of guanidine, afford-
ing dialkyl carbonates as by-products, e.g., dibutyl carbon-
ate (entry 2, Table 4; equation 1, Scheme 2). In addition,
when carboxylation of 2a was carried out by addition of n-
butyl alcohol under the conditions of entry 12 (Table 2) to
investigate the possibility of converting 2 into 1, compound
1a was obtained in only about 5% yield (equation 2, Scheme
2), which showed that 2a was only marginally converted
into 1a even under these conditions containing alcohols.

CO, 0CO.-
HO, OH guanidine |,y (OH 2) —
\_& b \_<; guanidineH
(OH)
oH 0CO,~
8
RX — guanidineH*X~
(OCO2R) COj, RX (OCOzR) €O, RX
HQ  OH guanidine ROLQ OH guanidine
OH) — > OH —_— 1
(OC())ZR — guanidineH*X™ (oc02R — guanidineH*X~
5' 6'
‘ ~ROH ‘ - ROH
CO,, RX
guanidine
3 —_— 2
— guanidineH*X~

Scheme 1 Plausible mechanism of carbonate formation

CO,, RX
guanidine
ROH —— > ROCO,R (1)
— guanidineH*X~
base B
NMP

2a + CO, + BuBr + BUOH ———> 1a (2)

Scheme 2 Reaction conditions: 2a (1 mmol), CO, (0.7 MPa), n-BuBr (10
mmol), n-BuOH (3 mmol), base B (6 mmol), NMP (1 mL), 25 °C, 18 h

The large influence of the choice of base on the yield of
1 (Table 1) was ascribed to the effective formation of car-
bonate salts in the presence of strong bases. Moreover, the
bulkiness of the guanidinium cation increased the nucleop-
hilicity of the carbonate anion, promoting the carboxyl-
ation of the remaining 2-hydroxyl group in 6' and also hin-
dering the electrophilic attack of alkyl halides on the guani-
dine moiety. Thus, base B enabled the efficient formation of
more nucleophilic glycerol carbonate salts even at room
temperature, suppressing cyclization and facilitating the
formation of linear tricarbonates.

In conclusion, the described reaction was proven to be
useful for the direct synthesis of linear and cyclic carbon-
ates from widely available inexpensive building blocks,
glycerol and CO,, with this study being the first-time report
of such direct synthesis. The developed method is particu-
larly useful because it allows the efficient synthesis of val-
ue-added products from two industrial by-products at am-
bient temperature and CO, pressure, additionally featuring
the advantages of high selectivity, high yields, broad appli-
cability, and mild conditions.
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(t,J=9.0 Hz, 1 H), 4.73 (q, ] = 1.8 Hz, 2 H), 4.92-4.96 (m, 1 H)
ppm. 3C NMR (151 MHz, CDCl;): § = 3.63, 56.98, 65.71, 66.09,
71.96, 73.24, 84.83, 154.05, 154.13 ppm. HRMS (ESI): m/z calcd
for CyH;oNaOg [M + Na]*: 237.0375; found: 237.0368.
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