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Graphical Abstract

Efficient and Practical Organocatalytic System3gnthesis of Cyclic Carbonates from Carbon Dioxide
and Epoxides: 3-Hydroxypyridine/TBAI
Xiangyong Wand,Lin Wang? Yingying Zhao? Koichi Kodam& and Takuiji Hirosé
Graduate School of Science and Engineering, Saitamazersity, 255 Shimo-Okubo, Sakura-ku, Saitam@&-8370, Japan.

“Corresponding author E-mail: hirose@apc.saitamejp;aax: +81 48-858-3522.

An efficient and practical organocatalytic systeamprising 3-hydroxypyridine and tetrabutylammonium iodide was
developed for the synthesis of cyclic carbonatemfcarbon dioxide and epoxides under mild cond#tithatm CQ@ 25-60
°C) without organic solvent. By comparing with relthydroxypyridine derivatives, the effects of thalroxyl group, the
acidity and the steric factor, were discussed. Ystud the mixtures of COand N in various ratios indicated that the yield
depends on CgLxontent, due to the solubility of G the reaction mixture. The system was also shoetrto be deteorated
by the presence of B, air or Q.
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1. Introduction

Current CQ emissions into the earth’s atmosphere have rasgeidus environmental and societal
concerns in connection with the effect of £@n global warming as a major greenhouse gas. As th
main sources of C{emission are the combustion of carbonaceous magernd animal metabolism, the
reduction of CQ production has become an important and challengisgarch topit? As an abundant,
nontoxic, nonflammable, easily available, and realgle carbon resource, GQs a very attractive
carbon feedstock® Therefore, the chemical fixation of GOnto valuable organic chemicals has
attracted much attention as a goal of environmapriatection and sustainable development. One of the
most successful examples is the synthesis of cgalibonates from C{and epoxides. These carbonates
are valuable chemicals that can be used as polatiasolvents, electrolytes for lithium secondary
batteries, and synthetic intermediates for pharmigecas and polymer$*?

In past decades, various homogeneous and hetermgeatalysts have been developed for coupling
reactions between GGand epoxides, including metal oxidés® modified molecular sieve$;'” alkalli
metal salts? organometallic complexés?° and ionic liquids®?® However, many of these catalytic
systems require high temperatures, high, @&ssures, or toxic polar solvents and the reaatioder
milder conditions is still an active research topic

Many metal-based catalytic systems have been deedléor the synthesis of cyclic carbonates. In
recent years, on the other hand, the number ofnecmalytic systems has been drastically increasing
because organocatalysts offer several advantagesg binexpensive, robust, nontoxic, and
bench-stablé’ Until now, several organocatalysts that contaimcfionality such as hydroxy groufs:?
amino groups; and carboxy groupshave been well recognized for playing importaresdrequently

combined with a halide salt as a co-catalyst. Soanocatalysts activate an epoxide and/op @O
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facilitate the nucleophilic ring-opening of the ete by the halide ion and/or following addition
reaction with CQ@. Recently, we developed an organocatalytic syst@omposed of
2-hydroxymethylpyridine and tetmabutylammonium iodide (TBAIf® We proposed that
2-hydroxymethylpyridine serves as a bifunctionalabsst and its hydroxyl group (hydrogen-bonding
donor) and nitrogen atom (Lewis base) activateejpexide and coordinate to GQespectively”*® As

a new organocatalyst with a stronger hydrogen-bmndidonor group, herein, we report
3-hydroxypyridine/TBAI as a new catalyst system tloe synthesis of cyclic carbonates under mild and
economical conditions such as solvent-free, atmesphpressure of C£ moderate temperature
(Scheme 1).

cat. | AN OH O
0 1 atm ) — TBAl O)J\O
AN+ co, N >
R no solvent, 25- 60 °C /\
R

R = alkyl, aryl

Scheme 1 Synthesis of cyclic carbonates from £4hd epoxides.

2. Results and discussion

2.1.Reaction with hydroxypyridine—TBAI systems

Although the application of various organic bases GO, activation or absorption has been
reported®** we have shown that pyridine is not a good catalgstthe cycloaddition of C©and
epoxides in the presence of TBAI at ambient presSudowever, as mentioned above, hydroxy groups
are good activators of epoxides due to hydrogendbfonmation®®3*3¢ Therefore, hydroxypyridines
were expected to be alternative catalysts for fh@oaddition of CQ and epoxides. We studied three
hydroxypyridine isomerd-3 (Scheme 2) as simple and easily available orgaalysas, in combination
with tetran-butylammonium halide as a co-catalyst, to formeav rtatalytic system for the synthesis of
cyclic carbonate from C{and epoxides.

OH
N oM S
» P P
N DoH N N
1 2 3

pKa 11.65 pKa 8.75 pKa 11.12

Scheme 2 Structures of hydroxypyridines and@ values of the hydroxy groups.

Catalystsl-3 were screened with the same amount of TBAI as-eatalyst using 1,2-epoxyhexantg) as a
substrate at 40C under atmospheric pressure of J@r 24 h. The results are summarized in Table dod3to
excellent yields of 4-butyl-1,3-dioxolan-2-ondbj were obtained, with no by-products detected im th
experiments (Table 1, entries 1-3). As reportedipusly*® pyridine was ineffective under the same conditions
(Table 1, entry 4). The effect of the hydroxyl gootherefore the hydrogen bonding ability, is ewid the



reaction between CQand an epoxide, as mentioned previod$i**When2 and TBAI were used individually,
both gave poor yields (Table 1, entries 5 and BusT the high catalytic activity was realized by ttooperative
effect of hydroxypyridines and TBAP*31:3

Kleij et al. worked on the combinations of various phenols &Bdl for the cycloaddition of C®
and epoxides in methyl ethyl ketoffeln their work, simple phenol afforded only 15% Igidrom 4a
under 10 bar at 45 °C while pyrogallol gave 100%Id/i(93% isolated yield) under the same condition
and 54% yield under 2 bar. Comparing with the pnesesult of2 (95% isolated yield under 1 atm and
40 °C; Table 1, entry 2), the solvent-free systemnss effective for the phenol-TBAI system. In faet
found both phenol and pyrogallol gave comparablswpassing yield (97% isolated yield) under the
present conditions, that is in combination TBAIwito solvent (entries 12 & 13).

On the other hand, Shi al. studied the effect gb-methoxyphenol combined with several bases and
found that high yield of 98% is achieved wit)N-dimethylaminopyridine (DMAP) under high GO
pressure and temperature (3.57 MPa, 120 °C) but 28% is obtained using pyridirfé.It is also
interesting that they observeetoluenesulfonic acid, much stronger acid, and DM#ee poor yield of
10% under the same condition. We tried the comhlinatf 2 and DMAP to obtain almost no carbonate
(Table 1, entry 7). Under the present reaction @¢mrs (1 atm CQ, 40 °C),2 works very efficiently in
combination with TBAI.

Table 1 Reaction of 1,2-epoxyhexane with €@sing various catalysts
O

PN
O Catalyst
“BU/A +co, Q0
4a "By 4b
Entry Catalyst Co-catalyst  Yiéld%)
1 1 "Bu,NI 67
2 2 "Bu,NI 95
3 3 "Bu,NI 86
4 pyridine "Bu,NI 10
5 2 -
6 - "Bu,NI 9
7 2 DMAP 0
8 2-methyl-3-hydroxypyridine "Bu,NI 95
9 2,4-dimethyl-3-hydroxypyridine  "Bu,NI 83
10 2 "Bu,NBr 82
11 2 "Bu,NCl 36
12 phenol "BuyNI 97
13 pyrogallol "BuyNI 97

# Reaction conditions: 4a (5.0 mmol), 40°C, CQ, (1 atm), 24 h, Catalyst (5.0 mol%), Tetrabutylaminm
halide (5.0 mol%), Solvent-freBlsolated product obtained after chromatographidfipation.
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Figure 1. Comparative kinetics in the formation 46 from 4a and CQ using1-3 as catalysts. Reaction
conditions:4a (5.0 mmol), CQ (1 atm), catalyst (5.0 mol%), TBAI (5.0 mol%), 40.

Interestingly, the reaction yield varied dependargthe structure of the hydroxypyridin2afforded
the best result, followed by and therl (Table 1, entries 1-3). To study the intrinsicatgic activity in
detail, kinetic studies of the catalytic conversmnCO, and4a to 4b were carried out using, 2, or 3
and TBAI as co-catalysts for 4 h. The resultingeitia curves of three different catalysts are shanvn
Figure 1 and summarized in Table S1. Catayshowed the highest catalytic activity, with reanti
rates in the orde2 > 3 > 1, affording the TON of 7.8 fo2 in the initial 2 h while those df and3 were
1.5 and 3.3, respectively. Such a difference capxpdained from the acidity of their hydroxyl graup
Shiet al. reported that this reaction was catalyzed welphgnols with §.s between 7.15 and 10.8%.
The K, of 2 meets this acidity requirement (Schemé°3yhich is a principal reason tha@fforded the
highest yield. It is known that and 3 tautomerize to the corresponding pyridodésand3’ (Scheme
S1)® which lowers their acidity and therefore the cgtial ability of the hydroxyl group¥ It is still
interesting that weaker acidsand3 with pK, valueshigher than 11, have good catalytic activities. The
tautomer forms containg the NH structure might dbunte the reaction more or less.

Two kinds of methylated 3-hydroxypyridines weredséd to further study the effect of hydroxyl
group. While 2-methyl-3-hydroxypyridine affordedetlsame high yield (95%) & (Table 1, entry 8),
the yield of the product (83%) became lower moenti0% by 2,4-dimethyl-3-hydroxypyridine (entry
9). The results clearly suggest the importance ydrdgen bonding of the hydroxy group; steric
hindrance of the methyl groups introduced at 2- drabsitions of2 disturbs the hydroxy group in
formation of a hydrogen bond with the epoxide.

2.2 Optimization of the reaction conditions

In the synthesis of cyclic carbonates from LCahd epoxides, it has often been proposed that the
halide ion opens the activated epoxide ring throagtucleophilic reactioff**3**"*8|n order to study
the effect of the halide ion, tetrabutylammonium bromide (TBAB) and tetrabutylammonium
chloride (TBAC) were used in combination wigh the results were also summarized in Table 1. The
activity of the catalysts increased in the ordeBAT < TBAB < TBAI (entries 2, 10, and 11), however
this is inconsistent with the order of nucleoplhilicof halide anions (ClI> Br > I"), which has been
observed in some systerifé It is probable that the activity is correspondimigh leaving ability of the
halide ions (Cl< Br < I), as noted previousRf:;>*3¢48
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Figure 2. Effect of the amount ad¥/TBAI (1:1) on the yield ofAb. Reaction conditionsta (5.0 mmol),
CO; (1 atm),2 (1.0-5.0 mol%), TBAI (1.0-5.0 mol%), 24 h, 4CG.

The effect of amount of the binary catalgsand TBAI (1:1) was evaluated, with the resultsvghan
Figure 2. Even when the catalyst loading was reduoel mol%, the yield oftb was as high as 71%,
demonstrating the high capability of this catalydystem. Catalytic activity gradually increasedhathe
catalyst amount, and the yield increased to 94%guai4 mol% catalyst loading.
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Figure 3. Time dependence of the synthesistbfby 2/TBAI. Reaction conditions4a (5.0 mmol), 4F°C, CO,
(1 atm),2 (5.0 mol%), TBAI (5.0 mol%).

The reaction time course was also examined atGl@vith a 5 mol% loading o2/TBAI, with the
results shown in Figure 3. The reaction proceededkty in the first few hours, then gradually slodve
to afford a 95% vyield after 24 h. The effect of géan temperature was studied and summarized in
Table S2. It was shown that the yield substantimtyreased with increase of the reaction tempeeatur
from 25 to 40 °C, whereas there seemed minor iser@acatalytic activity at 60 °C.



2.2.Cycloaddition of CO, to various epoxides

According to the results mentioned above, cyclotaidireactions of C@with various epoxides in
the presence d@@/TBAI (5 mol%) were studied under atmospheric puessand at 25-60C depending
on the reactivity of the epoxide; the results armmarized in Table 2. All products are known anel th
analytical data match those for the compounds pespi the earlier stud¥’*° The catalytic system
effectively converted mono-substituted aliphati@xdes into the corresponding cyclic carbonates in
yields of 82-96% at 25C without solvent (Table 2, entries 1-6). In enfryproduct precipitation
lowered the yield by preventing continuous stirriofgthe reaction mixture. Epoxides with longer alky
groups gave slightly lower yields (Table 2, entiieand 7), which could be improved (>90%) at higher
temperatures (40C). The relatively low yield using styrene oxide4t °C was probably due to the
presence of the aromatic ring, which makes the -opgning step more favorable on, @most
substituted carbon), unlike the apparent preferdace&; (least substituted carbon) observed for other
epoxides (Table 2, entries 1-7), resulting in a lascleophilic alkoxide intermediate, which cau€&3
activation (insertion) to be kinetically more difilt than for aliphatic epoxidéS.Thus, a higher
temperature (60C) was necessary to achieve a 95% vyield. Cyclohex@ade exhibited the lowest
reactivity, even at 60C (Table 2, entry 9), probably owing to the greattmric hindrance compared
with monosubstituted epoxidés.

This catalytic system was also applied for the diogpreaction of enantiomerically pure epoxides and
CO,. When §)-styrene oxide was transformed to the correspandiarbonates, the ee value of the
carbonate was 92% ee at 4D and it lowered to 84% ee at 80 (Table 2, entry 10). On the other hand,
unexpectedly, further decrease to 64% ee was obdeior R)-glycidyl benzyl ether even at 4TC
(entry 11), which demands further refinement of phesent system in the next stage.



Table 2.Reactions of various epoxides with €@sing2 as catalyst and TBAI as co-catafyst
Entry Epoxide Product YiePd%)

1 o 9 o 96

o]
(o]
2 2 O)ko 93
/\WZA
/ 2
(@]
o 0)k

3 oA~ o‘)—/ 91
O

g o 86

/_X
5 oA e 82
MA

Q o o
Ph”
PH
(o]
Q )KO 82
6 HsC Q
° o .
HsC~{ ¢
(o)
. o . )LO 78
"Bu — 95°
"Bu
X
o) 86°
8 /A o” o ;
Ph )_/ 95
Ph
(o]
o o 1
(o]
X
o 84° (92%ee
10 AN 0" o (92%ee)
PR ~ 93" (84%ee)
PR
(0]
A
11 O QP 8% (64%ee)
Ph—/ o—"

& Reaction conditions: Epoxide (5.0 mmol), CO(1 atm),2 (5.0 mol%), TBAI (5.0 mol%), solvent-free,
24 h, 25°C. " Isolated product obtained after chromatographidfisation. © 40°C. % 60°C.

2.3.Effect of water and other gas components in CO

8



The ultimate goal of this research was the diréation of CQ in combustion gases, which can
contain other gas components, including water. Wrsleh conditions, other gas components could
affect the reaction and/or catalytic system. Facfical applications, it is important to study #féect of
water and other gas components on the presenhsyste

First, the effect of KO on the2/TBAI catalytic system was studied usidg in the presence of J@
(1-5 mmol). As shown in Figure 4, the yield was fieaed by addition of a small amount of water up
to the amount of the substrate and 20 times mae the catalyst. Moisture in the feed gas, theegfor
does not appear to impair the application of thtalkytic system to fix C@gas at 40C under 1 atm of

CO..
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Figure 4. Effect of water on the catalytic activity /TBAI for the synthesis of4b. Reaction
conditions:4a (5.0 mmol), CQ (1 atm),2 (5.0 mol%), TBAI (5.0 mol%), LD (variable), 24 h, 46C.
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Figure 5. Effect of CQ purity in feed gas (C&N,) on catalytic activity for the synthesis db.
Reaction conditionsda (5.0 mmol), gas mixture (1 atm3,(5.0 mol%), TBAI (5.0 mol%), 24 h, 4TC.
CO, purities were 9.93%, 39.9%, 67.1%, and >99.99% ,(N&) v/v). See text for data of 93% pure
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Figure 6. Effect of a minor component in G@n the catalytic activity o2/TBAI for 4b synthesis. Reaction
conditions:4a (5.0 mmol), C@minor gas (93/7 (v/v); 1 atmg, (5.0 mol%), TBAI (5.0 mol%), 24 h, 4TC; the
minor gas is air, por O,.

In most studies, highly pure G@>99%) was used for the cycloaddition reactiorhvdpoxides. The
content of CQin the feed gas is an important factor in prattaggplications, and the effect of a second
gas component was investigated using,Blp mixtures with various C®volume fractions (9.93%,
39.9%, 67.1%, and >99%). As shown in Figure 5 aadl& S3, the yield of carbonate increased with the
increase of C@content. On the other hand, it was also found phhalionged reaction time was not such
effective (Table S3, Entries 1 and 5 vs. 2 andt6s partly because light sensitive TBAI decompbse
during the reaction. In fact the reaction in thekdanproved the yield more (Entries 3 & 7).

In order to gain a deeper insight into the effeicasecond gas component; @ air (7%, v/v) was
added to CQ Figure 6 shows that the yields were not affedted, or air, indicating that these minor
components do not deteriorate the reaction. Theselts mean that the catalytic system has good
resistance to oxidation in the presence of up toG26To check the reliability of the manual mixing
method for air and © the same procedure was also applied ¢/, v/v; Figures 5 and 6).

3. Conclusions

A new efficient catalytic system (3-hydroxypyridir@tetran-butylammonium iodide) was presented
for the synthesis of cyclic carbonates by coupld@ with epoxides without solvent, under atmospheric
pressure, and at low to moderate temperaturesf@5C. The effects of hydroxyl group, th&a and
hydrogen bonding ability, were discussed by commgar2-hydroxypyridine, 4-hydroxypyridine, and
2,4-dimethyl-3 hydroxypyridine: catalytic activitwas significantly influenced by the acidity and the
steric environment of its vicinity. Moreover, theganocatalytic system exhibited excellent stabiiity
the cycloaddition reaction of GQwith epoxides, even in the presence of minor reiet components

10



such as water, air and,OThis highly active and stable organocatalyticteysis expected to provide
practical applications for Cixation.

4. Experimental

All commercially available starting materials andlivents were purchased and used as received,
unless stated otherwise. Carbon dioxide (99.99%)pand CG-N, mixtures (CQ purities: 67.1%,
39.9%, and 9.93%) were used as received withodhdumpurification and drying prior to use (Tokyo
Koatsu Yamazaki Co. Ltd.). The purities of &hd Q were 99.9% and 99.5%, respectively.

In order to prepare the mixtures of €O@3 *+ 2%, v/v) with N, O, or air (7 £ 2%, v/v), the minor gas
component was introduced into the ballogia syringe, as follows: pure GON, and Q were
introduced into separate balloons (~4.2 L). Thed) &1L of CQ was removed from the Galloon
and 300 mL of N or O, taken from the corresponding balloon were intratumto the C@balloonvia
syringe. Ambient air was also introduced into tH@,®alloon in the same way.

Reactions were monitored using thin-layer chromplgy using 0.25-mm E. Merck silica gel coated
on aluminum plates (60F-254). Chemical yields rédethe pure isolated carbonate.

'H and™*C NMR spectra were recorded on Bruker AV-300 or B8O spectrometers. The chemical
shifts of the products were reported in ppm witference to MgSi as the internal standard in gOID.

4.1.General procedure for the synthesis of cyclic carbmtes from CO, and epoxides

A 5 mL Schlenk flask was charged with epoxide (5 a)ymhydroxypyridine (0.25 mmol), and
tetrabutylammonium halide (0.25 mmol), and a,@@lloon (20 cm of diameter) was connected to the
flask (1 atm). The total volume of the gas phaseluding the connection, was approx. 4.2 L. The
reaction mixture was set to the relevant tempeeaturd stirred for 24 h. The reaction mixture was
allowed to cool to room temperature and the produad isolated by silica gel column chromatography
using a mixture of hexane and ethyl acetate (11,~4v) as an eluent.

In order to examine the effect of water on catalwctivity, the above procedure was used, but with
the known amounts of distilled water added intorgector.
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