ChemComm

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been

accepted for publication.
ChemComm

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

g;HEm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WwWW.rsc.org/chemcomm


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 4

Journal Name

ChemComm

RSC

The unprecedented catalytic activity of alkanolamine

Cite this: DOI: 10.1039/x0xx00000x

CO:2 scrubbers in the cycloaddition of CO2 and

oxiranes: A DFT endorsed study

Received 00th January 2012,
Accepted 00th January 2012

DOI: 10.1039/x0xx00000x

www.rsc.org/

A novel application of alkanolamines, the widely employed
CO2 scrubbers in catalyzing the insertion of CO: into
epoxides generating cyclic carbonates with excellent yields
and selectivity via the synergistic activity of hydroxyl and
amine groups is unravelled along with computational studies.

Even the most optimistic speculations have made it clear that, the
atmospheric CO2 concentration will rise beyond 450 ppm before the
midcentury which will monotonically compromise the heat budget of
our planet.’® To mitigate this unwelcomed CO: burden, amine
scrubbing using alkanolamines such as ethanolamine (EA),
diethanolamine (DEA), N-methylethanolamine (MEA) etc has been
identified as the state of art technique or the only effective robust
methodology available and will probably remain the technology of
choice for CO2 captured from coal-fired power plants in 2030.%%

However, the near inexhaustible abundance of CO: along with its
easy availability, non toxic and non flammable nature has steered in
brought about dynamic scientific research to engage CO: as a
renewable C1 feedstock to replace the currently employed toxic
COCI2 and CO. The cycloaddition of CO2 with epoxides offers a
promising mode of five-membered cyclic carbonate syntheses on the
grounds of its 100% atom economic nature and resource utilization.
Cyclic carbonates are quite useful industrial products especially as
aprotic solvents, electrolytes for Li ion batteries, intermediates for
polymer synthesis, etc. 221 Numerous catalyst systems of various
genres such as ionic liquids,3® metal oxides,*¢ modified molecular
sieves, %l supported catalysts,39* and metal organic frameworks®-°
have been successfully deployed in the trials to materialize CO2-
epoxide coupling at ambient reaction conditions. The mechanistic
insights furnished through this wide catalytic spectrum and the
seminal works on organometallic catalysts*®¢ attested that, a binary
catalytic system including a Lewis acidic metal site (Co, Zn, Al, etc.)
and a highly nucleophilic anion with good leaving ability (Br- and I)
represents the ideal catalytic motif for an effective CO:2-epoxide
coupling. Also, from previous works including the authors of this
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study,>*¢ the catalysts equipped with functional groups such as
hydrogen bonding groups (-OH, -NHz, -COOH) and halide anions
which are capable of activating epoxides and CO2 synergistically,
also have delivered new dimensions to this field. Hence, in a broader
sense, cyclic carbonate synthesis through the CO2-oxirane coupling
is not a naive synthetic route, but the catalysts involved have always
lodged metallic centers and/or halide anions. Therefore, the
development of a metal and halide free catalysis is imperative from a
green chemistry view point. Recently, Sun et al.,®* reported a
cellulose/superbase system for cyclic carbonate synthesis which to
date is the first report on a metal and halide free CO2 chemical
fixation. This work investigates the catalyzing potential of
alkanolamines for Scheme 1, foreseeing the possible synergistic
catalysis by amine and hydroxyl groups. After all, considering the
fact that, alkanolamines (Scheme 2) are produced in colossal
amounts worldwide as scrubbers for CO2 removal, we envisaged that
the possibility of exploiting the same for CO: fixation via solvent-
less cyclic carbonate synthesis is considerably appealing. Density
functional theory (DFT) is also applied to have theoretical insights
about the mechanism prevailed in this metal and halide free
synthesis of cyclic carbonates.

o]

epoxide cyclic carbonate

R = CH; (propylene oxide)
Scheme 1 Cyclic carbonates from CO2 and epoxides
Propylene oxide (PO) was used as the model substrate to explore
our anticipation of the catalytic properties of alkanolamines. As can

be seen, while the common organic bases such as ethylamine and
propylamine alone hardly furnished any appreciable propylene
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Scheme 2 Alkanolamines used in this work (Shaded are the most
commonly employed amine COz scrubbers)

carbonate (PC) vyield, the addition of a small amount of water
boosted the catalysis to nearly 43% and 48% PC yield, respectively
(entries 1,2 Table 1). Similar results were furnished by the common
2% and 3° amines and N-heterocycles (entries 3-8), displaying the
promising synergistic catalysis of amine and hydroxyl groups but in
a way considerably higher than the 1° amine/water mixture. It has
been reported elsewhere that, 52 while hydroxyl groups can initiate
the epoxide ring opening, the amine groups are capable of activating
the otherwise inert CO2 molecule. The control tests done with water
alone (without any amine) and dibutylether/MesN (which has no free
hydroxyl group) furnished apparently no significant product yield,
while methanol/MesN procured 71% vyield of PC, which further
validated the unambiguous synergism between -OH group and amine
moieties (see footnote, Table 1).

Intrigued, the authors extended this study to alkanolamines
(Scheme 2), which possess the hydroxyl and amine moieties in the
same molecular unit and found them even more promising because
of its higher selectivity towards PC (Table 2). While ethanolamine
(EA) achieved a 50% yield of PC, N-methylethanolamine (MEA)
procured a higher yield of 71% followed with N,N’-
dimethylethanolamine (DMEA) furnishing even better PC yields of
82% with more than 99% PC selectivity (entries 9-11). N,N’-
dimethylpropanolamine (DMPA), another disubstituted
alkanolamine with a higher alkyl chain attained 91% PC vyield
maintaining 99% selectivity (entry 12). However, with increase in
bulkiness of alkyl substituent on the N atom, the catalytic rate was
found declining (entries 13-15), positively attributable to

Table 1 Catalytic activity of amines & amine/Hz20 in propylene
carbonate (PC) synthesis

PC Yield [Sel] %°

Entry Catalyst Without With
H20 H20

1 Ethylamine - 43 [95]

2 10 Propylamine - 48 [96]

3 Diethylamine 4 [67] 56 [97]

4 20 Dipropylamine 3[76] 55 [98]

5 MesN 452] 79 [85]

6 30 EtsN 8 [66] 77 [87]

7 N-hetero  Pyridine 7180] 84 [96]

8 cycle Imidazole 3[81] 78 [97]

Reaction conditions: Catalyst amount 0.8 mol%,

PO 42.8 mmol, 120 °C, 1 MPa, 3 h., @from GC analysis with
toluene as internal standard. Sel- selectivity, H20 = 1.1 mmol
H20 alone : PC yield = 0%,

Dibutylether/MesN (0.8 mol% each) : PCyield = 4 %,
Methanol/ MesN (0.8 mol% each) : PC yield [Sel] = 71 [95]%.
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Table 2 Catalytic activity of alkanolamines in PC synthesis

Entry Catalyst PC Yield

[Sel]%?
9 Ethanolamine (EA) 50 [99]
10 N-Methylethanolamine (MEA) 711[99]
11 N,N-dimethylethanolamine (DMEA) 82 [99]
12 N,N-dimethylpropanolamine (DMPA) 91 [99]
13 N,N-diethylethanolamine (DEEA) 64 [99]
14 N,N-dibutylethanolamine (DBEA) 11[99]
15 N-tert-butyldiethanolamine (TBDEA) 6 [99]
16 Propanolamine (PA) 47 [99]
17 Diethanolamine (DEA) 61 [99]
18 Methyldiethanolamine (MDEA) 76 [99]

Reaction conditions: Catalyst amount 0.8 mol%, PO 42.8 mmol,
120°C, 1 MPa, 3 h., 3from GC analysis with toluene as internal
standard. Sel- selectivity. (Shaded region represents the activity of
the most commonly employed amine CO2 scrubbers)

the hindrance of the lone pair on the N atom in attacking the
electrophilic centre of CO2. The almost negligible PC yield found

with N-tert-butyldiethanolamine (entry 15), another sterically

crowded alkanolamine, further supplemented the crucial role of the
amine “nitrogen” in this synergistic catalysis. To notice, the widely
employed amine CO: scrubbers, EA, MEA, DEA, and, MDEA
manifested impressive PC yields with high PC selectivity (entries
9,10,17,18) displaying a similar synergistic profile. Since DMPA
served the best catalysis, parameter studies to identify the optimum
conditions were conducted and concluded that 120 °C, 1 MPa, and 3
h offer the best catalysis with a catalytic amount of 0.8 mol% (S1,
ESI). Promising is the fact that, the above mentioned alkanolamines,
DMPA and DMEA catalyzed the PO-CO:2 cycloaddition to an extent
similar to that accomplished with ionic liquid catalysts (with halide
anions) but under lower pressures most likely due to the higher CO2
affinity of the former (S2, ESI,). In fact, this appears to be the first
report of a homogeneous halide and metal free catalyst found
effective in cyclic carbonate synthesis purely utilizing the synergistic
catalysis between -OH and amine groups alone.

In previous studies_conducted by the authors along with some other
pioneering works, 5 the synergistic catalysis of the hydroxyl groups
(OH) with halide ions (1) in cyclic carbonate synthesis have been
corroborated using density functional simulations and energy
calculations. However, the synergism between -OH groups and
amine groups has never been explored before using computational
methods. Hence, with the objective of harnessing more intuitive
insight into the mechanism behind this amine-hydroxyl propagated
cycloaddition, we employed DFT using Gaussian 09 set package

with B3LYP correlation functional for the energy calculations. The

activation energy (Ea) required for non-catalyzed cycloaddition of
PO with CO2 to produce PC has been reported previously to be
around 55-59 kcal/mol®-¢ which is too high for the reaction to
proceed spontaneously, demanding the need for a catalyst. Since
DMEA and DMPA achieved the highest PC yields (entry 11 and 12)
among the employed alkanolamines, they were chosen for DFT
simulations. For both DMEA and DMPA, the total energy of the
system including the catalyst and the substrates were preset to zero.
The optimized geometrical arrangement of PO, CO2 and DMEA
forming the reactant complex is as shown in Scheme 3. A transition
state (TS-1) with imaginary frequency of 360.79i cm* and activation
energy (Ea) of 37.5 kcal/mol found its origin from the reactant
complex. This
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Scheme 3 The Gauss view images of the DMEA-PO-CO: interactions from the DFT simulations. Dotted lines indicate hydrogen bonding
interactions. (TS- transition state, i — imaginary frequency of the TS)

Ea is comparable to those reported for other catalysts which were
effective under similar reaction conditions,® thus verifying the
appropriateness of the chosen optimized structures of this study. The
transition from reactant complex to TS-1 produce the following
events; a) ring opening of the epoxide via breakage of SC-O bond in
PO, b) strengthening of the hydrogen bonding interaction between
‘O (epoxide) and “H’ omea) from 1.88 A in reactant complex to 1.54 A,
c) CO2 becomes more closer to the catalyst via amine groups as
evidenced by the decrease in C-N bond distance from 3.08 A to 1.73
A whereby the geometry of CO2 molecule transforms from linear to
bent structure, luring one of the “O” atom (of CO2) closer to the
carbocation centre (SC) of the ring opened in PO. Additionally, the
TS-1 drops to a stable intermediate, Int-1 (-22.3 kcal/mol) where a
hydrogen transfer occurs from hydroxyl group of alkanolamine
(DMEA) to the ring opened epoxide oxygen which complies with
the H-abstraction reported by H. Sun et al.® The CO> molecule gets
tethered between epoxide and the catalyst via two new C-O covalent
bonds viz., fCpo - Oco2 (1.35 A) and C co2 — O pmea (1.33 A). Int-1
is stabilized over TS-1 by 59.8 kcal/mol and the reason behind this
stabilization could be reasonably credited to the aforementioned H-
transfer and carbonate linkage. Subsequently TS-2 (20.3 kcal/mol) is
formed, wherein the H atom detaches from the ‘O’ atom of the
epoxide and reverts back to its parent location on the catalyst.
Cycloaddition occurs in the next step forming another stable
intermediate (Int-2, -36.5 kcal/mol) which ultimately rendered the
desired, PC. The catalysis with DMPA also propagates via the same
mechanistic pathway as of DMEA. The Ea for DMPA was found to
be 40 kcal/mol (Fig S3, ESI), quite similar to the value obtained for
DMEA (37.5 kcal/mol) while the catalytic activity was found to be
higher with DMPA. This could possibly be accounted for on the
basis of the higher stabilization of Int-1 of DMPA (-30 kcal/mol)
than compared to the -22.3 kcal/mol for DMEA Int-1.

Aspired from the experimental and computational evidences, a

on the C atom of CO2 and a carbonate linkage is formed by the
catalyst, CO2 and ring opened propylene oxide. In case of 2° and 1°-
alkanolamines, hydrogen atom from the amine group may get a
hydrogen bond with this oxyanion, which would hinder its
nucleophilic attack on the CO2 molecule. It is surmised that this is
reason for the lower activities of 1° and 2°-alkanolamines compared
to the 3° analogues. In the final step, the hydrogen atom of the ring
opened epoxide reverts to its destination, regenerating the amino
alcohol catalyst, while cycloaddition furnishes the cyclic carbonate.
The alkanolamine catalysts materialized promising catalysis for a
series of terminal epoxides as indicated in S5 (ESI) while the
conversion rates for internal epoxides were quite low, most probably
attributable to the steric factors.

Conclusions

In conclusion, a novel application of alkanolamines as a metal and
halide free catalyst in the solvent-less synthesis of cyclic carbonates
besides their CO2 absorption capability is revealed. 3%-alkanolamines
are found to be more efficient for CO2-epoxide cycloaddition. The
computational studies elucidate probable interactions among
propylene oxide-COg-catalyst entities, which go in hand with the
experimental evidences and are suggestive of the concerted action of
amine and hydroxyl groups on carbon dioxide and epoxide
(respectively) in the critical transition state complex. Since
alkanolamines exhibit a catalytic activity profile similar to the well
known ionic liquids, and are produced in large quantities worldwide,
it can be concluded that the findings in this study would be of
industrial relevance for an important process like CO: fixation.
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epoxide oxygen, whereby the latter becomes more vulnerable to ring
opening. Concertedly, the activation of CO: occurs via the
nucleophilic attack of the lone pair on nitrogen atom of the catalyst.
The low activity of the N-crowded amino alcohols clearly elucidates
the exigency of the above step in the catalysis (entries 14, 15). A
reversible proton transfer from the catalyst hydroxyl group to the
epoxide “O” occurs, leaving an oxy anion at the rear end of the
amino alcohol catalyst. This oxy anion makes a nucleophilic attack

This journal is © The Royal Society of Chemistry 2012

DOI: 10.1039/c000000x/

Notes and references

aDivision of Chemical and Biomolecular Engineering, Pusan National
University, Busan 609-735, Republic of Korea. E-mail:
dwpark@pusan.ac.kr; Fax: +82 51 512 8563; Tel: +82 510 2399

J. Name., 2012, 00, 1-3 | 3


mailto:dwpark@pusan.ac.kr

ChemComm

®Division of Chemical Engineering, Pukyung National University, Busan
608-737,Republic of Korea

1 Alkanolamines for CO, stripping: (a) D. W. Keith, Science, 2009, 325,
1654; (b) G. T. Rochelle, Science, 2009, 325, 1652; (c) S. van Loo, E. P.
van Elk and G. F. Versteeg, J.-Pet.-Sci.-Eng., 2007, 55, 135; (d) R. R.
Bottoms (Girdler Corp.), “Separating acid gases,” U.S. Patent 1783901,
1930; (e) Y. E. Kim, J. A. Lim, S. K. Jeong, Y. I. Yoon, S. T. Bae,

and S. C. Nam, Bull. Korean Chem. Soc. 2013, 34, 783.

2 (a) T. Sakakura, J. C. Choi and H. Yasuda, Chem. Rev., 2007, 107,
2365; (b) A.-A. G. Sheikh and S. Sivaram, Chem. Rev., 1996, 96, 951; (c)
M. North, R. Pasquale and C. Young, Green Chem., 2010, 12, 1514; (d) T.
Sakakura and K. Kohno, Chem. Commun., 2009, 1312; (e) B. Schaffner,
F. Schaffner, S. P. Verevkin and A. Bo“rner, Chem. Rev., 2010, 110,
4554; (f) E. Balaraman, C. Gunanathan, J. Zhang, L. J. W. Shimon and D.
Milstein, Nat. Chem., 2011, 3, 609; (g) P. H. Dixneuf, Nat. Chem., 2011,
3, 578; (h) Z. Han, L. Rong, J. Wu, L. Zhang, Z. Wang and K. Ding,
Angew. Chem., Int. Ed., 2012, 51, 13041; (i) S. Fukuoka, M. Kawamura,
K. Komiya, M. Tojo, H. Hachiya, K. Hasegawa, M. Aminaka, H.
Okamoto, I. Fukawa and S. Konno, Green Chem., 2003, 5, 497.

3 (a) Q. He, J. W. O'Brien, K. A. Kitselman, L. E. Tompkins, G. C. T.
Curtis and F. M. Kerton, Catal. Sci. Technol., 2014, 4, 1513; ; (b) W.
Cheng, Q. Su, J. Wang, J. Sun and F. T.T. Ng, Catalysts, 2013, 3, 878
(c) M. Tu and R. J. Davis, J. Catal., 2001, 85, 199; (d) E. J. Doskocil,
Micro. Meso. Mater., 2004, 76, 177; (e) X. B. Lu, J. H. Xiu, R. He, K. Jin,
L.M. Luo and X. J. Feng, Appl. Catal. A: Gen., 2004, 275, 73; (f) Y. Du,
F. Cai, D. L. Kong and L. N. He, Green Chem., 2005, 7, 518; (g) C.
Aprile, F. Giacalone, P. Agrigento, L.F. Liotta, J.A. Martens, P.P.
Pescarmona,M. Gruttadauria, ChemSusChem, 2011, 4, 1830; (h) T.
Takahashi, T. Watahiki, S. Kitazume, H. Yasuda and T. Sakakura,

Chem. Commun., 2006, 15, 1664; (i) D. W. Kim, R. Roshan, J. Tharun,
A.C.Kathalikkattil and D. W. Park, Korean J. Chem. Eng., 2013, 30,
1973; (j) L. Han, S. W. Park and D. W. Park, Energy Environ. Sci., 2009,
2, 1286; (k) S. Udayakumar, S. W. Park, D. W. Park and B. S. Choi,
Catal. Commun., 2008, 9, 1563-1570; (I) C. M. Miralda, E. E. Macias, M.
Zhu, P. Ratnasamy and M. A. Carreon, ACS Catal., 2012, 2, 180; (m) J.
Song, Z. Zhang, S. Hu, T. Wu, T. Jiang and B. Han, Green Chem., 2009,
11, 1031; (n) H. Deng, C. J. Doonan, H. Furukawa, R. B. Ferreira, J.
Towne, C. B. Knobler, B. Wang and O. M. Yaghi, Science, 2010, 327,
846; (0) A. C. Kathalikkattil, R. Roshan, H. G. Seok, H. S. Ryu, and D.
W. Park, ChemCatChem, 2014, 6, 284. 4 (a) A. Decortes, A. M. Castilla
and A. W. Kleij, Angew. Chem. Int. Ed., 2010, 49, 9822; (b) J. Meléndez,
M. North and R. Pasquale, Eur. J. Inorg. Chem., 2007, 3323; (c) A.
Decortes, M. M. Belmonte, J. B. Buchholza and A. W. Kleij, Chem.
Commun., 2010, 46, 4580; (d) C. J. Whiteoak, N. Kielland, V. Laserna, E.
C.E. Ada, E. Martin and A. W. Kleij, J. Am.

Chem. Soc., 2013, 135, 1228; (e) J. Qin, P. Wang, Q. Li, Y. Zhang, D.
Yuana and Y. Yao, Chem Commun., DOI: 10.1039/c4cc02065k.

5 (@) S. Liang, H. Liu, T. Jiang, J. Song, G. Yang and B. Han, Chem.
Commun., 2011, 47, 2131; (b) J. Sun, J. Wang, W. Cheng, J. Zhang, X. Li,
S. Zhang and Y. She, Green Chem., 2012, 14, 654; (c) K. R. Roshan,

G. Mathai, J. Kim, J. Tharun, G. A. Park and D. W. Park, Green Chem.,
2012, 14, 2933; (d ) J. Tharun, G. Mathai, A. C. Kathalikkattil, R. Roshan,
J. Y. Kwak and D. W. Park, Green Chem., 2013, 15, 1673; (e) J. Ma, J.
Liu, Z. Zhang and B. Han, Green Chem., 2012, 14, 2410.

4| J. Name., 2012, 00, 1-3

6 (a) J. Sun, W. Cheng, Z. Yang, J. Wang, T. Xu, J. Xin and S. Zhang,
Green Chem., 10.1039/C3GC41850B; (b) Y. Ren, C. H. Guo, J. F. Jia
and H. S. Wu, J. Phys. Chem. A, 2011, 115, 2258; (c) H. Sun and D.
Zhang, J. Phys. Chem. A, 2007, 111, 8036; (d) J. Q. Wang, J. Sun, W.
Cheng, K. Dong, X. P. Zhang and S. J. Zhang, Phys. Chem. Chem. Phys.,
2012, 14, 11021; (e) K. R. Roshan, A. C. Kathalikkattil, J. Tharun,

D. W. Kim, Y. Won and D. W. Park, Dalton Trans., 2014, 43, 2023; (f) F.
C. Gomez, G. Salassa, A. W. Kleij, and C. Bo, Chem. Eur. J. 2013, 19,
6289.

This journal is © The Royal Society of Chemistry 2012

Page 4 of 4



