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A water stable zinc-MOF (ZnGlu) catalyst was facilely prepared
from the proteinogenic amino acid, L-glutamic acid at room
temperature in aqueous medium. CO, fixations were promoted by
the ZnGlu catalyst’s inherently coordinated water and externally
added water in yielding cyclic carbonate and cyclic urethane at
room temperature. This eliminates the need for catalyst activation,
making ZnGlu a ready-to-use catalyst. The enhanced CO,
cycloaddition with added water hints at the application of ZnGlu
in wet flue gas conversions. This is the first reported attempt of
MOF in the cycloaddition of aziridine and CO,.

Metal Organic Frameworks (MOFs) have been evolving as
innovative materials, with its substantial contributions in gas
capture and catalysis, by exploiting the versatility in porous
functional architectures and metal containing nodes.! MOF-
adsorbed gases have applications in energy (H,, CH,, etc.) and
manufacture (CO, derived commodities).2 CO, is a safe C1
feedstock abundantly available from combustions.? The 100%
atom-economic transformations of CO,, such as the synthesis
of five-membered cyclic carbonates or cyclic urethanes
represent ideal CO, utilization processes.4 Cyclic carbonates
are useful as solvents, electrolytes in batteries, raw materials
for cosmetics and polymers etc.,4b while oxazolidinones (cyclic
urethanes) are well-known chemical intermediates, precursors
for organic/polymer synthesis, and pharmaceuticals.‘”’g For
effectuating CO, cycloadditions at ambient conditions (to
avoid further CO, emission by fossil fuel burning), efficient
catalystssare required, which are heterogeneous.6

Current CO, capture scrubbers need desorption at high
temperatures to recover the CO,. MOFs being exceptionally
efficient in CO, capture and catalysis, a single step capture-
cum-transformation would save this energy. Transformation of
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CO, to cyclic carbonates using MOF catalysts started earlie-
this decade.’ However, synthetic nature of ligands, toa.c
solvents, solvent remains in pores, and long synthesis
durations at high temperatures hamper the eco-friendlir.c. .
and energy rating for scaling up the MOF synthesis. Thus, faci.
and energy efficient synthesis of MOFs from natural ligand
are highly desirable. The diminishing CO, uptake capacities ¢ -
instability of MOFs under wet flue gases for CO, capture is al< »
a haunting problem that necessitates pre-drying of flue gas.

The proteinogenic a-amino acids consists of COOH, Nh .
and functional group rich side chains. Such amino acids, or its
modifications, were recently reported as homogeneor s
catalysts for CO, cycloadditions.8 Very recently, we reportea
that water traces could promote cycloadditions of CO, wi‘ 1
amino acid catalysts. Bio-MOFs made from amino acids coula
be the prospective class in connecting these two ends of C( ,
capture and transformation.”*® Amino acid MOF (AA-MOF,
serve as frameworks that soften the reaction conditions, wi*'
the co-existence of Lewis acidic metals, base sites, ana .
bonding groups. If water can promote the catalytic activity of
AA-MOFs, a curse in CO, capture could be turned into an
advantage, taking a double leap in the field of CO, chemist. s
by eliminating the need for flue gas drying and CO, desorptio .
In these efforts, L-glutamic acid was identified as the naturai
and economically viable spacer for AA-MOF (Scheme 1).
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Scheme 1. Rapid synthesis of zinc-glutamate-MOF (ZnGlu); |
and cycloaddition of CO, with propylene oxide (PO)
forming propylene carbonate (PC), and 2-methylaziridine |
(2-MeAz) forming 4-methyl-2-oxazolidinone (4-MeOx)
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Fig. 1. FE-SEM image of rapidly prepared ZnGlu (left) in
comparison with that of the single crystal (right).

Fig. 2. Coordinated H,0 molecules and H-bonded ones
(crystal lattices) in the framework of ZnGlu, viewed along
c-axis. (a) packing diagram (b) pore. Legend: green C-
atoms; red O-atoms; pink Zn; and blue N-atoms.

Zinc, for its Lewis acid character, is renowned active site in
catalysis, and zinc-glutamate units are a part of active sites in
biological systems (the enzyme carboxypeptidase that catalyze
peptide degradation). Thus, a 3D-MOF zinc-glutamate-MOF
(ZnGlu) with the structural formula {[Zn(H,0)(CsH,NO,)].H,0},,
was prepared instantly in agueous medium by simple mixing at
room temperature, avoiding synthetic ligands or solvents
(Supplementary info, section S1.1 to S1.3 and Fig. S1). Further,
its utility as a catalyst in CO, fixation for propylene carbonate
(PC) and 4-methyl-oxazolidin-2-one (4-MeOx) synthesis from
propylene oxide (PO) and 2-methylaziridine (2-MeAz) was
tested at ambient conditions (Scheme 1). Also, to the best of
our knowledge, this is the first ever report for 2-MeAz
cycloadditions using MOF as catalyst.

The FE-SEM image of ZnGlu is shown in comparison with

are not visible in FE-SEM, a detailed analysis; with.PXune
technique revealed that the rapidly syif?heéSized/ZnGla7 iR
crystalline in nature (Fig. $2).° FTIR spectra of the sing'
crystal and the rapidly synthesized ZnGlu were also matcl 'r _
(Fig. S3). Further, the fairly high thermal stability of tf.»
material (up to 400 degrees) was evident from
thermogravimetric analysis in the range 25 to 600 °C (TGZ .
ZnGlu showed thermal stability as high as the synthesized
single crystals (Fig. S4). The chirality of the compound ZnG u
was characterized using solid state CD spectrum in KBr matrix
(Fig. S5). The positive and negative cotton effects appeared at
535 and 495 nm, respectively.

The 3D structure of ZnGlu has Zn in distorted octahedr .
geometry by coordination with three glutamate moietic
(deprotonated carboxylate ends) and one coordinated water.*”
ORTEP diagram depicting the coordination environmei
around zinc is shown in Fig. S6. In addition to this, w °
molecules are present in the crystal lattices (within the pores),
each of them through multiple O-H..O hydrogen bon¢ - -
interactions; one with the carboxylate oxygen and another
with coordinated water molecule (Fig. 2). TG curve sugg-"*-
the removal of lattice and coordinated water molecules @ t
around 100 and 240 °C. The lattice water molecules (held
weakly by H-bonding interactions) and the coordinated wati r
molecules could thus be removed by vacuum drying (Fig. S4\.
The removal of lattice molecules facilitates substrate entranc..
ZnGlu was also characterized for its CO, uptake at low r
pressures below 1 atm (Fig. S7).

CO, cycloaddition with propylene oxide (PO) or ~
methylaziridine (2-MeAz) using various combinations ar.
shown in Table 1. No product was detected in both reactior .
in the absence of any catalyst at room temperature (entries .
and 6). The first set of experiments was performed with 42 .
mmol PO as the substrate (entries 1 to 5). With 1.6 mol% ¢~
ZnGlu catalyst in PO under room temperature at 1 MPa CO-
pressure, propylene carbonate (PC) formation was very les -t
the end of 24 hours (entry 2). No MOFs till date have ever
shown activities by itself at room temperatures. A
tetrabutylammonium bromide (TBAB) cocatalyst (with hig i
catalyst mol% and TBAB additives of upto 10 mol%) w: .

the single crystals, in Fig. 1. Even though clear crystalline edges necessary in promoting room temperature CcC,
Table 1. CO, cycloaddition reactions at room temperature using ZnGlu |
|
. . PO/2-MeAz Conversion I
E R lyst® 19 Time (h
ntry eaction Catalyst mol% ime (h) [PC/4-MeOx selectivity](%) |
1 0. None - 24 0
o} CH
o] 3 _
2 YJ’ ZnGlu 1.6 24 Trace [-]
3 o TBAB 1.6 24 4[]
4 s ZnGlu/TBAB 1.6/1.6 24 65 [99] |
5 PO>PC ZnGlu/TBAB/H,0 1.6/1.6/10 24 92 [99] |
6 H None - 24 0 |
7 H OY CHa ZnGlu 0.8 24 Trace [-]
8 A—" TBAB 0.8 24 48 [99] J
o |
9 CH3 ZnGlu/TBAB 0.8/0.8 24 90 [99]
10 2-MeAz=>4-MeOx ZnGlu/TBAB/H,0 0.8/0.8/10 24 94 [99] I
|

Reaction conditions: PO>PC conditions. PO = 42.6 mmol (3 mL), 1 MPa Pg,, room temperature, 600 rpm; semi-batch.

2-MeAz—>4-MeOx conditions. 2-MeAz = 28.3 mmol (2 mL), 1 MPa Pcq,, room temperature, 600 rpm; semi-batch. j
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cycloadditions.h"b’I Therefore, we also verified the possibility of
TBAB cocatalyst, but with less amounts (1.6 mol%). TBAB alone
in room temperature displayed only 4% PC yields (24h, entry
3). Interestingly, the combination of ZnGlu and TBAB (1.6 mol%
each) in 24 h showed PC yields in 1+1>>2 manner (entry 4,
65% PO conversion and 99% PC selectivity). The binary system
giving rise to higher yield is a clear-cut experimental evidence
for synergistic catalysis. To our very surprise, the addition of
water (10 mol%) highly enhanced the catalytic activities,
yielding 92% PC under conditions, without
compromising the selectivity to PC (entry 5). The CO, uptake in
ZnGlu was 3.2 cm3/g, even at a low pressure of 1 atm (Fig. S7).
The BET surface area was derived as 3.02 mz/g. Even though
this is not quite a big value, high CO, adsorption was observed
during the cycloaddition of PO using ZnGlu/TBAB catalyst with
a drastic pressure fall recorded (CO, pressure dropped from 12
atm to 1 atm). Thus is because CO, chemisorption could have
triggered as a result of the insertion of CO, to the ring opened
epoxide bound to the catalyst in a synergistic manner.

The second set of CO, cycloaddition experiments (Table 1,
entries 6 to 10) were performed with 2-MeAz as substrate.
Even though our group and others have already studied this
reaction, it is the first of its kind using MOF catalysts.4f As
shown in entry 7, the catalyst alone (0.8 mol%) did not yield
reasonable 4-MeOx. However, some conversion was shown
with TBAB alone as catalyst (entry 8). The combination of
ZnGlu and TBAB at room temperatures (entry 9) gave 90%
conversion in 24 h (Fig. S8, S9). The addition of water had
slight enhancing effects, taking conversions from 90 to 94%
(entry 10). Thus, the overall trend was similar in both sets.

The catalyst was further tested for its recyclability (Section
S 1.5 of the supporting information). In the case of PO-CO,
cycloaddition, the first reuse was equally efficient, but a slight
decrease in activity was observed in second and third reuse
(Fig. S10). The recovered catalyst after the first reuse was dried
and analyzed for PXRD and FTIR (Fig. S11 and S12). These
results indicate that the recycled catalyst retained its structural
identity. The ICP-OES analysis of the reaction mixture after
catalyst recovery showed that only less than 6 ppm of zinc

similar

content was present in the product mixture. This means that,
only 0.00065 mol% of metal content was leached (which
amounts to 0.065% of leaching).

In catalysis, ZnGlu offers both Lewis acid sites and Lewis
base sites. Water removal from the catalyst makes the pores
accessible (for substrate entry and interactions), and further
evacuation could create acidic open metal sites. A typical MOF
with these active centers could have its mechanism via
epoxide/aziridine binding to Zn center, ring opening by
bromide anion at B-carbon center, CO, insertion between Zn
and substrate, and the final ring closure (Fig. S13). However, in
presence of adequate water, opportunistic catalysis7n is
expected to take place similar to certain zeolitic imidazolate
frameworks, where CO, insertion could occur in the labile Zn-
OH, bonds. In the case of 2-MeAz, the significant conversions
with TBAB alone (~¥40%) may be correlated to the increased
electron density over NH group after the ring-opening of
aziridine by TBAB. This NH group bind more easily with

This journal is © The Royal Society of Chemistry 20xx
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electrophilic C-atom of CO, (forming carbamate species). Ahine
was also evident when a sudden pressifé: f8I10WPHS 658G
within the first few minutes of CO, addition to the reactic
mixture. This additional interaction could be the reason: fc
high conversions for 2-MeAz and PO even when the cataly.t
mol% was just the half of PO in 2-MeAz reaction (Table 1).

The ZnGlu catalyst represents a thermally and chemical v
stable, chiral MOF of natural origin that is instantly synthesized
in agueous media, that fits for CO, cycloaddition catalysis du 2
to its inherent functional groups, coordinated water, or open
metal sites. Thus, it paves way to the development or
functional group rich amino acid MOFs. AA-MOFs from amir.o
acids with N-heterocycle side chains (pyrrolidine, imidazol ,
indole or thiol) would exhibit better efficiencies in a tas'
specific manner towards MOF as compact materials for CC_
separation, storage and chemical transformation.

In summary, a three-dimensional amino acid-MOF, Zn~"*
was instantly synthesized at room temperature by direct
mixing, in aqueous media. Without any routine activatiol
was employed as recyclable catalyst for CO, conversion to
propylene carbonate, and first ever MOF catalyst reportec “--
CO, conversion to oxazolidinones, that brings out its efficienc ¢
under wet conditions. Synergistic involvements evidenced
from experimental results were explained using a plausib 2
reaction mechanism. ZnGlu possesses good thermal ard
chemical stability, and it represents a MOF catalyst of higa
utility, made from economically viable constituents of natur
origin, that is suitable for industrial scale up. The overall stuc,
(from catalyst preparation till catalysis) was performed or .
under minimal energy, with no external heating at any stage
The material has potentials in easy, fast, cheap, eco-friend’,
(aqueous) and energy efficient scale up of MOF production 1.
industry, and the methodology has its potential in CO, captur .
and fixation from wet flue gas.

Notes and references

This study was supported by the National Research Foundation

of Korea (GF-HIM 2015M3A6B1065264).

1 (a) H. Furukawa, K.E. Cordova, M. O’Keeffe, OM. Yagh
Science. 2013, 341, 1230444 (doi:10.1126/science.1230444 -
(b) R.J. Kuppler, D.J. Timmons, Q.-R. Fang, J.-R. Li, T.A. Makal,
M.D. Young, D. Yuan, D. Zhao, W. Zhuang, H.-C. Zhou, Coor .
Chem. Rev. 2009, 253, 3042-3066; (c) J. Liu, L. Chen, H. Cui,
Zhang, L. Zhang, C.-Y. Su, Chem. Soc. Rev., 2014, 43, 601"
6061; (d) A.C. Kathalikkattil, P.S. Subramanian, S.
Eringathodi, J. Chem. Crystallogr. 2010, 40, 1087-1093..

2 (a) M.P. Titus, Chem. Rev., 2014, 114, 1413-1492; (b) .
Peng, V. Krungleviciute, I. Eryazici, J. T. Hupp, O. K. Farha T.
Yildirim, J. Am. Chem. Soc. 2013, 135, 11887-11894; (« Z.
Zhang, Z.-Z. Yao, S. Xiang and B. Chen, Energy Environ. .
2014, 7, 2868-2899

3 (a) M. Aresta, A. Dibenedetto, A. Angelini, Chem. Rev. 201 .,
114, 1709-1742; (b) A. Dibenedetto, A. Angelini, P. Stufan ,
J. Chem. Technol. Biotechnol. 2014, 89, 334-353; (c) D.
Keith Science, 2009, 325, 1654-1655

4 (a) KR Roshan, BM Kim, AC Kathalikkattil, J Tharun, YS Wo .
DW Park, Chem. Commun., 2014, 50, 13664-13667; (b) 1.
Sakakura, K. Kohno, Chem. Commun. 2009, 1312-1330; (c) I .
North, R. Pasquale, C. Young, Green Chem. 2010, 12, 17*-
1539; (d) K. Sumida, D. L. Rogow, J. A. Mason, T. M.

J. Name., 2013, 00, 1-3 | 3


http://dx.doi.org/10.1039/c5cc07781h

HlsEHE «ChemEomimi = il

COMMUNICATION Journal Name

McDonald, E. D. Bloch, Z. R. Herm, T. Bae, J. R. Long, Chem. View Article ONGG
Rev. 2012, 112, 724-781; (e) S. Klaus, M. W. Lehenmeier, C. DOI: 10.1039/C5CC07781H
E. Anderson, B. Rieger, Coord. Chem. Rev. 2011, 255, 1460-
1479; (f) AC Kathalikkattil, J. Tharun, R. Roshan, HG Seok, DW
Park, Appl. Catal. A. 2012, 447-448, 107-114; (g) L. Aurelio,
R.T.C. Brownlee, A.B. Hughus, Chem Rev., 2004, 104, 5823-
5862.

5 (a) T. Sakakura, J. Choi, H. Yasuda, Chem. Rev. 2007, 107,
2365-2387; (b) W.L. Dai, S.L. Luo, S.F. Yin, C.T. Au, Appl.
Catal. A. 2009, 366, 2—12.

6 (a) D.W. Kim, R. Roshan, J. Tharun, A. Cherian, D.W. Park,
Korean J. Chem. Eng., 2013, 30, 1973-1984; (c) T. Takahashi,
T. Watahiki, S. Kitazume, H. Yasuda, T. Sakakura, Chem.
Commun. 2006, 1664-1666.

7 (a) M.H. Beyzavi, R.C. Klet, S. Tussupbayev, J. Borycz, N.A.
Vermeulen, C.J. Cramer, J.F. Stoddart, J.T. Hupp, O.K. Farha,
J. Am. Chem. Soc. 2014, 136, 15861-15864; (b) WY Gao, L
Wojtas, S Ma, Chem Commun, 2014, 50, 5316-5318; (c) D. A.
Yang, H. Y. Cho, J. Kim, S. T. Yang, W. S. Ahn, Energy Environ.
Sci. 2012, 5, 6465-6473; (d) C. M. Miralda, E. E. Macias, M.
Zhu, P. Ratnasamy, M. A. Carreon, ACS Catal. 2012, 2, 180-
183; (e) Kathalikkattil, A.C.; Babu, R.; Tharun, J.; Roshan, R.;
Park, D.W., Catal. Surv. Asia., 2015, Online First, DOI:
10.1007/s10563-015-9196-0; (f) A. C. Kathalikkattil, R.
Roshan, J. Tharun, H. G. Soek, H. S. Ryu, D. W. Park,
ChemCatChem 2014, 6, 284-292; (g) A. C. Kathalikkattil, D.
W. Kim, J. Tharun, H. G. Soek, R. Roshan, D. W. Park, Green
Chem. 2014, 16, 1607-1616; (h) O. V. Zalomaeva, A. M.
Chibiryaev, K. A. Kovalenko, O. A. Kholdeeva, B. S.
Balzhinimaev, V. P. Fedin, J. Catal. 2013, 298, 179-185; (i) T.
Lescouet, C. Chizallet, D. Farrusseng, ChemCatChem, 2012, 4,
1725-1728; (j) X. Zhou, Y. Zhang, X. Yang, L. Zhao, G. Wang, J.
Mol. Catal. A: Chem. 2012, 361 — 362, 12-16; (k) W. Kleist, F.
Jutz, M. Maciejewski, A. Baiker, Eur. J. Inorg. Chem. 2009,
3552-3561; (l) Y. Ren, X. Cheng, S. Yang, C. Qi, H. Jiang, Q.
Mao, Dalton Trans. 2013, 42, 9930-9937; (m) J. Song, Z.
Zhang, S. Hu, T. Wu, T. Jiang, B. Han, Green Chem. 2009, 11,
1031-1036; (n) M.H Beyzavi, CJ. Stephenson, Y. Liu, O.
Karagiaridi, J.T. Hupp, O.K. Farha, Front. Energy Res., 2015, 2,
63; (o) A. C. Kathalikkattil, D. W. Park, J. Nanosci.
Nanotechnol. 2013, 13, 2230-2235.

8 (a)C.Qi,J. Ye, W. Zeng and H. Jiang, Adv. Synth. Catal., 2010,
352, 1925-1933; (b) K.R. Roshan, A.C. Kathalikkattil, J.
Tharun, D.W. Kim, Y.S. Won, D.W. Park, Dalton Trans. 2014,
43, 2023-2031; (c) K.R. Roshan, T. Jose, D. Kim, K. A. Cherian,
D.W. Park, Catal. Sci. & Technol. 2014, 4, 963-970; (d) J.
Tharun, K.R. Roshan, A.C. Kathalikkattil, D.H. Kang, H.M. Ryu,
D.W. Park, RSC Advances. 2014, 4, 41266-41270

9 (a) R. Vaidhyanathan, D. Bradshaw, J. N. Rebilly, J. P. Barrio,
J. A. Gould, N. G. Berry, M. J. Rosseinsky, Angew. Chem., Int.
Ed. 2006, 45, 6495-6499; (b) A. C. Kathalikkattil, K. K. Bisht,
N. Aliaga-Alcalde, E. Suresh, Cryst. Growth Des. 2011, 11,
1631— 1641; (c) M. J. Ingleson, J. P. Barrio, J. Bacsa, C.
Dickinson, H. Park, M. J. Rosseinsky, Chem. Commun. 2008,
1287-1289; (d) A. C. Kathalikkattil, K. K. Bisht, P. S.
Subramanian, E. Suresh, Polyhedron 2010, 29, 1801-1809; (e)
K. K. Bisht, B. Parmar, Y. Rachuri, A. C. Kathalikkattil, S.
Eringathodi, CrystEngComm, 2015, (DOI:
10.1039/C5CE00776C).

10 (a) S. Proch, J. M. R. Villanueva, T. Irrgang, C. Doring, R.
Kempe, Z. Krist-New Cryst. St. 2008, 223, 55-56; (b) C. M.
Gramaccioli, Acta Cryst. 1966, 21, 600-605.

Published on 21 October 2015. Downloaded by University of Sydney on 21/10/2015 16:04:15.

4| J. Name., 2015, 00, 1-3 This journal is © The Royal Society of Chemistry 2015

Please do not adjust margins



http://dx.doi.org/10.1039/c5cc07781h

