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Abstract
A novel NgO-based MOF, {[NdHL(u3-OH)(H20)]-3(H.O)-DMA}, (1), was

constructed based on an organosilicon hexacarlwoxydicid linker of
5,5',5"-(methylsilanetriyl)triisophthalic acid §B). In this structure, the deprotonated
carboxylate groups assemble with trinuclear mdtedter nodes to give a 6-connected
uninodal net. It possesses open channels and ratial mites, and displays GO
adsorption behavior. Further investigations indidfitat the compound is catalytically
effective for the cyclic carbonates by cycloadditiaf CQ, to epoxides. Besides, the
catalyst could be reused 5 times with no significiss of catalytic activity and

without structural deterioration
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1. Introduction

There has been an increasing research intene€Q capture, storage and
utilization, due to awareness of a rapid growtiC®, emission in the atmosphere and
the consequent global warming [1]. Efficient tramefation of CQ into valuable
chemicals in the catalysis is very attractive battademically and industrially,
because C@is an abundant C1 building block in organic sysih@nd is recognized
to be inexpensive and renewable [2]. The cost-g¥fecprocedures have been
developed by forming C-C, C-N, C-O and C-H bonds cmnvert CQ into
value-added chemicals [3-6]. However, because , Colecules possess
thermodynamic stability and kinetic inertness, aéfint chemical fixation of CO
remains difficult under mild conditions. In ordeo tbvercome such barriers, a
relatively high free energy is essential for a teec In this area, coupling of G@nd
epoxide to cyclic carbonates presents one of th& promising methodologies [7-9].
Moreover, the addition of C{io epoxides is a 100% atom-efficient reaction with
by-products. The produced cyclic carbonate is wideded as polar aprotic solvent,
electrolyte, and raw material for polycarbonate][10
Homogeneous and heterogeneous catalysts are twoalasses of catalytic systems
developed for this COtransformation. Homogeneous systems are acceptdub t
effective, but generally undergo a complicated ss&pan of the catalysts from the
reaction product [11-13]. Several types of hetenegeis catalysts have been applied
to the chemical fixation of COto form cyclic carbonate [14-16]. However, many
catalysts suffer from an inhomogeneous distributibactive sites that reduce product
selectivity [17]. Metal-organic frameworks (MOFs), class of crystalline porous
solids with infinite networks built from inorganimetal ions/cluster and organic
linkers [18-21], have been demonstrated to be mmmiheterogeneous catalysts in
various reactions [22-24]. On basis of the relatiop between the function of MOFs
and modular nature at the molecular level, deaagatie pore environment with rich
Lewis acidic sites can endow them with desirablalgac activity [25]. Focusing on
the above considerations, a metal cluster-based btk be an ideal candidate for
CO, conversion with epoxides in virtue of the morehaisites compared with the
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single metal center at the node.

In this work, a novel porous MOF of {[BHL(u3-OH)(H.0),]-3(H.O)DMA}, 1
(DMA = N,N’-dimethylacetamide) was obtained undeslvethermal condition.
Compoundl is built from inorganic Ny+O cluster and organic steric linker of
5,5',5"-(methylsilanetriyl)triisophthalic acid {H. With open channels and rich metal
sites, the compound exhibits €Q@apture and conversion under mild reaction
condition. Its catalytic activity is greatly suparito most MOF-based catalysts, and
its structure as heterogeneous catalyst can beleecwt least five runs without a
significant compromise of catalytic activity.

2. Experimental section

2.1 Materialsand methods
All materials are commercially available and wesediwithout further purification
except for 5,5',5"-(methylsilanetriyl)triisophti@bkcid (HL), which was synthesized

in our laboratory.

HaC CH, HOOC COOH
CH COOH
HaC CH3 j)n-BuLi, 0 °C : KMnO,
" . > H,C-Si P> H,C-Si
i) MeSiCls, 0-25 °C pyridine, H,O, reflux
Br CH; COOH
HsC CH, HooC COOH

Scheme 1 The synthesis of 5,5',5"-(methylsilayigtrisophthalic acid.
2.2 Synthesis of compound 1

First, a mixture of Ni(N@).6H.O (29 mg, 0.1 mmol) anddd(27 mg, 0.05 mmol )
were dissolved in 6 mL of a mixed solvent (DMAM = 1:5 (V/V)), and were
transferred into a 20 mL tube, which was sealeti witubber septum and placed in a
screw-capped vial. Then the resulting mixture weptkn an oven at 150 °C for 3
days under autogenous pressure. After cooled tonrtemperature, green block
crystals were separated by centrifugation. Afteshuag several times with DMA, the
crystals were dried at ambient temperature. Yig&img (~40% based on Niions).

Elemental analysis (%) Calcd for compouhdC, 38.54; H, 3.68; N, 1.55; Found: C,



38.28; H, 3.86; N, 1.33. IR (KBr, ch Figure S5): 3360 (vs), 1604 (s), 1539 (s),
1401 (s), 1345 (vs), 1259 (w), 1193(w), 1121 (wQ19 (w), 880 (w), 838 (w), 778
(w), 728 (w).

2.3 Single-crystal X-ray crystallography

Single-crystal X-ray diffraction (SXRD) data ofethitle compound were collected
on a Bruker diffractometer using Cu Ka radiation=1.54178 A) at 293 K. Data
processing was accomplished with the SAINT proogsprogram [26]. The structure
was solved by the direct methods and refined Hynfialtrix least-squares fitting orf F
using the SHELXTL crystallographic software packdgé]. Non-hydrogen atoms
were refined with anisotropic displacement paramsetkiring the final cycles. All
hydrogen atoms of the organic molecule were pldnedeometrical considerations
and were added to the structure factor calculatibne guest molecules were
disordered and could not be modelled properly, diftused electron densities
resulting from them were removed by the SQUEEZHineuin PLATONS3 and the
results were appended in the CIF file. The reporéditiements are of the guest-free
structures using the *.hkp files produced usingSKREJEEZE routine.
Crystallographic data for {[NHL(«s-OH)(H.0),]-3(H.O)DMA} , (1893964) has
been deposited with Cambridge Crystallographic O2eatre. Data can be obtained
free of charge upon request at www.ccdc.cam.acitk/dequest/cif. Crystal data and

structure refinement is summarized in Table S1.

2.4 Characterization
Powder X-ray diffraction (PXRD) of compount samples were carried out on a
MiniFlex 600 X-ray powder diffractometer equippeittwa Cuka (A = 1.54 A) over

20 range of 5-50 at room temperature. The,Mnd CQ adsorption measurements



were performed on automatic volumetric adsorptiaquuigment (Quantachrome
Autosorb-iQ). The samples were degassed af@50r 10 hours prior to adsorption.
The thermal stability of the sample was evaluatsidgia SDT 2960 Simultaneous
DSC-TGA of TA instruments under an air atmosphdi@;mg of the sample was
heated at a heating rate of %O/min up to 900°C under nitrogen flow. Elemental
analyses for C, H, and N were performed by a VdriaBalyzer. The infrared (IR)
spectra (diamond) were obtained using a NicoleO#DIR spectrometer within the
4000-500 crit region.*H NMR spectra were recorded in CRG@blvent on a Bruker
400 MHz spectrometer. The chemical shift is giverdimensionless values and is
referenced relative to TMS itH spectroscopy. Inductively coupled plasma (ICP)

analyses were carried out on a Perkin-Elmer Op88@0DV spectrometer.

For the ICP procedure, firstly, the filter liqudtex catalytic reaction is incinerated
at about 500 degrees in the ceramic crucible; sigotie alkali is dissolved,; thirdly,

the acid is neutralized; finally, the solution ddad to the instrument for analysis.

2.5 Cycloaddition of CO, to epoxides

Prior to gas adsorption and catalytic experimettis, crystals were immersed in
methanol, and then decanted and replenished 3 tfore8 days to remove the
non-volatile DMA solvates. The resulting methanetiganged samples of compound
1 were transferred as suspension to a Buchner fuandithe solvents were decanted.
Then the samples were degassed under a dynamiomaail50 °C for 10 hours. The
activated materials were stored in a desiccatoeumacuum.

In a typical catalytic reaction, the epoxides (2thoh 1850 mg for epichlorohydrin,
2400 mg for styrene oxide, 1420 mg for glycidobttieated compound (0.005 mmol,

4 mg), and co-catalyst of tetrabutylammonium brem{d@BAB, 0.3 mmol) were
mixed in a 20 mL autoclave reactor under solvese Environment. The reaction was
purged with 1 MPa C®under a constant pressure for 5 min to allow trstesn to
equilibrate. The vessel was connected to g €Qurce via a one-way to keep the
pressure at the constant level. After that, thetogavas placed in an oil bath, and the
temperature was increased to 373 K with frequeintirg} under the pressurized
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conditions for a period of 3-12h. When the reactias finished, the reactor was
placed in an ice bath to be quickly cooled downth& same time, the pressure was
released slowly. A small aliquot of the supernataattion mixtures were dissolved in
0.6 mL of CDC}. The obtained solution was filtered by a syrinifferf (PTFE) to be
analyzed byH NMR for calculating the conversion of the epoxide

For the recycle experiment, the catalyst was ségéiday centrifugation after the
reaction, and the supernatant was collected antyzmutaby'H NMR. The residual
solid was washed with dichloromethane and centeifuthree times and dried at 100
°C for 2 h under vacuum. The recovered catalystreased in the following reactions

under the same conditions as the first run.

The conversion was calculated frdsh NMR according to the following equation.

(o}
Ha. O CO,, TBAB o)]\o
a
>Q ‘
R catalyst, T, P ""’R9
"Hb
conversion =
("Ha + "Hb)

The TON ( turnover number) and TOF (turnover freunye were calculated

according to the following equations.

TON = n(epoxide)
n(catalyst)
TOF = n(epoxide)

n(catalystx h

3. Resultsand discussion

3.1 Structure characterization

Single crystal X-ray diffraction analysis revealtbdadt compound. was crystalized in
the space group monoclinicC2/c. Its formula was determined to be
{[Ni sHL(u3-OH)(H20),]-3(H.0)DMA} , by single-crystal X-ray diffraction, charge
balance consideration, thermogravimetric analyBisA) and elemental analysis. The
asymmetric unit of the host framework contains ehrerystallographically
independent Ni ions, oneus-OH, one HL ligand and two coordinated water
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molecules. Nil, Ni2 and Ni3 are bridged by six cayd groups into a trinuclear unit
as secondary building unit (SBU), which is condiedcfrom two [NiQ] octahedron
and one [NiQ] tetrahedron fused at one shared ©dtner (Fig. S1a). The trinuclear
clusters are further linked by carboxylate groupsatford a porous 3D framework
(Fig. 1a). Each ligand links ten Ni atoms with sarboxylate arms by four,n'n?,
one t-ntn® and oneus-ntn* carboxylate groups. For clarity, the fNicluster as a
six-coordinated node is here simplified as a weg-roctahedron; while the
six-connected ligand is shown as an outstretcméeiwith three green triangles (Fig.
1b). The assembly of abstracted geometric shapeesented in Fig. 1b. According to
topological analysis, it is a 6-coordinated uniraugt with a point symbol of {4-6%
(Fig. S2) [28]. There are four types of channelg.(53), the apertures of which are
about 7.% 8.1 A 8.1x 6.2 & and 7.8x 3.9 A and 7.3x 7.3 A along theb-axis
(atom to atom distance). The solvent-accessiblermelis approximately 3264>/ber
unit cell volume of 7875.6 A with a pore volume ratio of 41.5% calculated bg t
PLATON program [29]. The porosity of compourd was confirmed by N
adsorption-desorption measurements at 77K, andesdt isotherm featuring type |

yielded a Brunauer-Emmett-Teller (BET) surface aea43.5 M g .

Fig.1. A view of the 3D architecture of the frametva in ball-stick model (a) , and the assembly
of abstracted geometric shapes (b), wherein the}{tlusters are shown as octahedron, and the

benzene rings are simplified as triangles.



3.2 Thermogravimetric analysis (TGA ) and powder X-ray diffraction analysis
(PXRD)

The thermal stability of the compound was evaluabsad thermogravimetric
analysis (TGA) under Natmosphere. The TGA curve revealed that a weimgg bf
19.53% can be observed from room temperature (R8PS °C, corresponding to the
loss of free water and DMA molecules, as well as ¢bordinated water molecules
(calcd: 19.61%). With the temperature increasiogp@oundl starts to decompose.

The bulk phase of compourddwras confirmed by powder X-ray diffraction (PXRD)
analyses. The diffraction patterns of fresh samplesin good agreement with the
simulated ones, indicating that compoun pure phase. Besides, the activated and
catalyzed samples df were also showed diffraction patterns similar hattof the
pristine sample (Fig. S4), indicating structuralrpanent microporosity and integrity.
3.3 Catalytic properties
It is well known that Lewis acid sites are ablectdalyze the cycloaddition of GO
and epoxides to produce cyclic carbonates. Thexefuslynuclear metal sites, good
thermal stability and permanent porosityloinspired us to explore its utilization as
heterogeneous catalyst for the synthesis of cy@idonates by the coordinatively
unsaturated Ni ions as Lewis acidic sites. The affinity toward £6r compoundl
was firstly evaluated by C{sorption measurement (Fig. S8), which showed ttieat
CO, uptake was up to 34.6 érg™* at 273K and 1.0 atm.

The initial research was focused on the reactibglycidol with CG in the
presence of n-BiNBr (TBAB, 1.5 mol%) as co-catalyst under an optimaondition
of 100 °C and 1 MPa, which is based on previous reportrééerence [30]. The
typical reaction was performed using 20 mmol of »eges and 0.005 mmol of
compoundl, the load of catalyst was 0.025 mol% ration basedNis} cluster. It
was found that corresponding cyclic carbonates waeeded in an approximate
quantitation within 3 hours, with turnover frequgn@OF) value of(11333 K per
{Ni 3} cluster. Such an encouraging result inspired aignvestigate other epoxides.
When epichlorohydrin was employed, the reactiotdytatalyzed byl was 95% for 3
hours, and >99% for 6 hours. A small activity dese may be associated with

9



different electron-withdrawing substituents [31]urihg the ring opening of the
epoxide, electron-withdrawing substituents fadditanucleophilic attack [31]. The
electronegativity of oxygen is bigger than chlorires a consequence, the yield
reduced a little when hydroxyl group in glycidol svaubstituted by chlorine group.
Above catalytic results indicate that compouhdpossesses excellent catalytic
performances for small-sized epoxide substratevefdy the catalytic generality of
compoundl, a larger epoxide substrate of styrene oxide (@3 introduced. A
significant change in the conversions were obseraad the yields of corresponding
cyclic carbonate were ~39% in 3h, ~65%in 6h, an@8%9n 12 h under the same
reaction conditions. This phenomenon may be maitthjbuted to size effect, because
the number of substrate molecule per unit porogityyume would reduce as the its
size increase. However, the catalytic efficiencycompoundl in any case is still
more higher than most documented MOFs in the cddibian of CQ to epoxides, as

shown in Table 1.

Table 1. Comparisons with the best MOF catalystsudwented in the

cycloaddition reaction of C£and epoxides.

Catalyst Substrate TON t(h) TOFth Ref.
{Eu(BTB)(phen)}° o 20 12 2 32
JAYES): | .

1 4000 3 1333 This work

Gea-MOF-1 A 593 6 99 33
Cl

1 o 4000 6 667 This work

Ni-TCPE-T 2000 12 167 30

o}
1 ©/L\ 3600 12 300 This work

The results in this work were obtained at 373 k ander 1 MPa C®

pressure. Reaction conditions in other works: 8,B92.0 MPa; b, 303 K,
0.1 MPa; c, 373K, 1 MPAON: turnover number. The conversions were

determined byH NMR analysis.
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Besides, reusable experiments were carried ouelibyvthe heterogeneous nature
of compoundl. Herein, the glycidol was employed as the substiratview of high
conversion and easy segregation of its cycloaddi®nce a complete conversion for
glycidol took 3 hours, the catalyst was isolated asused every 3 hours, and the
conversions were determined by NMR analysis. It was found that the yields did
not obviously decrease even after five successims (Fig. S9). In addition, it is
worth noting that the loading is very small. An vo@able loss of catalyst would
cause an inaccurate decrease of yield. After thle feaction, inductively coupled
plasma (ICP) analysis was performed on the mixfilteate. There was no Ni
leaching, further proving that the reaction catatyzy compoundl was indeed
heterogeneous. Besides, PXRD measurements weretasszhfirm the structural
integrity of the recovered catalyst (Fig. S4).

A reasonable mechanism was proposed for the cgdtidtion of CQ and epoxides
in the presence of compouddScheme 2), similar to that of previous reports [38].
After pretreatment at 15C, the coordinated # molecules were removed to form
unsaturated coordinative Ni atoms, then thegfNiusters could act as Lewis acid.
Firstly, the CQ and substrate molecules enter channels and avebadson the Lewis
acid sites of activatet, and the unsaturated coordinative Ni synchronobsigs to
the oxygen atom of epoxide, making it more susbépfior ring-opening. Secondly,
the nucleophilic reagent Bof TBAB attacks the activated carbon atom of egexi
leading to the ring open and producing the mettdfioatom alkoxide intermediates
(step 1). Finally, the anion intermediate reacthv@(Q,, and the ring-closure forms
the final cyclic carbonate. At the same time, thiedBd the catalyst are regenerated,

respectively.
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Scheme 2 The proposed mechanism of the cyclic iaddaf CQ, and epoxide
catalyzed by activatetl (dark rectangle: channel; green spheresz)Niuster).
4. Conclusions

In summary, a new and highly efficient catalystdzh on {Ni} cluster has been
developed. The compound catalyzes the couplingiozaof epoxides with C@at
373K and under 1 MPa G(ressure to produce cyclic carbonates with higidgi
Intensive investigation including cycle experimeatsl catalyst filtration test confirm
that activatedl operates as a heterogeneous catalyst. Moreosearatialytic activity
remains high after several reuses.
Acknowledgments. This work was financially supported by the Docto&alientific
Research Foundation of Inner Mongolia University Kationalities (BS462), the
Open Projects Founded by Inner Mongolia Key LabG#rbon Nanomaterials
(MDK2018040), the Open Projects Founded by Innenypdia Key Laboratory for
the Natural Products Chemistry and Functional MaEcSynthesis (MDK2017053,
MDK2017056), and the Scientific Research Progranminagér Mongolia University
for Nationalities (NMDGP1703 and NMDYB1728).

12



References

[1] Q. Wang, J. Luo, Z. Zhong, A. Borgna, Energyion. Sci. 4 (2011) 42-55.

[2] J. Ma, N. Sun, X. Zhang, N. Zhao, F. Xiao, WeiWWY. Sun, Catal. Today 148
(2009) 221-231.

[3] I. Omae, Coord. Chem. Rev., 256 (2012) 13845140

[4] M. North, R. Pasquale and C. Young, Green Chéé( 2010) 1514-1539.

[5] Y. N. Li, R. Ma, L. N. He and Z.-F. Diao, Catabci. Technol., 4 (2014)
1498-1512.

[6] B. Yu and L. N. He, ChemSusChem, 8 (2015) 52—62

[7] M. Ding and H.-L. Jiang, ACS Catal., 8 (2018)33-3201.

[8] M. Ding, S. Chen, X.-Q. Liu, L.-B. Sun, J. Lm@&H.-L. Jiang, ChemSusChem, 10
(2017) 1898-1903.

[9] W. Jiang, J. Yang, Y.-Y. Liu, S.-Y. Song andRJ).Ma, Chem. Eur. J., 22 (2016)
16991-16997.

[10] B. Schaffner, F. Schéaffner, S.P. Verevkin, Borner, Chem. Rev. 110 (2010)
4554,

[11] B. Chatelet, L. Joucla, J. P. Dutasta, A. ez, K. C. Szeto and V. Dufaud, J.
Am. Chem. Soc., 135 (2013) 5348-5351.

[12] B. H. Xu, J. Q. Wang, J. Sun, Y. Huang, Zlkfang, X. P. Zhang and S. J. Zhang,
Green Chem., 17 (2015) 108-122.

[13] X.-B. Lu and D. J. Darensbourg, Chem. Soc..R&V/ (2012) 1462-1484.

[14] M.-P. Liu, Y.-P. Luo, L. Xu, L. Sun and H.-BDu, Dalton Trans., 45 (2016)
2369-2373.

[15] M. E. Wilhelm, M. H. Anthofer, M. Cokoja, I. E. Markovits,W. A. Herrmann
and F. E. Kuhn, ChemSusChem, 7 (2014) 1357-1360.

[16] Q. Sun, N. Wang, Q. Bing, R. Si, J. Liu, R.iBR. Zhang, M. Jia, and J. Yu,
Chem, 3 (2017) 477-493.

[17] M. North, R. Pasquale and C. Young, Green Ch&&[2010] 1514-1539.

[18] H.-C. Zhou, J. R. Long and O. M. Yaghi, Cherev., 112 (2012) 673-674.

[19] M. Ding and H.-L. Jiang, ACS Catal., 8 (20133)94-3201.

13



[20] J. Zhao, W.-W. Dong, Y.-P. Wu, Y.-N.Wang, @/ang, D.-S. Li and Q.-C.
Zhang, Mater. Chem. A, 3 (2015) 6962-6969.

[21] (a) W.-W. Xiong, J. Miao, K. Ye, Y. Wang, Bid, Q. Zhang, Angew Chem Int.
Ed., 54 (2015) 546-550; (b) W.-W. Xiong, Q. Chumgdw Chem. Int. Ed., 54 (2015)
11616-11623; (c) P. Li, F.-F. Cheng, W.-W. Xiongda). Chun, Inorg. Chem. Front.,
1 (2014) 292-301; (d) W.-W. Xiong, E. U. Athresh,TY Ng, J. Ding, T. Wu, and Q.
Chun, J. Am. Chem. Soc., 135 (2013) 1256-1259WeW. Xiong, P.-Z. Li, T.-H.
Zhou, A. L. Y. Tok, R. Xu, Y. Zhao, and Q. Zhangoitg. Chem., , 52 (2013)
4148-4150; (f) D.-D., Yang, Y. Song, B. Zhang, N.8hen, G.-L. Xu, W.-W. Xiong,
and X.-Y. Huang, Cryst. Growth Des., 18 (2018) 32Z8%2; (g) W.-W. Xiong, G.
Zhang, and Q. Zhang, Inorg. Chem. Front. , 5 (2@683-2708.

[22] H.-X. Zhang, M. Liu, T. Wen and J. Zhang, CdoChem. Rev., 307 (2016)
255-266.

[23] K. J. Lee, J. H. Lee, S. Jeoung and H. R. Modec. Chem. Res., 50 (2017)
2684-2692.

[24] T. Zhang and W. Lin, Chem. Soc. Rev., 43 (2(8982-5993.

[25] M. H. Beyzavi, C. J. Stephenson, Y. Liu, O.r&giaridi, J. T. Hupp and O. K.
Farha, Front. in Energy Res., 2 (2015) 63.

[26] SMART and SAINT software package, Siemens Anal{tiaay Instruments
Inc., Madison, WI, 1996.

[27] (a) O.V. Dolomanov, L.J. Bourhis, R.J. Gilded, A. K. Howard and H.
Puschmann, J. Appl. Cryst. 42 (2009) 339-341; (d\GSheldrick, ActaCryst. A, 64
(2008) 112-122; (c) G. M. Sheldrick, ActaCryst.1@,(2015) 3-8.

[28] V. A. Blatov, Struct. Chem., 23 (2012) 955-9G®POS software is available for
download at http://www.topos.samsu.ru.

[29] A. L. Spek, J. Appl. Crystallogr., 36 (2003)13.

[30] Z. Zhou, C. He, J. Xiu, L. Yang and C. Dudn,Am. Chem. Soc. 137 (2015)
15066.

[31] A. Kilic, A. A. Palali, M. Durgun, Z. Tasci, M. Ukpy, Spectrochim. Acta Part A.
113 (2013) 432-438.

14



[32] H. Xu, B. Zhai, C.-S. Cao, and B. Zhao, Inorg. Chésb (2016) 9671-9676.
[33] V. Guillerm, L. J. Wesetiski, Y. Belmabkhout, A. J. Cairns, V. D’Elia, L. \tas,
K. Adil and M. Eddaoudi, Nature Chem. 6 (2014) @8-

15



» A {Nis}-cluster based network has been successfully developed as an efficient

catalyst for CO, cycloaddition.
P Its catalytic activity is superior to most documented M OF-based catalysts.

» The heterogeneous catalyst can be recycled at least five runs without a significant
compromise of catalytic activity.



