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Stabilized Vanadium Catalyst for Olefin Polymerization by Site 
Isolation in a Metal-Organic Framework 
Robert J. Comito,[a] Zhenwei Wu,[b] Guanghui Zhang,[b] John A. Lawrence III,[c] Maciej D. Korzyński,[a] 

Jeffrey A. Kehl,[d] Jeffrey T. Miller,[b] Mircea Dincă*[a] 
Abstract: Vanadium catalysts offer unique selectivity in olefin 1 
polymerization, yet are underutilized industrially owing to their poor 2 
stability and productivity. We report the immobilization of vanadium 3 
by cation exchange in MFU-4l, providing a metal-organic framework 4 
with vanadium in a molecule-like coordination environment. This 5 
material forms a single-site heterogeneous catalyst with 6 
methylaluminoxane, providing polyethylene with low polydispersity 7 
(PDI~3) and the highest activity (up to 148,000 hr−1) reported for a 8 
MOF-based polymerization catalyst. Furthermore, polyethylene is 9 
obtained as a free-flowing powder as desired industrially. Finally, the 10 
catalyst shows good structural integrity and retains polymerization 11 
activity for over 24 hours, both promising attributes for the 12 
commercialization of vanadium-based polyolefins. 13 

Vanadium catalysts have long been known to offer 14 
exceptional sequence and stereoselectivity in the polymerization 15 
of light olefins.[1] These features have made them indispensable 16 
to the manufacture of specialty elastomers.[ 2 ] Yet vanadium 17 
catalysts typically suffer from rapid deactivation under 18 
polymerization conditions.[3] Consequently, their low productivity 19 
limits the commercialization of vanadium catalysts toward other 20 
polyolefin products. This shortcoming has motivated extensive 21 
efforts to develop more stable and productive vanadium 22 
catalysts, with the majority of these studies using soluble 23 
metalloligand complexes.[1,3] 24 

A classic strategy to stabilize organometallic catalysts 25 
involves immobilization onto a solid support, wherein site 26 
isolation minimizes deactivation through multimetallic 27 
pathways.[4]  Furthermore, solid catalysts are often required for 28 
commercial olefin polymerization in order to control the 29 
morphology of the insoluble products, and thus to avoid reactor 30 
fouling on a large scale.[5] To realize this strategy with vanadium, 31 
a variety of immobilization strategies have been studied,[6] but 32 

structurally inhomogeneous supports often have a negative 33 
effect on activity and selectivity. Consequently, there are 34 
relatively few examples of single-site heterogeneous vanadium 35 
catalysts that are capable of reproducing the exquisite molecular 36 
selectivity of their soluble counterparts in the solid state.[7] 37 

 38 
Figure 1. Proposed structure of VIV-MFU-4l (1), a single-site vanadium 39 
catalyst for olefin polymerization. 40 

Toward this end, metal-organic frameworks (MOFs) have 41 
emerged as a class of materials uniquely suited for single-site 42 
heterogeneous catalysis.[ 8

] The molecular-level structural 43 
control[9

] and modularity[
10

] possible with MOFs allow molecule-44 
like catalyst design in the solid state. Although essentially all 45 
components of a MOF may be modified for catalysis, the 46 
inorganic nodes have attracted increasing attention as a 47 
structurally monodisperse and well-defined platform for transition 48 
metal catalysis.[ 11

] In particular, these clusters or secondary 49 
building units (SBUs) often undergo cation exchange with 50 
structural retention,[ 12

] offering a predictable strategy to 51 
incorporate transition metals for catalysis. Along these lines, our 52 
laboratory[

13
] and others[

14
] have developed effective single-site 53 

heterogeneous catalysts for olefin polymerization by 54 
postsynthetic modification of MOF SBUs. 55 

With an interest in using MOF SBUs to stabilize vanadium 56 
catalysts for olefin polymerization, we targeted the material 57 
MFU-4l (Zn5Cl4(BTDD)3, H2BTDD = bis(1H-1,2,3-triazolo[4,5-58 
b],[4’,5’-i])dibenzo[1,4]dioxin).[15

] The SBU of this triazole-based 59 
MOF features facial coordination of Zn2+ by three nitrogen 60 
atoms,[16

] a scorpionate unit shown to structurally and functionally 61 
emulate the tris(pyrazolyl)borate[

17
] and tris(pyrazolyl)methane[

18
] 62 

ligands that provide effective vanadium catalysts for olefin 63 
polymerization. Based on this analogy between SBUs and small 64 
molecules, we anticipated that incorporation of vanadium into 65 
MFU-4l by cation exchange would provide an effective vanadium 66 
catalyst further benefitting from site isolation. 67 

Encouragingly, cation exchange has been reported in MFU-4l 68 
with several transition metals,[19] although vanadium is absent 69 
from this series and rare for cation exchange in MOFs in 70 
general.[20]  Typically, cation exchange with MFU-4l involves a 71 
large excess (~50 equivalents) of transition metal salt. However, 72 
treating MFU-4l with solutions containing 50 equivalents of 73 
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VCl2(py)4,[21]  VCl3(THF)3, or VCl4 decomposed the MOF in all 74 
cases. Nevertheless, vanadium incorporation was observed 75 
when each of these three precursors was used in a more 76 
modest excess (Table 1). The resulting materials showed good 77 
structural retention by powder X-ray diffraction and gas sorption 78 
analysis (section S3), consistent with the incorporation of 79 
vanadium into a structurally conserved framework. Furthermore, 80 
analysis of the supernatant indicated the release of zinc into 81 
solution consistent with cation exchange. 82 
Table 1. Cation Exchange of vanadium into MFU-4l. 83 

 84 
 

Entry Vanadium 
Source[a] 

Product Incorporation 
Ratio (V : Zn)[b] 

Edge 
Energy[c] 

1 VCl4 (2 eq.) 1 0.64 : 4.36 5.4768 

2 VCl3(THF)3 (1 eq.) 1 0.37 : 4.63 5.4769 

3 VCl2(py)4 (5 eq.) 2 0.44 : 4.56 5.4730 

[a]Conditions: CH3CN, room temperature, 7-10 days. [b]Determined by ICP-MS. 85 
[c]From vanadium K-edge XAS in keV. 86 
 87 

 88 
Figure 2. Comparison of the edge energies obtained by vanadium K-edge 89 
XAS for exchanged MOFs and their standards. 90 

To characterize the local structure of vanadium in the MOF, 91 
we next analyzed the resulting materials by vanadium K-edge 92 
XAS, with the tris(pyrazolyl)borate (Tp − ) complexes TpVCl3, 93 
Tp2VBPh4, and Tp2V serving as standards for V4+, V3+, and V2+ 94 
in MFU-4l. Unexpectedly, the materials exchanged with VCl4 and 95 
with VCl3(THF)3 showed nearly identical edge energies and pre-96 
edge features (Table 1, entries 1 and 2), both consistent with a 97 
vanadium(IV) oxidation state (Figure 2) and referred to hereafter 98 
as VIV-MFU-4l (1). Presumably, disproportionation of VCl3(THF)3 99 

accounts for the formation of 1, a process previously reported for 100 
the ligation of VCl3(THF)3 with nitrogen-based ligands.[ 22

] By 101 
contrast, the material exchanged with VCl2(py)4 exhibits an edge 102 
energy most consistent with vanadium(II), and is referred to 103 
hereafter as VII-MFU-4l (2). Consistently, X-band EPR analysis 104 
resulted in nearly identical spectra for 1 prepared with either 105 
VCl4 or VCl3(THF)3, with g and A tensor values consistent with a 106 
vanadium(IV) assignment, while 2 exhibited a distinct EPR 107 
spectrum (Section S10). 108 

 109 
Figure 3. EXAFS analysis of 1 and its first-shell fit.[23

] 110 
Table 2. Quantitative results of the EXAFS fit.[a] 111 
   

Sample Scattering 
Pair 

Coord. 
Number 

Bond 
Length (Å) 

S0
2 ΔE0 

(eV) 
σ2 (Å2) 

Tp2V V−N 6 2.11 0.56 -3.6 0.002 

VCl2 V−Cl 6 2.49 0.50 0.5 0.003 

1 V−N 3 2.07 0.50 -5.0 0.002 

 V−Cl 3 2.31   0.002 

[a]The average error in S0
2 is 0.1, in bond length is 0.03 Å, in ΔE0 is 2.9 eV and 112 

in Δσ2 is 0.002 Å. 113 
Furthermore, a pseudo-octahedral geometry could be 114 

assigned for both 1 and 2 based on analysis of the pre-edge 115 
feature, both displaying peaks of low to moderate intensity 116 
(Figures S6.4-5).[ 24

] To fully describe the coordination 117 
environment of vanadium, we performed a first-shell fit of the 118 
extended X-ray absorption fine structure (EXAFS) data for 1, 119 
prepared with VCl4, obtaining good agreement between the 120 
experimental and modeled data (Figure 3, Table 2). This 121 
analysis resulted in a primary coordination sphere consisting of 122 
3 N−V bonds (2.07 Å) and 3 Cl−V bonds (2.31 Å, Table 2), as 123 
anticipated for TpVCl3-like structure proposed for 1 (Table 1). 124 
Models with different coordination numbers gave consistently 125 
worse fits. Although a suitable first-shell EXAFS fit was not 126 
obtained for 2, we propose a six-coordinate V2+ involving two 127 
solvent molecules (Table 1) based on the results of edge energy, 128 
pre-edge analysis, IR and elemental analysis. Thus we provide a 129 
degree of structural characterization generally not possible with 130 
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prior heterogeneous vanadium catalysts for olefin 131 
polymerization6,7 which could greatly inform mechanistic analysis 132 
and catalyst optimization. 133 

To evaluate ethylene polymerization, both 1 and 2 were 134 
treated with ethylene under slurry phase conditions with 135 
modified methylaluminoxane-12 (MMAO-12) as cocatalyst 136 
(Table 3). Indeed, with both materials we observed 137 
predominantly linear high-density polyethylene, all polymers 138 
showing a high peak melting temperature (TM >130 °C) and 139 
moderate crystallinities (%C) as measured by differential 140 
scanning calorimetry (DSC). High-temperature gel permeation 141 
chromatography (HT-GPC) analysis of these polymers showed a 142 
high number-average molecular weight (MN), with a weak 143 
dependence of MN on ethylene pressure (entries 1 and 2). 144 
Furthermore, the generally low polydispersity indices (PDI) 145 
measured are consistent with single-site catalysts operating 146 
under the constraints of mass transport. Both 1 and 2 show a 147 
significant response to hydrogen, with around 100-fold decrease 148 
in number-average molecular weight (MN) upon loading with a 149 
1:1 mixture of ethylene and hydrogen (entries 3 and 6). Under 150 
comparable conditions, the MN obtained with 1 is nearly half that 151 
obtained with 2, whereas the MN obtained for samples of 1 152 
prepared using VCl4 or VCl3(THF)3 were similar (entries 2, 4, 153 
and 5). 154 
Table 3. Results of ethylene polymerization with 1 and 2. 155 

 156 
    

entry MOF 
(w% V) 

PE
[a] 

(bar) 
PH2

[a] 
(bar) 

TOF[b]
 

(hr−1) 
%C[c]  PDI[d] MN

[d] 
(/103) 

1 
1[e] (1.5% V) 

40 0 71,000 62% 3.4 650 

2 1[e] (1.5% V) 10 0 51,000 62% 3.5 330 

3 1[e] (1.5% V) 10 10 2,200 81% 36 3.8 

4 1[f] (2.5% V) 10 0 7,500 59% 2.7 380 

5 2 (1.8% V) 10 0 6,400 66% 2.9 680 

6 2 (1.8% V) 10 10 900 70% 70 4.3 

[a]Applied pressure of ethylene (E) and hydrogen (H2). [b]Turnover frequency in 157 
mol(ethylene)/mol(V) per hour. [c]Determined by DSC. [d]Determined by HT-158 
GPC. [e]Prepared with VCl3(THF)3. [f]Prepared with VCl4.  159 

Under similar conditions, we found that 1/MMAO-12 160 
polymerizes propylene with moderate isotacticity (dyad count = 161 
94% m, Scheme 1). By contrast, Cr-MFU-4l shows negligible 162 
activity toward propylene while Ti-MFU-4l produces atactic 163 
polypropylene in low activity. Consistent with this result, soluble 164 
vanadium catalysts are often reported to give higher propylene 165 
tacticity than their chromium or titanium analogues.1 To our 166 
knowledge, this is the first MOF-based catalyst and the first 167 

single-site heterogeneous vanadium catalyst reported to 168 
polymerize propylene stereoselectively.[25

] 169 
We next sought to optimize the activity of 1 by interrogating 170 

the catalyst composition and reaction conditions (section S7.6-8). 171 
First, we evaluated the Al : V ratio using a sample of 1 with a 172 
constant vanadium loading (prepared by VCl3(THF)3 exchange, 173 
Figure S7.2), finding 300 : 1 to be optimal. At this Al : V ratio, 174 
various alkylaluminums (AlMe3, AlEt3, AliBu3, and AlEt2Cl) give 175 
rise to active catalysts, although the combination of 1 and 176 
MMAO-12 was the most active for ethylene polymerization. Next 177 
we evaluated the effect of vanadium loading in 1, at constant 178 
MMAO-12 concentration and a constant Al to V ratio of 300 : 1. 179 
Samples of 1 with lower vanadium concentration provided 180 
consistently higher activity. This loading effect accounts for the 181 
apparent differences in activity between samples of 1 prepared 182 
with VCl3(THF)3 and with VCl4, featuring inequivalent vanadium 183 
loading (Table 3) Furthermore, this loading dependence is 184 
consistent with mass transport-limited activity at the surface of a 185 
heterogeneous catalyst. Along these lines, the combination of 1 186 
and MMAO-12 shows an apparent first-order dependence of 187 
activity on ethylene pressure (Figure S7.3), with a maximum 188 
turnover of 148,000 hr − 1 achieved at 50 bar. This activity, 189 
presumably underestimated due to the disproportional reactivity 190 
of surface-confined species, exceeds the reported activity of 191 
prior MOF catalysts for olefin polymerization.[13,14] 192 

 193 
Scheme 1. Isoselective polymerization of propylene using 1 (VCl4-exchange). 194 

 195 
Figure 4. Time study of ethylene polymerization with 1 (VCl3(THF)3 exchange). 196 

Consistent with heterogeneous catalysis, polyethylene was 197 
predominantly obtained as a free-flowing powder using 1 and 2, 198 
as desired for commercial polymerization. By contrast, the 199 
combination of TpVCl3 or VCl4 with MMAO-12 form 200 
homogeneous solutions in toluene, polymerizing ethylene as a 201 
solid mass firmly attached to the reactor wall (section S7.13). 202 

10.1002/anie.201803642

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



COMMUNICATION          

 
 
 
 

Notably, both of these soluble catalysts are less active than 1 203 
under comparable conditions. To confirm the heterogeneity of 204 
our MOF catalyst, a suspension containing 1 and MMAO-12 was 205 
stirred vigorously for 30 minutes and then separated under air-206 
free conditions. PXRD analysis of the recovered catalyst showed 207 
retention of crystallinity (Figure S7.4). The supernatant showed 208 
a low propensity for vanadium leaching when analyzed by ICP-209 
MS and low ethylene polymerization activity (section S7.10). 210 
Next, to further test the catalyst integrity, we studied the time 211 
course of ethylene polymerization out to 24 hours using 212 
1/MMAO-12 (Figure 4). The rate of ethylene polymerization 213 
indeed decreases over this 24-hour period, as would be 214 
expected even without catalyst deactivation due to the 215 
encapsulation of the catalyst in polymer. Nevertheless the 216 
continued activity after 24 hours affirms the long-term stability of 217 
this catalyst under polymerization conditions. Although single-218 
site heterogeneous vanadium catalysts have been reported with 219 
higher initial ethylene polymerization activity than 1/MMAO-12, 220 
generally these either suffer substantial deactivation within an 221 
hour, or their long-term stability has not been reported.7 222 

In summary, we have shown that the incorporation of 223 
vanadium into MFU-4l by cation exchange is a promising 224 
strategy to achieve stable and productive vanadium catalysts for 225 
olefin polymerization. The resulting catalysts reproduce 226 
commercially relevant modes of polymer molecular control, 227 
including stereoselectivity and molecular weight control, while 228 
providing commercially desirable morphological control. These 229 
results will be relevant for the commercialization of advanced 230 
polyolefin products using vanadium catalysts, and the use of 231 
vanadium catalysts under more demanding conditions, such as 232 
multistage reactor processes.[26

] 233 

Acknowledgements 234 

This research was supported through a CAREER grant from the 235 
National Science Foundation to MD (DMR-1452612). Use of the 236 
Advanced Photon Source was supported by the U.S. 237 
Department of Energy, Office of Basic Energy Sciences, under 238 
contract no. DE-AC02-06CH11357. MRCAT operations, 239 
beamline 10-BM, are supported by the Department of Energy 240 
and the MRCAT member institutions.  ZW, GZ and JTM were 241 
supported as part of the National Science Foundation Energy 242 
Research Center for Innovative and Strategic Transformation of 243 
Alkane Resources (CISTAR) under the Cooperative Agreement 244 
No. EEC-1647722. 245 

Keywords: heterogeneous catalysis • metal-organic frameworks 246 
• organometallics • polymerization • X-ray absorption 247 
spectroscopy 248 

 249 
                                                   
[1]  a) K. Nomura, S. Zhang, Chem. Rev. 2011, 111, 2342-2362. b) J.-Q. 
Wu, Y.-S. Li, Coord. Chem. Rev. 2011, 255, 2303-2314. 
[2]  J. W. M. Noordermeer, Ethylene-Propylene Elastomers. In 
Encyclopedia of Polymer Science and Technology. Wiley Online Library, 2002. 

                                                                                      
[3]  a) S. Gambarotta, Coord. Chem. Rev. 2003, 237, 229-243. b) H. 
Hagen, J. Boersma, G. van Koten, Chem. Soc. Rev. 2002, 31, 357-364. 
[4]  C. Copéret, Pure Appl. Chem. 2009, 81, 585-596. 
[5]  a) J. R. Severn, J. C. Chadwick, R. Duchateau, N. Friedrichs, Chem. 
Rev. 2005, 105, 4073-4147. b) H. Knuuttila, A. Lehtinen, A. Nummila-
Pakarinen, Adv. Polym. Sci. 2004, 169, 13-28. c) G. G. Hlatky, Chem. Rev. 
2000, 100, 1347-1376. d) H. C. L. Abbenhuis, Angew. Chem. Int. Ed. 1999, 
38, 1058-1060. e) J. C. W. Chien, Top. Catal. 1999, 7, 23-36. 
[6]  a) E. Adisson, A. Deffieux, M. Fontanille, K. Bujadoux, J. Polym. Sci. 
Part A: Polym. Chem. 1994, 32, 1033-1041. b) K. Czaja, M. Białek, Macromol. 
Rapid Commun. 1998, 19, 163-166. c) K. Czaja, M. Białek, Macromol. Rapid 
Commun. 1996, 17, 253-260. 
[7]  a) J. R. Severn, R. Duchateau, J. C. Chadwick, Polym. Int. 2005, 54, 
837-841. b) Y. Nakayama, H. Bando, Y. Sonobe, Y. Suzuki, T. Fujita, Chem. 
Lett. 2003, 32, 766-767. 
[8]  a) A. H. Chughtai, N. Ahmad, H. H. Younus, A. Laypkov, F. Veerpoort,  
Chem. Soc. Rev. 2015, 44, 6804-6849. b) Metal Organic Frameworks as 
Heterogeneous Catalysts, (Eds.: F. X. Llabrés i Xamena, J. Gascon). The 
Royal Society of Chemistry: Cambridge, UK, 2013. c) J. Gascon, A. Corma, F. 
Kaptejin, F. X. Llabres i Xamena, ACS Catalysis 2014, 4, 361-378. 
[9]  a) H. Furukawa, K. E. Cordova, M. O’Keefe, O. M. Yaghi, Science 
2013, 341, 123044. b) C. Janiak, J. K. Vieth, New J. Chem. 2010, 34, 2366-
2388. c) H.-C. Zhou, J. R. Long, O. M. Yaghi, Chem. Rev. 2012, 112, 673-674. 
d) J. Jiang, Y. Zhao, O. M. Yaghi, J. Am. Chem. Soc. 2016, 138, 3255-3265. 
e) H.-C. Zhou, S. Kitagawa, Chem. Soc. Rev. 2014, 43, 5415-5418. 
[10]  M. Eddaoudi, D. B. Moler, H. Li, B. Chen, T. M. Reineke, M. O’Keefe, 
O. M. Yaghi, Acc. Chem. Res. 2001, 34, 319-330. 
[11]  a) P. Ji, K. Manna, Z. Lin, A. Urban, F. X. Greene, G. Lan, W. J. Lin, J. 
Am. Chem. Soc. 2016, 138, 12234-12242. b) J. E. Mondloch, M. J. Katz, W. 
C. Isley III, P. Ghosh, P. Liao, W. Bury, G. W. Wagner, M. G. Hall, J. B. 
DeCoste, G. W. Peterson, R. Q. Snurr, C. J. Cramer, J. T. Hupp, O. K. Farha, 
Nat. Mater. 2015, 14, 512-516. c) D. J. Xiao, E. D. Bloch, J. A. Mason, W. L. 
Queen, M. R. Hudson, N. Planas, J. Borycz, A. L. Dzubak, P. Verna, K. Lee, 
F. Bonino, V. Crocellà, J. Yano, S. Bordiga, D. G. Truhlar, L. Gagliardi, C. M. 
Brown, J. R. Long, Nat. Chem. 2014, 6, 590-595. d) A. Phan, A. U. Czaja, F. 
Gándara, C. B. Knobler, O. M. Yaghi, Inorg. Chem. 2011, 50, 7388-7390. 
[12]  C. K. Brozek, M. Dincă, Chem. Soc. Rev. 2014, 43, 5456-5467. 
[13]  a) R. J. Comito, K. J. Fritzsching, B. J. Sundell, K. Schmidt-Rohr, M. 
Dincă, J. Am. Chem. Soc. 2016, 138, 10232-10237. b) R. J.-C. Dubey, R. J. 
Comito, Z. Wu, G. Zhang, A. J. Rieth, C. H. Hendon, J. T. Miller, M. Dincă, J. 
Am. Chem. Soc. 2017, 139, 12664-12669. 
[14]  a) R. C. Klet, S. Tussupbayev, J. Borycz, J. R. Gallagher, M. M. 
Stalzer, J. T. Miller, L. Gagliardi, J. T. Hupp, T. J. Marks, C. J. Cramer, M. 
Delferro, O. K. Farha, J. Am. Chem. Soc. 2015, 137, 15680-15683. b) P. Ji, J. 
B. Solomon, Z. Lin, A. Johnson, R. F. Jordan, W. Lin, J. Am. Chem. Soc. 
2017, 139, 11325-11328. 
[15]  D. Denysenko, M. Grzywa, M. Tonigold, B. Streppel, I. Krkljus, M. 
Hirscher, E. Mugnaioli, U. Kolb, J. Hanss, D. Volkmer, Chem. Eur. J. 2011, 17, 
1837-1848. 
[16]  a) S. Biswas, M. Grzywa, H. P. Nayek, S. Dehnen, I. Senkovska, S. 
Kaskel, D. Volkmer, Dalton Trans. 2009, 6487-6495. b) R. J. Comito, E. D. 
Metzger, Z. Wu, G. Zhang, C. H. Hendon, J. T. Miller, M. Dincă, 
Organometallics 2017, 36, 1681-1683. 
[17]  S. Sheuer, J. Fischer, J. Kress, Organometallics 1995, 14, 2627-2629. 
[18]  H. B. Bigmore, M. A. Zuideveld, R. M. Kowalczyk, A. R. Cowley, M. 
Kranenburg, E. J. L. McInnes, P. Mountford, Inorg. Chem. 2006, 45, 6411-
6423. 
[19]  a) D. Denysenko, T. Werner, M. Grzywa, A. Puls, V. Hagen, G. 
Eickerling, J. Jelic, K. Reuter, D. Volkmer, Chem. Commun. 2012, 48, 1236-
1238. b) D. Denysenko, M. Grzywa, J. Jelic, K. Reuter, D. Volkmer, Angew. 
Chem. Int. Ed. 2014, 53, 5832-5836; Angew. Chem. 2014, 126, 5942-5946. c) 
D. Denysenko, J. Jelic, K. Reuter, D. Volkmer, Chem. Eur. J. 2015, 21, 8188-
8199. d) C. K. Brozek, L. Bellarosa, T. Soejima, T. V. Clark, N. López, M. 
Dincă, Chem. Eur. J. 2014, 20, 6871-6874. 
[20]  C. K. Brozek, M. Dincă, J. Am. Chem. Soc. 2013, 135, 12886-12891. 
[21]  J. J. H. Edema, W. Stauthamer, F. van Bolhuis, S. Gambarotta, W. J. J. 
Smeets, A. L. Spek, Inorg. Chem. 1990, 29, 1302-1306. 
[22]  N. Desmangles, S. Gambarotta, C. Bensimmons, S. Davis, H. Zahalka, 
J. Organometal. Chem. 1998, 562, 53-60. 
[23]  We did not attempt to fit the EXAFS data beyond the first shell, 
resulting in the lack of agreement on this graph beyond R = 2 Å. 
[24]  J. Wong, F. W. Lytle, R. P. Messmer, D. H. Maylotte, Phys. Rev. B 
1984, 30, 5596-5610. 
[25] The isotactic polymerization of 1-hexene has been reported using a 
MOF (reference 14A). 
[26]  a) F. P. Alt, L. L. Böhm, H.-F. Enderle, J. Berthold, Macromol. Symp. 
2001, 163, 135-143. b) Q. Dong, X. Wang, Z. Fu, J. Xu, Z. Fan, Polymer 2007, 
48, 5905-5916. 

10.1002/anie.201803642

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



COMMUNICATION          

 
 
 
 

 
 
Entry for the Table of Contents  
 
 
COMMUNICATION 
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