[on-exchanged Metal-Organic Frameworks for
Industrially Relevant Catalysis Applications

MASSACHUSETTS INSTITUTE
b OF TEGCHNOLOGY
Y
Hoyoung Daniel Park SEP 19 2019
M.S. in Chemical Engineering Practice, LIBRARIES
Massachusetts Institute of Technology (2015) ARCHIVES

B.S. in Chemical and Biological Engineering,
Seoul National University (2013)

Submitted to the Department of Chemical Engineering
in Partial Fulfillment of the Requirements for the Degree of

Doctor of Philosophy
at the

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

September 2019

© 2019 Massachusetts Institute of Technology. All rights reserved.

Signature redacted

Signature of Author: ................ e .
Department Qf/éhemical Engineering

Signature redacted’*V >

Certified By: ..oooiiiiie e O e
\Yuriy Roman-Leshkov
Thesis Supervisor, Associate-Brofessor of Chgmical Engineering

e Signature redacted

- —— Mircea Dinca

—

Thesf'sﬂéupervisor;"}'\ssofciate Professor of Chemistry

Signature redacted

Patrick S. Doyle
Robert T. Haslam (1911) Professor of Chemical Engineering
Chairman, Committee for Graduate Students

Accepted DY: oo s



A
- "~ 77 Massachusetts Avenue

Cambridge, MA 02139

M lTLibraries http:/Nlibraries.mit.edu/ask

DISCLAIMER NOTICE

Due to the condition of the original material, there are unavoidable
flaws in this reproduction. We have made every effort possible to

provide you with the best copy available.

Thank you.

The images contained in this document are of the
best quality available.






[on-exchanged Metal-Organic Frameworks for
Industrially Relevant Catalysis Applications

by

Hoyoung Daniel Park

Submitted to the Department of Chemical Engineering on July 19, 2019
in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy in Chemical Engineering

Abstract

The inorganic clusters of metal-organic frameworks (MOFs) offer a unique
combination of synthetic tunability, structural uniformity, and site accessibility
uncommon in conventional heterogeneous catalysts. As such, the inorganic nodes of MOFs
provide a promising platform that can be engineered to promote challenging chemical
transformations for which no adequate solid catalysts exist. This thesis focuses on the
postsynthetic ion exchange behavior of the inorganic nodes in MOFs and its use in the
preparation of ion-exchanged MOF catalysts for industrially relevant chemical
transformations. Chapter 1 introduces the characteristics of MOFs relevant to
heterogeneous catalysis and highlights their structural tunability with an emphasis on their
node ion exchange behavior. Chapter 2 details the application of the postsynthetic ion
exchange strategy in the preparation of Co(CO),-incorporated Cr-MIL-101 (Co(CO),cCr-
MiL-101, Cr-MIL-101 = Cr;0(BDC)5F, H.BDC = 1,4-benzenedicarboxylic acid), the first
heterogeneous catalyst for epoxide carbonylation. Chapters 3 and 4 outline the use of
Co(CO),cCr-MIL-101 in a fixed-bed reactor process for the continuous-flow carbonylative
production of B-lactone and succinic anhydride, respectively. Chapter 5 describes the use
of Cr3*-exchanged MFU-4[ (Cr-MFU-4l, MFU-4! = ZnsCl,(BTDD);, H.BTDD = bis(1H-1,2,3,-
triazolo[4,5-b],[4’,5"-1])dibenzo[1,4]dioxin)) as an exemplary system to demonstrate pre-
reaction treatment with alkylaluminum species as a simple method to isolate a MOF
catalyst for gas phase ethylene polymerization. The favorable performance of these MOF
catalysts underscores the intrinsic advantages of their inorganic nodes, which support
precise coordination geometries as isolated single sites within a porous scaffold for novel
catalytic applications. Combined with the high structural tunability of the node metal sites,
the inorganic clusters of MOFs hold tremendous potential for rational catalyst design.
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Chapter1

Inorganic Nodes of Metal-Organic Frameworks:
Opportunities for Heterogeneous Catalysis

Metal-organic frameworks (MOFs) are coordination networks composed of inorganic
clusters tethered together by organic ligands in a distinct periodic fashion (Figure 1.1). The
metal nodes and the coordinating linkers often arrange themselves into a three-
dimensional lattice structure, giving rise to the high porosity characteristic of numerous
MOFs. This permanent porosity closely resembles that of zeolites, hence drawing natural
comparisons of MOFs to zeolites in terms of their potential as heterogeneous catalysts. A

distinguishing feature of MOFs that sets them apart from zeolites is the presence of organic

Crystalline
Metal Cluster Framework |
Trimeric Cr{lll} Octahedral Cluster
O : OH
HO 0]
Organic Linker Metal-Organic Framework
Terephthalic Acid Cr-MIL-101

Figure 1.1: [llustrative structure of a metal-organic framework (Cr-MIL-101) with its
constituent metal clusters (p;-O-bridged trimeric Cr(IIl) octahedral clusters) and
organic linkers (terephthalic acid).



linkers as integral constituents of the framework structure. This can impose a limitation on
the stability of MOFs, as the organic ligands and their coordinative bonds to the metal
nodes are more prone to chemical or thermal degradation than the purely inorganic Si-O
or Al-O bonds of a zeolite framework.! However, provided the MOF is maintained under
conditions that do not irreversibly disrupt its framework structure, the presence of organic
ligands enables a wide variety of functionalities to be imparted to MOFs through rational
design. One way this is achieved is through direct inclusion of the functional organic
linkers to MOFs, either by using the pre-functionalized linkers in MOF synthesis or by
functionalizing the linkers subsequent to MOF synthesis.> Alternatively, the organic
ligands can be used to tune the reactivity of the metal centers in the inorganic nodes, as
the organic linkers directly ligate to the metal nodes and determine their coordination
geometry3 In this way, a judicious choice of the linkers allows direct tuning of the
electronic environment of the node metal centers that can then be utilized to promote
certain metal-substrate interactions for catalysis.# This is, in effect, directly analogous to
the strategies employed by inorganic chemists in the development of molecular metal
complex catalysts. In this regard, the inorganic clusters of MOFs represent a unique
platform where the centuries-old knowledge of molecular inorganic chemistry can be

utilized directly for applications in heterogeneous catalysis.

Just as the organic ligands can be varied to impart catalytic activity to the inorganic clusters
of MOFs, the metal ions themselves can be substituted for the same effect. This can be
accomplished by using the desired metal precursors directly in MOF synthesis or by
incorporating the metal ions into a pre-synthesized MOF. Of these, the postsynthetic metal
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ion exchange route can be particularly attractive, as certain inorganic cluster structures in
MOFs cannot be accessed through direct synthesis.# This can arise, for instance, when the
desired metal ions induce excessive lattice strain for inclusion into the targeted node
geometry or when the desired metal precursor decomposes under MOF synthesis
conditions. In these cases, postsynthetic ion exchange strategies can reduce the lattice
strain by partially substituting the metal ions into the framework, or maintain the integrity
of the metal precursors by employing ion exchange conditions milder than those used in
MOF synthesis.> In addition, the postsynthetic ion exchange route has an added advantage
that it allows utilization of the favorable structural characteristics of a known MOF without
necessitating the synthesis of the target MOF structure using a new set of metal
precursors.® This can be particularly useful considering the complex nature of MOF
crystallization, where a simple change in the identity of a metal precursor may entail

laborious optimization of synthesis conditions.

Postsynthetic metal ion exchange has been widely used in the literature as a means to
impart rationally-designed catalytic activity to the inorganic clusters of MOFs. This is
commonly accomplished by soaking the MOF in a metal precursor solution over a period
of time for the desired ion exchange to occur between the MOF nodes and the solution. Of
those, the most common examples include cation exchange into the metal nodes of MOFs.
This framework cation exchange is made possible by the dynamic nature of linker ligation
to the metal nodes and solvent coordination to the metal cations that allow various metals
to be incorporated into a wide range of node geometries (Figure 1.2).7 [t opens up exciting
opportunities for catalysis, especially as the inorganic nodes of MOFs often exhibit unique
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Figure 1.2: Examples of inorganic clusters in MOFs known to undergo node cation
exchange. Black, green, red, blue, and gray spheres denote metal, chloride, oxygen,
nitrogen, and carbon atoms, respectively.*

12



coordination geometries not found in molecular chemistry. Therefore, the pre-defined
structure of the MOF nodes can be used to capture metal cations in an unusual ligand
environment to promote unconventional reactivity. For example, the tripodal coordination
environment provided by the inorganic nodes of MOF-5 (MOF-5 = Zn,O(BDC);, H.BDC =
1,4-benzenedicarboxylic acid) supports NO disproportion or olefin epoxidation activity
subsequent to the exchange of its Zn** ions by Mn?* or Fe**, respectively.89 Likewise, Ni-
MOF-74 (Ni-MOF-74 = Ni,(DOBDC), H,DOBDC = 2,5-dioxido-1,4-benzenedicarboxylic
acid) undergoes ion exchange with Co**, which then shows activity for aerobic oxidation of
cyclohexene.” MFU-4l (MFU-4l = ZnsCl,(BTDD);, H.BTDD =bis(1H-1,2,3,-triazolo[4,5-
b],[4’,5-i])dibenzol1,4]dioxin)) is another example where the peripheral tetrahedral Zn**
ions in the nodes can be replaced by Cu?* ions for ethylbenzene oxidation activity;" by Co**
ions for CO oxidation or stereoselective diene polymerization activity (Figure 1.3);*"3 by
Ni** ions for ethylene dimerization activity;" .and by Cr3*, Ti3*, or V# ions for olefin

polymerization activity.’>®

Postsynthetically exchanging the counter ions that balance the charge on the nodes is
another strategy through which the catalytically active ions can be incorporated to the
inorganic clusters of MOFs. Metal ions introduced in this way are then electrostatically
bound to the charged inorganic nodes of the MOF and are able to participate in catalysis
as heterogenized species. For a successful implementation of this strategy, the target MOF
needs to maintain a permanent charge on its inorganic clusters for Coulombic interactions
with the exchanged ions, and it also needs to have sufficiently large pores for inclusion of

the guest ions. (Et,N);Iny(BTC), (H;BTC = benzene-1,3,5-tricarboxylic acid) is a MOF that
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Figure 1.3: Inorganic node ion exchange of Co** into MFU-41.2

meets these criteria, with anionic [In;(BTC),]3” clusters charged-balanced by (Et,N)* ions
in its pores with 7.0 A by 7.6 A windows."” Postsynthetic cation exchange with [CpFe(CO),]*
ions led to their replacement of the (Et,N)* ions in the framework and resulted in
heterogeneous Diels-Alder reactivity comparable to that of [CpFe(CO).][BF,] in solution.
Likewise, AMOF-1 (AMOF-1 = (Me,NH,).Zn;(L)., HL = 5,5'-(1,4-phenylenebis(methylene))
bis(oxy)diisophthalic acid)) with its mobile (Me,NH.)* ions was reported to undergo ion
exchange with solvated Cu* ions to show heterogeneous catalytic activity for the coupling
of o-phenylenediamine and benzaldehydes to benzimidazoles.”® In another example, a
much larger [Rh(dppe)(COD)]* (dppe = 1,2-bis(diphenylphosphino)ethane and COD =1,5-
cyclooctadiene) complex was shown to replace (Me,NH.)* ions in ZJU-28 (Z]JU-28 =

(Me,NH.);[Iny(BTB),], H;BTB = 4,4',4"'-benzene-1,3,5-triyl-tribenzoic acid) owing to the
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large 9 A by 9 A pore windows of ZJU-28 (Figure 1.4). The ion-exchanged ZJU-28 was able

to perform heterogeneous hydrogenation of 1-octene to n-octane.'?*°

While examples such as these showcase the potential of postsynthetic ion exchange
schemes in the rational design of MOF catalysts, more work remains to be done to firmly
establish their practical utility. To this end, it would be particularly valuable to have more
examples of ion-exchanged MOFs that display catalytic performance unmatched by
existing catalysts. This could be achieved by targeting more challenging reactions rather
than resorting to “proof-of-concept” reactions that merely serve the purpose of verifying
successful ion exchange in a MOF. In particular, the catalytic performance of ion-
exchanged MOFs could be better distinguished from those of existing homogeneous
catalysts by refraining from the overwhelmingly-popular liquid-phase batch reaction
studies and targeting gas phase or continuous-flow reactions, for which heterogeneous
catalysts, such as MOFs, hold unparalleled advantages. In addition, it would be helpful to

have more reports of ion exchange schemes that take full advantage of the structural

Anionic Node

@ AnionicSite @ EndogenousCation ) Cationic Transition Metal Complex

Figure 1.4: Charge-balancing ion exchange of [Rh(dppe)(COD)]* (dppe =1,2-
bis(diphenylphosphino)ethane and COD = 1,5-cyclooctadiene) into ZJU-28.2°
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benefits of the MOF platform. For instance, the role of the MOF in the reported examples
of charge-balancing ion exchanges is limited to providing a porous ion exchange matrix
that can house catalytically active ions. The unique ability of the inorganic clusters of MOFs

in promoting unconventional reactivity remains completely unexploited in these schemes.

This thesis aims to address these shortcomings and showcase the practical utility of the
ion-exchanged MOFs in their applications to industrially-relevant chemical
transformations. Chapter 2 details the design and synthesis of Co(CQO), -incorporated Cr-
MIL-101  (Co(CO),cCr-MIL-101, Cr-MIL-1o1 = Cr;O(BDC);F, H.,BDC = 14-
benzenedicarboxylic acid) as the first heterogeneous catalyst for epoxide carbonylation, a
reaction with high commercial value in the plastics and pharmaceuticals industries. The
charge-balancing anion exchange employed for this catalyst is unique in that the
postsynthetically introduced Co(CO), ions participate in cooperative catalysis only in the
presence of the coordinatively unsaturated Cr3* sites provided by the MOF framework.
Therefore, this scheme demonstrates a new charge-balancing ion exchange strategy that
not only exploits the electrostatic attraction provided by the charged inorganic clusters,
but also the unique coordination geometry of the node metal centers in catalyzing a
challenging chemical transformation. Chapters 3 and 4 further explore the utility of
Co(CO),cCr-MIL-101 by demonstrating the first examples of the carbonylative production
of B-lactone and succinic anhydride using a continuous-flow fixed-bed reactor. Chapter 5
describes the postsynthetic AlMe; treatment of Cr3*-exchanged MFU-4! that enabled the
first systematic investigation of gas phase ethylene polymerization by a MOF catalyst. The
favorable performance of these ion-exchanged MOF catalysts in continuous-flow and gas

16



phase reactions highlights the practical advantages conferred by the heterogeneous MOF

catalysts over existing homogeneous catalysts. It is hoped that the results provided herein

will aid the future development of novel ion-exchanged MOF catalysts for applications in

heterogeneous catalysis.

References

@)

(2)

(3)

(4)
(5)

(6)

(7)

(8)

(9)

(10)

Yuan, S.; Feng, L.; Wang, K.; Pang, ].; Bosch, M.; Lollar, C.; Sun, Y.; Qin, J.; Yang,
X.; Zhang, P.; Wang, Q.; Zou, L.; Zhang, Y.; Zhang, L.; Fang, Y.; Li, J.; Zhou, H.
Stable Metal-Organic Frameworks: Design, Synthesis, and Applications. Adv.
Mater. 2018, 30, 1704303.

Cohen, S. M. Postsynthetic Methods for the Functionalization of Metal-Organic
Frameworks. Chem. Rev. 2012, 112, 970-1000.

Kalmutzki, M. ].; Hanikel, N.; Yaghi, O. M. Secondary Building Units as the
Turning Point in the Development of the Reticular Chemistry of MOFs. Sci. Adv.
2018, 4, eaatg18o.

Brozek, C. K.; Dincd, M. Cation Exchange at the Secondary Building Units of
Metal-Organic Frameworks. Chem. Soc. Rev. 2014, 43, 5456-5467.

Wang, Z.; Cohen, S. M. Postsynthetic Modification of Metal-Organic Frameworks.
Chem. Soc. Rev. 2009, 38, 1315-1319.

Lalonde, M.; Bury, W.; Karagiaridi, O.; Brown, Z; Hupp, J. T.; Farha, O. K.

Transmetalation: Routes to Metal Exchange within Metal-Organic Frameworks. J.
Mater. Chem. A. 2013, 1, 5453-5468.

Brozek, C. K.; Michaelis, V. K.; Ong, T; Bellarosa, L.; Lopez, N.; Griffin, R. G.; Dinca,
M. Dynamic DMF Binding in MOF-5 Enables the Formation of Metastable Cobalt-
Substituted MOF-5 Analogues. ACS Cent. Sci. 2015, 1, 252—260.

Stubbs, A. W_; Braglia, L.; Borfecchia, E.; Meyer, R. J.; Roman-Leshkov, Y; Dinca,
M. Selective Catalytic Olefin Epoxidation with Mn"-Exchanged MOF-5. ACS Catal.
2018, 8, 596-601.

Brozek, C. K.; Miller, J. T.; Stoian, S. A.; Dinca, M. NO Disproportionation at a
Mononuclear Site-Isolated Fe** Center in Fe**-MOF-5. . Am. Chem. Soc. 2015, 137,

7495-7501.

Sun, D.; Sun, F.; Deng, X, Li, Z. Mixed-Metal Strategy on Metal-Organic
Frameworks (MOFs) for Functionalities Expansion: Co Substitution Induces

17



(1)

(17)

(18)

(19)

(20)

Aerobic Oxidation of Cyclohexene over Inactive Ni-MOF-74. Inorg. Chem. 2015,
54, 8639-8643.

Denysenko, D.; Jelic, J.; Reuter, K.; Volkmer, D. Postsynthetic Metal and Ligand
Exchange in MFU-4l: A Screening Approach toward Functional Metal-Organic
Frameworks Comprising Single-Site Active Centers. Chem. Eur. J. 2015, 21, 8188-
8189.

Denysenko, D.; Werner, T.; Grzywa, M.; Puls, A.; Hagen, V.; Eickerling, G; Jelic, J;
Reuter, K.; Volkmer, D. Reversible Gas-phase Redox Processes Catalyzed by Co-
exchanged MFU-4l(arge). Chem. Commun. 2012, 48, 1236-1238.

Dubey, R. J. -C.; Comito, R. ].; Wu, Z; Zhang, G.; Rieth, A.].; Hendon, C. H.; Miller,
J. T.; Dinca, M. Highly Stereoselective Heterogeneous Diene Polymerization by
Co-MFU-4!: A Single-Site Catalyst Prepared by Cation Exchange. J. Am. Chem. Soc.
2017, 139, 12664-12669.

Metzger, E. D.; Brozek, C. K.; Comito, R. J.; Dinca, M. Selective Dimerization of
Ethylene to 1-Butene with a Porous Catalyst. ACS Cent. Sci. 2016, 2, 148-153.

Comito, R. J.; Fritzsching, K. J.; Sundell, B. J.; Schmidt-Rohr, K.; Dincd, M. Single-
Site Heterogeneous Catalysts for Olefin Polymerization Enabled by Cation
Exchange in a Metal-Organic Framework. J. Am. Chem. Soc. 2016, 138, 10232-10237.

Comito, R. J.; Wu, Z.; Zhang, G.; Lawrence IlI, J. A.; Korzynski, M. D.; Kehl, J. A;;
Miller, J. T.; Dinca, M. Stabilized Vanadium Catalyst for Olefin Polymerization by
Site Isolation in a Metal-Organic Framework. Angew. Chem. Int. Ed. 2018, 57, 8135-
8139.

Grigoropoulos, A.; Whitehead, G. F. S.; Perret, N.; Katsoulidis, A. P.; Chadwick,
F. M.; Davies, R. P.; Haynes, A.; Brammer, L.; Weller, A. S.; Xiao, J.; Rosseinsky, M.
J. Encapsulation of an Organometallic Cationic Catalyst by Direct Exchange into
an Anionic MOF. Chem. Sci. 2016, 7, 2037-2050.

Chakraborty, A.; Bhattacharyya, S.; Hazra, A.; Ghosh, A. C.; Maji, T. K. Post-
synthetic Metalation in an Anionic MOF for Efficient Catalytic Activity and
Removal of Heavy Metal lons from Aqueous Solution. Chem. Commun. 2016, 52,
2831-2834.

Genna, D. T.; Wong-Foy, A. G.; Matzger, A. ].; Sanford, M. S. Heterogenization of

Homogeneous Catalysts in Metal-Organic Frameworks via Cation Exchange. J.
Am. Chem. Soc. 2013, 135, 10586-105809.

Genna, D. T.; Pfund, L. Y.; Samblanet, D. C.; Wong-Foy, A. G.; Matzger, A. ].;
Sanford, M. S. Rhodium Hydrogenation Catalysts Supported in Metal-Organic
Frameworks: Influence of the Framework on Catalytic Activity and Selectivity. ACS
Catal. 2016, 6, 3569-3574.

18



Chapter 2

Heterogeneous Epoxide Carbonylation by Cooperative lon-Pair
Catalysis in Co(CO), -Incorporated Cr-MIL-101

Reproduced in part with permission from:

Park, H. D.; Dinca, M.*; Roman-Leshkov, Y.* ACS Cent. Sci. 2017, 3, 444—448.

Copyright © 2017 American Chemical Society.

2.1. Abstract

Despite the commercial desirability of epoxide carbonylation to B-lactones, the reliance of
this process on homogeneous catalysts makes its industrial application challenging. Here
we report the preparation and use of a Co(CO),-incorporated Cr-MIL-101 (Co(CO),<Cr-
MIL-101, Cr-MIL-101 = Cr;O(BDC)5F, H,BDC =1,4-benzenedicarboxylic acid) heterogeneous
catalyst for the ring-expansion carbonylation of epoxides, whose activity, selectivity, and
substrate scope are on par with those of the reported homogeneous catalysts. We ascribe
the observed performance to the unique cooperativity between the post-synthetically
introduced Co(CO),™ and the site-isolated Lewis acidic Cr(III) centers of the metal-organic
framework (MOF). The heterogeneous nature of Co(CO),cCr-MIL-101 allows the first
demonstration of gas-phase continuous-flow production of B-lactones from epoxides,

attesting to the potential applicability of the heterogeneous epoxide carbonylation strategy.
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2.2. Introduction

B-lactones have received considerable attention due to their prevalence as key
intermediates in numerous synthetic pathways."* Their versatility stems from the inherent
ring strain in the four-membered cycles, which renders B-lactones highly susceptible to a
rich variety of ring-opening and ring-expanding transformations. The high commercial
value of the resulting products, namely B-hydroxyacids,> biodegradable
polyhydroxyalkanoates,* and succinic anhydrides,> further substantiates the industrial
relevance of B-lactone chemistry. Despite their obvious utility, f-lactones have traditionally
found comparatively little use industrially because their synthesis is challenging.® One
particularly attractive solution to this challenge is the ring-expansion carbonylation of
epoxides, which exploits the ready availability of epoxides and CO.72 This route has
become viable recently through the work of Alper et al. and Coates et al., who have
demonstrated efficient carbonylation of epoxides by a series of homogeneous catalysts
constituted of a Lewis acid and Co(CO), . This discovery has prompted an ongoing
effort in the private sector to commercialize an epoxide carbonylation process, despite the
homogeneous nature of the catalyst.’® At large scale, however, heterogeneous processes are
clearly desirable, yet to date there are no competent heterogeneous catalysts for this
process that can compete with the homogeneous systems. The development of an effective
heterogeneous catalyst would undoubtedly aid the integration of the epoxide

carbonylation process to industrial practice.
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Herein, we report the synthesis and use of a Co(CO),-incorporated Cr-MIL-101
(Co(CO),cCr-MIL-101, Cr-MIL-101 = Cr;O(BDC);F, H.BDC = 1,4-benzenedicarboxylic acid)
as the first heterogeneous catalyst for the carbonylation of epoxides to -lactones that is
competitive with the homogeneous process. The activity and selectivity profiles of
Co(CO),c Cr-MIL-101 compare favorably with those of the most-active homogeneous
catalysts for the liquid-phase batch carbonylation of a range of epoxide substrates. Enabled
by the heterogeneous nature of our catalyst, we also report the first proof-of-concept
demonstration of gas-phase continuous-flow production of p-butyrolactone from

propylene oxide and CO.

2.3. Results and Discussion

In designing a heterogeneous epoxide carbonylation catalyst, we focused our attention on
the proposed catalytic cycle for the carbonylation of epoxides by [Lewis acid]*[Co(CO),]:
(1) epoxide activation by [Lewis acid]*, (2) attack by Co(CO),", (3) migratory insertion and
uptake of CO, and (4) ring closing and extrusion (Figure 2.1A).”7 In view of the irreplaceable
role of Co(CO),™ in the proposed CO insertion steps, we identified [Lewis acid]* as the
modifiable component and investigated its structure in various [Lewis acid]*[Co(CO),]
catalysts. One recurring motif found in the homogeneous catalysts was the pseudo-
octahedral Cr(III) center, in which the metal ion is coordinated equatorially by the nitrogen
or oxygen atoms of a tetradentate macrocyclic ligand and axially by the oxygen atoms of

the solvent molecules (Figures 2.1B and 2.1C)."*'> We reasoned that such coordination

environment favors the activation of epoxides for carbonylation and searched for a
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Figure 2.1: (A) Proposed catalytic cycle for the ring-expansion carbonylation of epoxides
by [Lewis acid]*[Co(CO),]~.7 (B) Illustration of the structure of [(OEP)Cr(THF).]*
[Co(CO),]~ (OEP = 2,3,7,8,12,13,17,18-octaethylporphyrinato, THF = tetrahydrofuran).
(C) Ilustration of the structure of [(salph)Cr(THF).]*[Co(CO),]- (salph = N,N’-o-
phenylenebis(3,5-di-tert-butylsalicylideneimine)).’s (D) Illustration of the metal cluster
structure of Co(CO),cCr-MIL-101 with coordinated THF molecules.

heterogeneous analogue. The MOF Cr-MIL-101 was a promising candidate as its metal
clusters contain structurally similar octahedral Cr(III) ions that are coordinated
equatorially by the oxygen atoms of the bridging terephthalate ligands and axially by a ;-
oxygen atom and a solvent molecule (Figure 2.1D).® Crucially, Cr-MIL-101 has a cationic
framework with ion-exchangeable F~9*° We surmised that exchanging F-with Co(CO),"
would lead to the isolation of a heterogeneous catalyst of the general formula [Lewis
acid]*[Co(CO),]", mimicking that of the homogeneous species. Other innate properties of
Cr-MIL-101 that we deemed favorable for catalysis were its high hydrothermal and chemical
stability, large surface area (4100 m?/g as measured by N adsorption), large windows (12 A
and 16 A) and pores (29 A and 34 A) for ready diffusion of reaction species, site-isolation of

the Lewis acidic Cr(III) centers for robust catalysis, and facile synthesis using inexpensive

chromium and terephthalic acid precursors.? Similar strategies to leverage the intrinsic
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stability,>>23 porosity,**?> and site-isolation®-28 of MOFs have proven to be effective in their
applications to heterogeneous catalysis. Therefore, post-synthetic ion exchange of
Co(CO)4 into Cr-MIL-101 was sought for the formation of a heterogeneous [Lewis

acid]*[Co(CQ),] system.

The charge-balancing F~ anions in the as-synthesized Cr-MIL-101 are directly coordinated
to the Cr(IIl) sites of the framework.®® To replace these framework-bound anions with
uncoordinated Co(CO),", anion exchange was performed in two discrete steps: (1) exchange
of the bound F~ with mobile CI- using AICl; and (2) exchange of the mobile Cl- with
Co(CO), using Na[Co(CO),]. In the initial anion exchange, Al3* shows greater affinity to F-
than the framework Cr(Ill) sites, resulting in the abstraction of F~ from the MOF." The
consequent charge imbalance is compensated by the inclusion of Cl~ into the framework.
This sequence of events was tracked by energy dispersive X-ray spectroscopy (EDX)
analysis of the Cr-MIL-101 sample before (Cr-MIL-101-F) and after (Cr-MIL-101-Cl) soaking
in a solution of AlCl; (Figure 2.2A). In the EDX spectra, the F Ka peak observed at 0.68 keV
for Cr-MIL-101-F was replaced by the Cl K peak at 2.62 keV for Cr-MIL-101-Cl upon AlCl,
treatment and extensive washing. The absence of the F Ko and Al Ko peaks in the spectrum
of Cr-MIL-101-Cl implies complete exchange of F- by ClI" and negligible retention of
[AICLF]~ or any potentially unreacted AlCl;. The structure of the MOF remained intact after
the ion exchange as evidenced by the retention of crystallinity in the powder X-ray

diffraction (PXRD) analysis of Cr-MIL-101-Cl (Figure 2.51).
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Figure 2.2. (A) EDX spectra of Cr-MIL-101-F, Cr-MIL-101-Cl, and Co(CO),cCr-MIL-101.
Au peaks from the pre-analysis Au coating of samples. (B) ATR-IR absorption spectra of
Cr-MIL-101-Cl and Co(CO),cCr-MIL-101.

Subsequent anion exchange between Cr-MIL-101-Cl and Na[Co(CO),] was analyzed by EDX
and attenuated total reflectance infrared spectroscopy (ATR-IR), both of which confirmed
the elimination of Cl~ and inclusion of Co(CO), into the framework. Upon soaking Cr-
MIL-101-Cl in a Na[Co(CO),] solution, the Cl Ka peak in the EDX spectrum of the former
was replaced by Co Ka and La peaks at 6.92 keV and 0.78 keV, respectively (Figure 2.2A).
The Co peaks persisted even after repeatedly washing Co(CO), € Cr-MIL-101 in
tetrahydrofuran (THF), which readily solubilizes Na[Co(CO),], suggesting that Co(CO),"is
immobilized electrostatically in the MOF through ion-pairing with the Cr(III) Lewis acid
sites.?9 The EDX spectrum also evidences the near-absence of the Cl Ka peak at 2.62 keV
and the Na Ko peak at 1.04 keV, which are prominent in the spectra of Cr-MIL-101-Cl and
Na[Co(CO),], respectively (Figure 2.52). These observations suggest that the observed Co
signal for Co(CO),cCr-MIL-101 does not stem from residual Na[Co(CO),] adsorbed on the

surface of the MOF, but rather from substitution of CI~ by Co(CO),". The ion exchange and
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inclusion of Co(CO), in Cr-MIL-101 are further corroborated by the attenuated total
reflectance infrared (ATR-IR) spectrum of Co(CO),cCr-MIL-101, which clearly shows the
emergence of a single peak at 1888 cm™ after the exchange procedure (Figure 2.2B). This
band is in line with the characteristic carbonyl stretching mode of the tetrahedral Co(CO),~
ion in various metal complexes, including those reported for the homogeneous [Lewis
acid]*[Co(CO),]™ epoxide carbonylation catalysts.*"'53%3! Finally, the structure and porosity
of the MOF was retained after this final ion exchange step as evident in the unchanged

PXRD pattern for Co(CO),cCr-MIL-101 (Figure 2.51).

The catalytic activity demonstrated by Co(CO),cCr-MIL-101 for the ring-expanding
carbonylation of epoxides is competitive with that of the homogeneous catalysts. When
using neat 1,2-epoxyhexane as a substrate, Co(CO),cCr-MIL-101 loaded with 0.5 mol % of
cobalt produced the corresponding p-lactone in 86% yield after 5 h under 60 bar of CO at
60 °C (Table 2., entry 6). This corresponds to a calculated site time yield (STY) of 34 h7,
which is comparable to the values reported for a series of homogeneous catalysts under

similar reaction conditions (Table 2.1, entries 1-5).

The solvent dependence of the carbonylation activity in Co(CO),cCr-MIL-101 also
mimicked that of the reported homogeneous systems. When a range of solvents was
screened for optimizing activity with Co(CO),cCr-MIL-101, reactions in weakly
coordinating ethers such as 1,2-dimethoxyethane (DME) showed the highest activity. In
other solvents, especially the more strongly coordinating solvents such as THF, the

reactions proceeded at a much slower rate. [dentical solvent dependence has been reported
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Table 2.1. Catalysts for the Ring-expansion Carbonylation of Epoxides

o
) ﬁ\ Catalyst o—¥
R co R
Entry Catalyst R Solvent Peo(bar) T(C) t(h) [Epoxide]/[Co]* Yield (%) STY (h*)>  Ref.
1 BF;-E.O + [PPN]*[Co(CO),]-¢ n-Bu DME® 62 8o 24 50 66 1.4 (10}
8 [(Cp):TH(THE).}[Co(CO),}-¢  (CH:.}.HC=CH, DME" 62 60 4 20 90 45 (1)
3 [(salph)ALTHF).]-[Co(COJ4]-* n-Bu neat 62 [ 4] 350 40 23 (13)
4 [(TPP)Cr(THF).]-|{Co(CO),]- £ n-Bu neat 62 60 6 350 >99 58 (13)
5 [(OEP)Cr{THF):]-|Co(CO),]-# n-Bu neat 62 Go 6 4500 >99 740 (14)
6 Co(CO),cCr-MIL-101 n-Bu neat 60 60 5 200 8¢ 34 this work
v Co(CO),cCr-MIL-101 n-Bu DMER 60 6o 1 200 88 8o this work
8 Co(CO),cCr-MIL-101 (CH.),HC=CH. DME* 6o 60 15 200t 93' 120 this work
9 ColCO)ycCr-MIL-101 CH.OEt DME}® 60 60 200! g2i 46 this work
10 Co{CO)4cCr-MIL-101 CH:Cl DME® 60 60 4 200t 561k 28 this work

2 [Epoxide]/[Co] = moles of epoxide per mole of cobalt in catalyst. " Site Time Yield =
moles of B-lactone produced per mole of cobalt in catalyst per hour throughout overall
reaction time t. < PPN = bis(triphenylphosphine)iminium. ¢ Cp = Cyclopentadienyl. ¢
salph = N,N-o-phenylenebis(3,5-di-tert-butylsalicylideneimine). f TPP = 5,10,15,20-
tetraphenylporphyrinato. 8 OEP = 2,3,7,8,12,13,17,18-octaethylporphyrinato. hDME =1,2-
dimethoxyethane. ' As determined from an inductively coupled plasma mass
spectrometry (ICP-MS) derived cobalt content of the catalyst. ’ As determined by 'H-
NMR analysis with mesitylene as an internal standard. ¥ 32% of the substrate epoxide
remained unreacted.

for the Cr(III)-based [(salph)Cr(THF).]*[Co(CO),]- (salph = N,N™-o-phenylenebis-(3,5-di-
tert-butylsalicylideneimine)), a homogeneous catalyst that most closely resembles

Co(CO),cCr-MIL-101 structurally (Figure 2.1C)."5

Importantly, Co(CO),cCr-MIL-101 displays the broad functional group tolerance of the
homogeneous catalysts as evidenced by its activity toward an array of aliphatic epoxides as
well as glycidyl ether and epichlorohydrin (Table 2.1, entries 7-10). It is also noteworthy
that the observed catalytic activity of Co(CO),cCr-MIL-101 is orders of magnitude higher

than that of an immobilized homogeneous catalyst under similar reaction conditions.3
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To validate the heterogeneous nature of the observed catalytic activity, Co(CO),cCr-MIL-
101 was isolated from a portion of the epoxide carbonylation reaction mixture by filtration
at ~15% conversion (Figure 2.S3). When the acquired filtrate and the unfiltered mixture
were both subjected to the standard reaction conditions again, the filtrate did not show
any increase in P-lactone yield whereas the unfiltered portion resumed its epoxide
carbonylation activity. The structural integrity of Co(CO),cCr-MIL-101 was also retained

after all epoxide carbonylation reactions as confirmed by PXRD analysis of spent

Co(CO),cCr-MIL-101 (Figure 2.51).

To verify the catalytic cooperativity between the Cr(III) sites and Co(CO), in Co(CO),cCr-
MIL-101, Cr-MIL-101-F, Cr-MIL-101-Cl, and Na[Co(CO),] were tested for epoxide
carbonylation activity (Table 2.51). All systems displayed negligible product formation
when subjected to a 5 h reaction with neat 1,2-epoxyhexane at 0.5 mol % loading, 6o bar
CO, and 60 °C. In addition, no substantial catalytic activity was observed when HKUST-1
(Cu;BTC,, H3;BTC = benzene-1,3,5-tricarboxylic acid) (Figure 2.S4), a representative Lewis
acidic MOF with Cu(II) sites,3 was subjected to the same reaction conditions along with
an equimolar amount of Na[Co(CO),] (Table 2.S1). These results show that the epoxide
carbonylation activity is specific to Co(CO),cCr-MIL-101, where the unique combination
of Co(CO), and the strong Lewis acidic Cr(IIl) sites of the Cr-MIL-101 framework is
required for cooperative catalysis. It is interesting to note that an equimolar mixture of the
as-synthesized Cr-MIL-101 and Na[Co(CO),] also showed B-lactone formation under

reaction conditions, presumably due to partial formation of the Cr/Co sites in situ (Table
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2.51). The observed catalytic activity, however, was lower than that of Co(CO),cCr-MIL-

101, which has pre-assembled Cr/Co sites installed within the framework prior to reaction.

Encouraged by the observed heterogeneous epoxide carbonylation activity in liquid-phase
batch reactions, we subjected Co(CO),cCr-MIL-101 to a gas-phase continuous-flow
reaction using propylene oxide and CO. Uniquely among all known catalysts for this
reaction, Co(CO),cCr-MIL-101 showed catalytic epoxide carbonylation activity to form -
butyrolactone under unoptimized reaction conditions: holding Co(CO),cCr-MIL-101 at
70 °C and subjecting it to 20 bar of 0.02 mol % propylene oxide and balance CO flowing at
125 mL/min (at standard temperature and pressure, STP) resulted in STYs of approximately
6 molp-Butyrolactone'Molco™h™ and a turnover number of 60 molp-Butyrolactone-molco™ after 24 h
on stream (Figures 2.S5 and 2.S6). Notably, catalytic activity ensued only after in situ
removal of the pore-filling THF solvent left-over from catalyst synthesis, which presumably
block substrate access to the Cr/Co active sites. We expect optimization of the reaction
conditions to further enhance catalytic performance for a more efficient continuous
production of B-lactones. Nonetheless, the ability to perform reactions in the gas phase is
a unique feature of our heterogeneous catalyst that is inaccessible to the homogeneous

catalysts developed to date.

2.4. Conclusion

In summary, we have demonstrated the successful preparation of Co(CO),cCr-MIL-101 and

its catalytic activity in the heterogeneous ring-expansion carbonylation of epoxides. We
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attribute this activity to the cooperativity between the Lewis acidic Cr(III) sites and the
post-synthetically incorporated Co(CO),". The favorable catalytic performance exemplified
by this heterogeneous system and its proof-of-concept application in the first gas-phase
continuous production of B-lactone highlight the effectiveness of the heterogeneous
epoxide carbonylation pathway and warrant further evaluation of its industrial

applicability.

2.5. Experimental Information

General Considerations
All manipulations of air/water-sensitive compounds were conducted using standard inert-

atmosphere glove box and Schlenk line techniques.

Powder X-ray diffraction (PXRD) patterns were recorded on a Bruker Advance II
diffractometer equipped with 6/20 Bragg-Brentano geometry and Ni-filtered Cu Ka
radiation (Ka, = 1.5406 A). The tube voltage and current were 40 kV and 40 mA,

respectively.

Energy dispersive X-ray spectroscopy (EDX) analysis was conducted using a JEOL 6o10LA

analytical scanning electron microscope at 15 keV and a working distance of 10 mm.

Attenuated total reflectance infrared (ATR-IR) absorption spectra were acquired using a

Bruker Alpha ATR Fourier transform IR spectrometer under an inert atmosphere.
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Cobalt quantifications of Co(CO),cCr-MIL-101 samples were conducted using an Agilent
7900 inductively coupled plasma mass spectrometer (ICP-MS). Weighed Co(CO),cCr-
MIL-101 samples were digested in concentrated nitric acid (67~70% w/v %, BDH Aristar)
using a microwave digestion system (Milestone, UltraWAVE) and the cobalt content was
determined from calibration curves constructed from standard solutions (VWR, ICP/MS

certified reference standards).

Epoxide carbonylation reactions were analyzed using 'H-NMR (Bruker Avance 400 MHz)
and a gas chromatograph equipped with a mass selective detector for identification
(Agilent Technologies, model 5975C) and a flame ionization detector for quantification
(Agilent Technologies, model 789oA). The gas chromatograph was fitted with a DB-sms
column (Agilent, 30 m x 0.25 mm ID x 0.25 pm). Identification of the product p-lactones

was supplemented by comparing their '"H-NMR spectra with the published spectra.

Materials

Chromium(III) nitrate nonahydrate (98.5%, Alfa Aesar), terephthalic acid (=98%, Alfa
Aesar), hydrofluoric acid (48~51 w/v %, BDH Aristar), ammonium fluoride (=98%, Sigma-
Aldrich), aluminum(IIT) chloride hexahydrate (99%, Alfa Aesar), dicobalt octacarbonyl
(stabilized with 1~5% hexanes, Strem), sodium hydroxide (298%, Macron), copper(Il)
nitrate trihydrate (99%, Sigma-Aldrich), trimesic acid (95%, Sigma-Aldrich), mesitylene
(299.8% analytical standard, Sigma-Aldrich), ethanol (99.5%, VWR), N,N-
dimethylformamide (99.5%, Sigma-Aldrich), and carbon monoxide (research grade 4.0,

Airgas) were used as received. Silicon carbide powder (320 grit, Alfa Aesar) was dried in a
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convection oven at 120 °C overnight prior to use. Methanol (99.9%, VWR), tetrahydrofuran
(ACS grade, BDH), and 1,2-dimethoxyethane (99.5%, Sigma-Aldrich) were passed through
two silica columns in a Glass Contour solvent system and degassed with a flow of argon gas
for 30 min followed by three freeze-pump-thaw cycles prior to use. Propylene oxide (=299%,
Sigma-Aldrich), 1,2-epoxybutane (99%, Sigma-Aldrich), 1,2-epoxyhexane (97%, Sigma-
Aldrich), 1,2-epoxy-5-hexene (97%, Sigma-Aldrich), ethyl glycidyl ether (=98%, TCI) and
epichlorohydrin (=99%, Sigma-Aldrich) were stirred over >5 w/v % calcium hydride for a
minimum of three days, vacuum transferred, and degassed by three freeze-pump-thaw

cycles prior to use.

Experimental Details

Synthesis of Cr-MIL-101: Cr-MIL-101 was prepared according to the procedures reported
by Férey et al.?*33 A typical synthesis involved a mixture of Cr(NO;);9H.O (800 mg, 2.00
mmol) and terephthalic acid (332 mg, 2.00 mmol) in 10.0 mL of water with 2.0 mmol of HF.
The mixture was introduced to a Parr pressure vessel, which was placed in a convection
oven held at 220 °C for 8 h. After natural cooling, the mixture was first passed through a
large-pore fritted glass filter to remove the residual terephthalic acid. The filtrate was then
passed through a fine-pore filter paper to collect the Cr-MIL-101 product. The obtained Cr-
MIL-101 was further purified by two solvent treatments using ethanol and aqueous NHF.
The first solvent treatment involved introducing the solid sample to refluxing ethanol until
no detection of colored impurities in the mother liquor. The sample was then subjected to

an aqueous solution of 30 mM NH,F at 60 °C for 10 h. After natural cooling, Cr-MIL-101 was
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filtered and washed several times with hot water at 6o °C to remove residual NH,F. The

filtered sample was then desolvated by heating under vacuum at 150 °C for 18 h.

Anion Exchange of Cr-MIL-101 with AlCl;: Anion exchange between Cr-MIL-101 and AlCl,
was conducted according to the procedures reported by Feng et al."® A typical procedure
involved subjecting Cr-MIL-im to an aqueous solution of 30 mM AlCl;*6H,0O at go °C for 18
h (1 g of Cr-MIL-101 per 1 L of solution). The solid sample was filtered and washed several
times with hot water at go °C to remove residual AlICl;. The filtered sample was then

desolvated by heating under vacuum at 150 °C for 18 h. The obtained final product was

labeled as Cr-MIL-101-Cl.

Synthesis of Na[Co(CO),]: Na[Co(CO),] was prepared according to the procedures
reported by Edgell and Lyford.3+ A typical synthesis involved charging a Schlenk flask with
Co,(CO)s (5.00 g, 14.6 mmol) and a magnetic stir bar under an inert atmosphere. Freshly
ground NaOH (6.00 g, 150 mmol) and tetrahydrofuran (50 mL) were then transferred to
the flask and the reaction mixture was left to stir in an ice bath for 6 h while wrapped in
aluminum foil. The product mixture was then passed through a Celite pad and washed
several times with tetrahydrofuran. The collected filtrate was pumped down and dried

overnight to obtain the final product.

Anion Exchange of Cr-MIL-101-Cl with Na[Co(CO),]: A typical procedure involved
subjecting Cr-MIL-101-Cl to a methanol solution of 30 mM Na[Co(CO),] and stirring

overnight (20 mg of Cr-MIL-101-Cl per 20 mL of solution). The solid sample was then
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filtered and washed by suspending the sample in fresh tetrahydrofuran and stirring
overnight. The washing procedure was repeated several times. The obtained final product

was labeled as Co(CO),cCr-MIL-101.

Synthesis of HKUST-1: HKUST-1 was prepared according to the procedures reported by
Zhu et al.35 A typical procedure involved dissolving trimesic acid (500 mg, 2.38 mmol) in a
15 mL solution of a 1:1 mixture of ethanol and N,N’-dimethylformamide. Cu(NO;),*3H.O
(1.03 g, 4.26 mmol) was dissolved separately in 7.5 mL of water and added to the solution
of trimesic acid. The mixture was left to stir for 10 min and transferred to a Parr pressure
vessel, which was introduced to a convection oven held at 100 °C for 12 h. After natural
cooling, the mixture was passed through a fine-pore fritted glass filter to isolate the solid
product. The obtained solids were washed three times with fresh N,N-dimethylformamide
and then submerged in 100 mL of methanol for solvent exchange. The supernatant was
replenished with fresh methanol every ~3 h for a total of 16 times over a period of a few
days to ensure complete exchange of the solvent. The solvent-exchanged solids were
isolated by filtration and introduced to a vacuum oven held at 6o °C for 6 h. The dried
product was then further desolvated by heating under vacuum at 150 °C for 18 h. PXRD

analysis of the prepared sample verified the final product as HKUST-1 (Figure 2.S4).

Liquid-phase Epoxide Carbonylation with Co(CQO),cCr-MIL-101: A typical procedure
involved charging a glass vial with epoxide, 1,2-dimethoxyethane (1 mL per 1 mmol of
epoxide), Co(CO),cCr-MIL-101 (0.5 cobalt mol % loading with respect to the epoxide,

based on an ICP-MS derived cobalt content of Co(CO),cCr-MIL-101), and a magnetic stir
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bar. The vial was then immediately transferred to a stainless steel Parr reactor, and the
reactor was sealed in an inert-atmosphere glove box. The reactor was then taken out of the
glove box, placed in a hood, pressurized with CO, and heated to 60 °C (CO pressure of 60
bar at 6o °C) with a temperature controller (Digi-Sense, 68900) and an internal
thermocouple probe (Omega, KQXL-18). The temperature was held constant while stirring
for the specified time on a magnetic stir plate, after which the reactor was cooled in an ice
bath until the pressure reached a minimum. After careful venting of CO to atmospheric
pressure, the glass vial was removed, and the product mixture was filtered through a
polytetrafluoroethylene syringe filter (Millex, 0.20 um). A small sample of the filtrate was
analyzed via 'H-NMR with added mesitylene as a standard. All control reactions were

conducted in an analogous manner as described above for Co(CO),cCr-MIL-101.

Catalyst Heterogeneity Test with Co(CO),cCr-MIL-101: A typical procedure involved
conducting a standard epoxide carbonylation reaction as outlined above for a sufficient
time to reach the desired conversion of the substrate epoxide. After careful venting of CO
to atmospheric pressure, the Parr reactor was refilled with nitrogen, and brought into an
inert-atmosphere glove box. The glass vial holding the reaction mixture was then taken out
of the reactor and the reaction mixture was divided into two equal aliquots. One of the
aliquots was passed through a polytetrafluoroethylene syringe filter (Millex, o.20 pm) to
collect the filtrate in a separate vial and a small fraction of the filtrate was analyzed via gas
chromatography. The two glass vials, one holding the collected filtrate and the other
holding the unfiltered reaction mixture, were then transferred to separate stainless steel

Parr reactors, and the reactors were sealed in the glove box. The two reactors were taken

34



out of the glove box, placed in a hood, and again subjected to standard reaction conditions.
After the specified time, the product mixtures from both reactors were recovered and

analyzed via gas chromatography in a manner analogous to the procedure outlined above.

Gas-phase Epoxide Carbonylation with Co(CO),cCr-MIL-101: A typical procedure
involved mixing 40 mg of Co(CO),cCr-MIL-101 with 300 mg of silicon carbide powder in
an inert-atmosphere glove box and packing the mixture between two inert layers of silicon
carbide/glass wool plugs in a stainless-steel tube reactor (OD 6.35 mm, wall thickness 0.89
mm). A thermocouple probe (Omega, KQXL-116) was mounted downstream in direct
contact with the end of the catalyst bed for reactor temperature monitoring. The packed
reactor was isolated in an inert atmosphere using valves prior to transfer out of the glove
box. Dry and degassed propylene oxide was also charged into a custom-made stainless-
steel saturator in the glove box and isolated using valves. The saturator and the reactor
were then taken into a hood and connected to a carbon monoxide flow reaction setup with
a CO mass flow controller (Brooks instruments, 5850E), custom-made oxygen/water traps,
a back pressure regulator (Swagelok, KPB1L), and a heated gas line carrying the reactor
effluent to a gas chromatograph for analysis. The saturator was held in an acetone bath
with an immersion cooler (Thermo Scientific, EKgo) for sustained delivery of the reactant
epoxide while the reactor was placed in a single-zone furnace (Carbolite, GTF 11/50/150B)
and connected to a temperature controller (Digi-Sense, 68900). The reactor was first
pressurized to 20 bar of CO using a back-pressure regulator while bypassing the saturator.
When the reactor reached the desired pressure, the reactor was bypassed using valves and

rest of the reaction setup was pressurized again to 20 bar while flowing CO through the
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saturator holding the epoxide substrate. After the desired pressure was reached, flow was
stabilized to 125 mL/min and was directed through the reactor maintained at 70 °C, upon
which periodic gas chromatograph injections were made. Separate gas chromatograph
injections were also taken while bypassing the reactor and the obtained results were

averaged to acquire a baseline feed level prior to entering the reactor.



2.6. Supporting Information

f N Co(CO),cCr-MIL-101: Post Reaction

Vst
Mt ’;""f\a wwwwwwwwwww Plsnart s ettt

Normalized Intensity / a.u.

Co(CO),cCr-MIL-101

Cr-MIL-101-CI

Cr-MIL-101-F

Cr-MIL-101: Simulated

F -

I ' 1 i T T I ! I N T T I T T

5 10 15 20 25 30 35 40 45
20/°

Figure 2.51: PXRD patterns of simulated Cr-MIL-101, Cr-MIL-101-F, Cr-MIL-101-C],
Co(CO),cCr-MIL-101, and post-reaction Co(CO),cCr-MIL-101.
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Figure 2.S2: EDX spectra of Na[Co(CO),], Cr-MIL-101-Cl, and

Co(CO),cCr-MIL-101.
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Figure 2.83: Catalyst heterogeneity test for Co(CO),cCr-MIL-101.
Reaction conditions: 1,2-epoxybutane substrate, 0.1 cobalt mol %
catalyst in DME, 60 bar of CO at 60 °C, and catalyst filtration
conducted at 0.5 h. Lines are meant as a guide to the eye.
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Figure 2.54: PXRD patterns of simulated HKUST-1 and synthesized HKUST-1.
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Figure 2.S5: Gas-phase continuous-flow production of B-butyrolactone
from propylene oxide and CO with Co(CO),cCr-MIL-101. Reaction
conditions: propylene oxide (0.02%) / CO (balance) (mol %) at 20 bar of
total pressure and 7o °C; total flow rate of 125 mL/min (STP).
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Figure 2.86: Gas-phase continuous-flow production of B-
butyrolactone from propylene oxide and CO with Co(CO),cCr-
MIL-101. Reaction conditions: propylene oxide (0.02%) / CO
(balance) (mol %) at 20 bar of total pressure and 70 °C; total flow
rate of 125 mL/min (STP). Baseline propylene oxide level was
acquired by flowing the reactant under reaction conditions
while bypassing the reactor.
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Table 2.51. Catalysts for the Ring-expansion Carbonylation of 1,2-Epoxyhexane

0 0.5 mol % Catalyst R 0 0
n-Bu/Q 60 bar CO, 60 °C .
Entry Catalyst Yield (%)
1 Cr-MIL-101-F o
2 Cr-MIL-101-Cl o
3 Na[CO(CO)4] <s”
4 HKUST-1 + Na[Co(CO),] <2’
5 Cr-MIL-101 + Na[Co(CO),] 34b¢
6 Co(CO),cCr-MIL-101 86, 88b

2Neat substrate, 5 h, yields determined by GC analysis.
b 1,2-Dimethoxyethane solvent (1 mL / 1 mmol of
substrate), 1 h, yields determined by '"H-NMR analysis
with mesitylene as an internal standard. ¢ 58% of the
substrate epoxide remained unreacted.
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Chapter 3

Continuous-flow Production of -Butyrolactone via
Catalytic Propylene Oxide Carbonylation by Co(CO),cCr-MIL-101

3.1. Abstract

Despite being recognized as an outstanding precursor to biodegradable poly(3-
hydroxybutyrate) plastics, B-butyrolactone remains vastly underutilized owing to its
difficult synthesis. Here we demonstrate continuous-flow carbonylation of propylene oxide
by Co(CO), -incorporated Cr-MIL-101 (Co(CO),cCr-MIL-101, Cr-MIL-101 = Cr;O(BDC)5F,
H.BDC = 1,4-benzenedicarboxylic acid) as a cost-effective route to B-butyrolactone from
industrially-accessible substrates. The porous nature of the metal-organic framework
catalyst enables its direct use in a fixed bed carbonylation process, which yields B-
butyrolactone from a concurrent gas-liquid flow of CO and propylene oxide. Optimization
of liquid-phase conditions led to enhanced stability of the carbonylation activity, resulting

in the first report of sustained B-butyrolactone production using a fixed bed reactor process.

3.2. Introduction

With an annual global production of 68 million metric tons in 2015, polypropylene remains
the second highest-volume plastic produced in the world, trailing only polyethylene.!

Starkly contrasting its high production rate, however, is its meager 0.9% recycle rate, which
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has raised societal concerns over worldwide accumulation of polypropylene waste.?
Consequently, sustainable alternatives to polypropylene have gained much attention, of
which poly(3-hydroxybutyrate) (PHB) shows particular promise.3 PHB, a biopolymer
synthesized by microbes as an energy storage medium, exhibits not only outstanding
biodegradability, but also favorable mechanical properties resembling those of
polypropylene.4 PHB derivatives have thus found uses in packaging and cosmetics products
as greener polypropylene substitutes,> and also in advanced medical applications as
biocompatible implants.® Yet, its widespread adoption has been hampered by the high cost
of its microbial production. Commercial fermentation processes for PHB synthesis typically
require expensive substrates, such as sugars or fatty acids, costly PHB extraction from the
cell, and challenging product separation from the fermentation broth.”? These factors
ultimately lead to a high market price for PHB, which, for example, was placed at $4.96 per
kilogram in 2009, representing more than three times the price of polypropylene it seeks

to displace.®

An alternate pathway to PHB that is free of aforementioned complications is through the
polymerization of f3-butyrolactone. The release of ring strain stored in the four-membered
cyclic ester of B-butyrolactone allows ring-opening polymerization to proceed under mild
conditions with various organometallic catalysts.® This circumvents the need for microbial
polymerization, effectively replacing the costly PHB recovery from the cell and the
fermentation broth for a much simpler separation from the catalyst and the solvent. In
addition, the living nature of numerous p-butyrolactone polymerization systems allows
precise control over the final structure of PHB, including its molecular weight,
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polydispersity, tacticity, and comonomer inclusion.'® While the challenging synthesis of -
butyrolactone has traditionally precluded its use as a commercial precursor to PHB, a
recently-developed ring-expansion carbonylation of epoxides by homogeneous [Lewis
acid]*[Co(CO),)” ion-pair catalysts offers an intriguing cost-effective route to pB-

butyrolactone starting from industrially-available propylene oxide and CO."

Herein, we report a catalytic strategy for the continuous synthesis of f-butyrolactone via
propylene oxide carbonylation by a heterogeneous Co(CO),-incorporated Cr-MIL-101
(Co(CO),cCr-MIL-101, Cr-MIL-101 = Cr;O(BDC);F, H,BDC = 1,4-benzenedicarboxylic acid)
catalyst. Specifically, gas-liquid flow of CO and propylene oxide solution through the solid
metal-organic framework (MOF) catalyst bed affords a three-phase reactive system, in
which easily separable B-butyrolactone is obtained with superb selectivity at room
temperature. Optimization of the liquid-phase medium resulted in improved stability and
product separability for the continuous-flow propylene oxide carbonylation process,
constituting the first example of sustained B-butyrolactone synthesis using a fixed bed

reactor.

3.3. Results and Discussion

Epoxide carbonylation by [Lewis acid]*[Co(CO),]™ catalysts has been postulated to follow
a cooperative ion-pair mechanism shown in Figure 3.1A: (1) substrate activation by [Lewis
acid]*, (2) ring opening by Co(CO),", (3) CO insertion, and (4) product displacement upon

ring closure.”” Based on this mechanistic understanding, we designed and reported
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Figure 3.1. (A) Proposed catalytic cycle for the ring-expansion carbonylation of
propylene oxide by [Lewis acid]*[Co(CO),]". (B) Illustration of the inorganic node
structure of Co(CO),cCr-MIL-101 with coordinated tetrahydrofuran molecules.

Co(CO),cCr-MIL-101 as a MOF-based heterogeneous catalyst with favorable batch-wise
epoxide carbonylation activity comparable to those of other homogeneous [Lewis
acid]*[Co(CQO),]" catalysts (Figures 3.1B and 3.51-Ss, Table 3.51 ).3 When Co(CO),cCr-101
was applied to a gas phase flow carbonylation reaction, however, only a spike in activity
was observed at a drastically lower rate (Figure 3.56). Also observed was a concomitant loss
in carbon balance with carbonylation activity, devoid of any detectable side products to

account for the deficit (Figure 3.57).

In an attempt to reconcile this discrepancy between batch and flow reactivity trends, we
hypothesized that poor flow carbonylation activity could be attributed to the condensation
of product B-lactone on the catalyst bed. Addition of a polar carbonyl moiety to propylene
oxide greatly suppresses its vapor pressure, causing nearly a hundred-fold decrease upon
carbonylation to B-butyrolactone (Figure 3.S8). Furthermore, the porous structure of Cr-

MIL-101 with its exceptionally high volumetric density of open metal sites (~2 mmolc,/cm?3)
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available for product binding, is disposed to favor condensation of non-volatile B-
butyrolactone in the pores.'* Such condensation is particularly detrimental for the epoxide
carbonylation process, as Co(CO), € Cr-MIL-101 is known to further convert pB-
butyrolactone to methylsuccinic anhydride through sequential carbonylation or to PHB via
in situ polymerization under reaction conditions (Figures 3.2 and 3.S9)."> Both of these side
products have even lower vapor pressures than B-butyrolactone, which would promote
further clogging of the catalyst pores and subsequent deactivation of the catalyst under
mild gas-phase conditions. In fact, when the spent Co(CO),cCr-MIL-101 catalyst bed from
a gas-phase flow propylene oxide carbonylation reaction was isolated, there was noticeable
amount of generated liquids mixed with the catalyst particles. Observed loss in carbon
balance with carbonylation activity is also in line with the proposed formation of less-
volatile side products, such as methylsuccinic anhydride or PHB, that are difficult to detect

with an on-line gas chromatograph.

While the condensation of reaction products could be prevented by elevating the

temperature of the catalyst bed and the product stream, this simple solution is not

o
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Figure 3.2. Carbonylation of propylene oxide to p-butyrolactone and its subsequent
conversion to relevant byproducts: carbonylation to methylsuccinic anhydride,
homopolymerization to poly(3-hydroxybutyrate), and decarboxylation to propylene.
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applicable for the epoxide carbonylation process as the highly strained B-butyrolactone is
known to undergo spontaneous decarboxylation at >80 °C to form propylene (Figure 3.2).®
Accordingly, we instead sought to resolve this product condensation issue by transitioning
from a gas-phase flow to a concurrent gas-liquid flow carbonylation process (Figure 3.510).
We reasoned that the presence of a constant flow of liquid through the catalyst bed would
maintain a steady displacement of the produced B-lactone through the reactor, regardless
of its low volatility. Consequent control over the retention time of the product -

butyrolactone was expected to prevent its further conversion to undesirable side products.

To test this hypothesis, we subjected 25 mg of Co(CO),cCr-MIL-101 to a gas-liquid flow
carbonylation reaction at room temperature with o0.02 mL/min of 0.1 M propylene oxide in
toluene and an excess 30 mL/min (at STP) flow of CO at 30 or 6o bar. Under these
conditions, B-butyrolactone was obtained as the sole detectable product and collected in
the liquid stream with initial yields of ~90o% and site time yield (STY) of ~8 molp.
Butyrolactone:MOlco™-h™ (Figure 3.3). Remarkably, the observed yield and STY for gas-liquid
flow carbonylation of propylene oxide were considerably higher than those observed in the
gas-phase flow carbonylation (~11% yield with a STY of ~6 molg putyrolactone-molco™h™) at a
much higher temperature of 70 °C (Figure 3.S7). More importantly, the stability of the
observed carbonylation activity was significantly improved for the gas-liquid flow
carbonylation process, especially when higher CO pressure was employed. Specifically, the
turnover number (TON) increased from 105 molgButyrolactone-molce™ to 160 molg.
Butyrolactone:Olco™ when the CO pressure was increased from 30 to 6o bar, respectively, over

a period of 20 h on stream.
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Figure 3.3. Gas-liquid flow carbonylation of propylene oxide by Co(CO),cCr-MIL-101.

Reaction conditions: 0.02 mL/min of 0.1 M propylene oxide in toluene, 30 mL/min (at
STP) of CO at 60 or 30 bar, and 25 mg of catalyst at 22 °C.

To better understand the observed loss in activity over time, we recovered and analyzed
the spent Co(CO),cCr-MIL-101 catalyst after 20 h of standard operation at 30 bar of CO
with toluene (Figure 3.3). While the spent catalyst retained its original crystal structure as
confirmed by the powder X-ray diffraction analysis (Figure 3.51), attenuated total
reflectance infrared spectroscopy (ATR-IR) characterization revealed substantial changes
in the carbonyl region of the spectrum (Figure 3.4). Apart from the peak at 1826 cm™ that
could be assigned to the product B-butyrolactone (vco = 1827 cm™)*2, we failed to detect the
initial carbonyl band of Co(CO),cCr-MIL-101 and instead observed new carbonyl bands
that were absent in the spectrum of the fresh catalyst. Similar results were obtained for a
separate Co(CO),cCr-MIL-101 sample that was briefly exposed to the reactant epoxide,
which showed the loss of the initial Co(CO),™ band at 1890 cm™ and the emergence of new

bands at 2050 cm™, 1980 cm™, and 1720 cm™. These observations parallel what has been
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Figure 3.4. Attenuated total reflectance infrared spectra of Co(CO),cCr-MIL-101.
Spectra are normalized with respect to the peak at 744 cm™ from the terephthalate
ligand (vc-n) of Cr-MIL-101.7

reported for the homogeneous [Lewis acid]*[Co(CO),]" catalysts, where in situ IR studies
revealed a complete disappearance of the Co(CQO),™ band at 1885 cm™ upon addition of the
reactant epoxide to the catalyst solution. This behavior is attributed to the rapid ring-
opening of the reactant epoxide by the [Lewis acid]*[Co(CO),]" ion-pair to form the cobalt
acyl intermediate (Figure 3.1A, species [V), the proposed resting state of the catalyst. The
new bands observed in our catalyst also resemble those of the reported cobalt acyl species
that feature stretching bands of the lower-symmetry terminal carbonyls in the 2130-1890
cm™ range and the acyl group band at ~1717 cm™.>"9 However, lower peak intensities
observed for the spent catalyst in comparison to the reactant-exposed fresh Co(CO),cCr-
MIL-101 confirm the loss of the cobalt carbonyl species from the catalyst during the

reaction.

54



Another notable observation from the gas-liquid flow carbonylation reaction was that
higher CO pressure increased the stability of the reaction profile whereas its activity
remained the same, as seen in the unchanged initial STY (Figure 3.3). This effect is
consistent with the proposed mechanism for epoxide carbonylation by [Lewis
acid]*[Co(CO),]-, in which the ring-closing and displacement of the product lactone
(Figure 3.1, from IV to [) constitutes the rate determining step and the B-hydride
elimination of the cobalt alkyl intermediate (Figure 3.1, species III) represents the undesired
side reaction pathway.” Since CO insertion does not factor into the proposed rate-
determining step, the overall reaction rate is independent of CO pressure. However, since
CO insertion into the cobalt alkyl intermediate competes with its undesired p-hydride
elimination, higher CO pressure effectively suppresses the exit pathway from the catalytic
cycle and leads to stable carbonylation activity. We believe that this proposed B-hydride
elimination pathway is responsible for the observed loss of the cobalt carbonyl species from
the catalyst, as its neutrally-charged elimination product HCo(CO), can be liberated into
the liquid medium unlike the initial Co(CO),™ that is electrostatically bound to the cationic

nodes of the MOF.

The crucial role of CO pressure in the epoxide carbonylation mechanism led us to identify
the concentration of CO in the liquid phase as a key variable in maintaining an active gas-
liquid flow carbonylation process. We therefore hypothesized that an alternate strategy to
enhance the stability of the process would be to use solvents with higher CO solubility. To
this end, we sought to find an optimum liquid medium for epoxide carbonylation by

simulating the concentration of CO in common solvents at various pressures using Aspen
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Plus” software (Figure 3.511). The results from the simulation clearly favored ethers as a class
of solvents with relatively higher CO solubility, a conclusion that was further corroborated
by the experimentally-derived CO solubility values.2> We then specifically selected methyl
tert-butyl ether (MTBE) as a test system based on its industrial applicability stemming from

a lower tendency to generate peroxides.

When MTBE was used instead of toluene in the gas-liquid flow carbonylation of propylene
oxide by Co(CO),cCr-MIL-101 at 30 bar of CO, further improvement in the stability of the
carbonylation activity was observed (Figure 3.512). Specifically, 62% of the initial activity
was retained after 20 h on stream for a reaction in MTBE, whereas only 38% of the initial
activity was maintained when the reaction was run using toluene under identical
conditions. Derived carbon balances were also noticeably better than those obtained from
a gas-phase flow carbonylation reaction, suggesting suppressed entrapment of carbon
species in the catalyst bed for the gas-liquid flow carbonylation. A slight reduction in the
activity of the catalyst was observed with the change in solvent from toluene to MTBE, as
evident from the lower initial STY value of ~6 p-Butyrolactone:molco™h™. B-Butyrolactone yield
could nonetheless be easily increased by reducing the liquid space velocity, which led to
sustained carbonylation activity of 210 molg Butyrolactone'molce™ turnovers over 40 h at a CO
pressure of 6o bar (Figure 3.5). In addition to the enhanced stability of the process, use of
MTBE aids the downstream recovery of product B-butyrolactone by establishing a wider
volatility difference between the product and the solvent. This difference is particularly
advantageous given the thermal instability of B-butyrolactone that prevents the operation
of product separations at elevated temperatures.
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Figure 3.5. Gas-liquid flow carbonylation of propylene oxide by Co(CO),cCr-MIL-101.
Reaction conditions: 0.015 mL/min of 0.1 M propylene oxide in methyl tert-butyl ether,
30 mL/min (at STP) of CO at 60 bar, and 25 mg of catalyst at 22 °C.

3.4. Conclusion

In summary, we demonstrated gas-liquid flow carbonylation of propylene oxide by
Co(CO),cCr-MIL-101 as the first example of sustained synthesis of B-butyrolactone using a
fixed bed reactor process. Utilization of industrially available substrates, ease of operation,
and facile product recovery showcase the processing advantages conferred by this
continuous-flow propylene oxide carbonylation pathway. At the core of the process is the
heterogeneous epoxide carbonylation catalyst Co(CO),c Cr-MIL-101, which utilizes the
porosity,?~>3 synthetic tunability,>#2¢ and site uniformity?7-3 intrinsic to its MOF platform
to achieve a highly selective catalytic activity. Further optimization of the catalyst structure
and process conditions is expected to lead to more efficient carbonylative production of -

butyrolactone, an important precursor to biodegradable PHB plastics.
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3.5. Experimental Information

General Considerations
All manipulations of air/water-sensitive compounds were conducted using standard inert-

atmosphere glove box and Schlenk line techniques.

Powder X-ray diffraction (PXRD) patterns were recorded on a Bruker Advance II
diffractometer equipped with 6/20 Bragg-Brentano geometry and Ni-filtered Cu Ka
radiation (Ko, = 1.5406 A). The tube voltage and current were 40 kV and 40 maA,
respectively. A thin layer of dry powdered sample was placed on a rotating zero-

background silicon crystal plate for analysis.

Energy dispersive X-ray spectroscopy (EDX) analyses were conducted using a JEOL 6o10LA
analytical scanning electron microscope at 15 keV and a working distance of 10 mm. Dry
powdered samples were mounted onto a stage using carbon tape and sputtered with Au

prior to analysis.

Attenuated total reflectance infrared (ATR-IR) absorption spectra were acquired using a

Bruker Alpha ATR Fourier transform IR spectrometer under an inert atmosphere.

Nitrogen adsorption isotherms were measured by a volumetric method using a
Micromeritics ASAP 2020 gas sorption analyzer. ~30 mg of sample was pre-activated at
150°C under vacuum overnight to remove all residual solvent and transferred to a pre-

weighed analysis tube in a glove box. The tube containing the sample was weighed again
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to determine the mass of the sample, capped with a Micromeritics TranSeal, brought out
of the glove box, and transferred to the analysis port of the gas sorption analyzer. Free space
correction measurements were performed using an ultra-high purity helium gas (UHP
grade, Airgas) and nitrogen isotherms were measured using an ultra-high purity grade
nitrogen (UHP grade, Airgas). All nitrogen analyses were performed using a liquid nitrogen

bath at 77 K.

Metal content of Cr-MIL-101 and Co(CO),cCr-MIL-101 samples was quantified using
Agilent 7900 inductively coupled plasma mass spectrometer (ICP-MS). ~10 mg sample was
weighed in a glove box, transferred to an acid digestion vessel (Model 4749, Parr
Instrument Company), and digested in ~3 mL of concentrated nitric acid (67~70% w/v %,
BDH Aristar) at 150 °C overnight. Metal concentrations of the resulting solution were
determined using calibration curves constructed from standard solutions (ICP-MS certified

reference standards, VWR).

Propylene oxide carbonylation reactions were analyzed using 'H-NMR (AVANCE 400 MHz,
Bruker) and a gas chromatograph (GC) equipped with a DB-sms column (30 m x 0.25 mm
ID x o0.25 pum, Agilent Technologies) and a flame ionization detector (FID) for

quantification (Model 7890A, Agilent Technologies).

Materials
Toluene (99.8% Sigma-Aldrich), methanol (99.8%, Sigma-Aldrich), and tetrahydrofuran

(ACS grade, BDH), were passed through two silica columns in a Glass Contour solvent
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purification system, degassed with a flow of argon gas for 30 min, subjected to at least three
freeze-pump-thaw cycles, and dried over activated molecular sieves prior to use. Propylene
oxide (97%, Alfa Aesar) and mesitylene (299.8% analytical standard, Sigma-Aldrich) were
stirred over =5 w/v % calcium hydride for a minimum of three days, vacuum transferred,
and degassed by at least three freeze-pump-thaw cycles prior to use. Methyl tert-butyl ether
(anhydrous, 99.8%, Sigma-Aldrich) and 1,2,34-tetrahydronaphthalene (anhydrous, 99%,
Sigma-Aldrich) were degassed by at least three freeze-pump-thaw cycles prior to use. Glass
beads (1 mm diameter, EMD Millipore), Silicon carbide powder (320 grit, Alfa Aesar), and
quartz wool (Fine, Chemglass Inc.) were dried in a convection oven overnight at 120 °C
prior to use. -Butyrolactone (98%, Sigma-Aldrich), carbon monoxide (Research grade 4.0,
Airgas), and argon (Research grade 5.7, Airgas) were used as received. The following were
prepared and characterized according to literature procedure"?: Cr-MIL-101, Na[Co(CO),],

and Co(CO),cCr-MIL-101.

Experimental Details

Continuous-flow Propylene Carbonylation with Co(CO),cCr-MIL-101: A typical
procedure involved mixing the specified amount of Co(CO),cCr-MIL-101 with ~800 mg of
silicon carbide powder in an inert-atmosphere glove box and packing the solid mixture
between two quartz wool plugs in a stainless-steel tubing segment (OD 6.35 mm, wall
thickness 0.89 mm, Grainger). A thermocouple probe (KQXL-16, Omega) was mounted
downstream in direct contact with the end of the catalyst bed for temperature monitoring.
Void space within the tubing segment was filled with glass beads to minimize dead volume
prior to isolating the packed tubing segment using valves. Propylene oxide substrate,
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1,2,3,4-tetrahydronaphthalene standard, and solvent were also charged into a stainless-steel
sample cylinder (304L-055F4-150, Swagelok) in the glove box and isolated using valves.
Packed tubing segment and liquid feed cylinder were then transferred out of the glove box
and connected to a custom-built flow reaction setup (Figure 3.S10) equipped with a CO
mass flow controller (5850E, Brooks Instruments), an oxygen trap (304L-HDF4-150,
Swagelok) filled with pre-reduced Cu catalyst (8 x 14 mesh Q-5, Research Catalysts), a water
trap filled with CaH. (=97%, Sigma-Aldrich), a liquid delivery pump (Series III, Scientific
Systems), a single-zone furnace (Carbolite, GTF 11/50/150B) connected to a temperature
controller (Digi-Sense, 68900), a single-stage gas/liquid separator (Series 20, Jerguson), a
pressure gauge (PGI series, Swagelok), and a back-pressure regulator (KPBiL, Swagelok).
Headspace of the liquid feed cylinder was blanketed by a continuous flow of argon through
a bubbler to maintain an inert-atmosphere throughout the reaction. The reactor setup was
first pressurized to the desired pressure of CO using a back-pressure regulator and allowed
to stabilize to the specified flow of CO at the desired temperature. Liquid feed was then
allowed to flow through the packed catalyst bed at the specified flowrate, upon which
periodic liquid-phase samples were taken from the liquid-phase outlet of the gas/liquid
separator. Quantification of collected samples was carried out based on GC-FID calibration
curves constructed from calibration samples with weighed amounts of propylene oxide
substrate, product p-butyrolactone, and mesitylene or 1,2,3,4-tetrahydronaphthalene

standard in respective solvents (Figure 3.S6).

Characterization of Spent Co(CO),cCr-MlIL-101: A typical procedure involved
recovering the spent catalyst from a continuous-flow carbonylation reaction after the

61



specified amount of time on stream by stopping the flow of reactants through the bed and
isolating the packed tubing segment using valves. The isolated segment was then brought
into the glove box, connected to a vacuum pump, and was opened to vacuum to remove
the reactants and solvent occupying the packed tubing segment. The tubing segment was
subsequently cut open to recover the catalyst bed and the catalyst was separated from the
inert silicon carbide powder using sieves. The recovered catalyst was subjected to ATR-IR
analysis in the glove box and PXRD analysis under ambient atmosphere. As a comparison,
reactant-exposed catalyst was prepared by inserting a small open vial holding the fresh
catalyst into a larger vial holding ~3 ml of the reactant epoxide in the glove box and sealing
the larger vial with a cap. The fresh catalyst was thereby exposed to an atmosphere of the
reactant epoxide for ~1 h, after which the catalyst was recovered and subjected to ATR-IR
analysis in the glove box. A fresh sample of catalyst that was briefly washed with the
reactant epoxide also showed an ATR-IR spectrum closely resembling that of the catalyst

exposed to an atmosphere of the epoxide.
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3.6. Supporting Information

Co(CO),=Cr-MIL-101: Post-Reaction

s

Co(CO),=Cr-MIL-101

Normalized Intensity / a.u.

Cr-MIL-101: Simulated
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Figure 3.S1. PXRD patterns of simulated Cr-MIL-101, Co(CO),cCr-
MIL-101, and post-reaction Co(CO),cCr-MIL-101.
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Figure 3.52. EDX spectra of Cr-MILao1, Cr-MIL-101-Cl,
Co(CO)4cCr-MIL-101, and Na[Co(CO),]. Co(CO),cCr-MIL-101
was prepared from Na[Co(CO),] treatment of Cr-MIL-101-Cl,
which was in turn obtained from AICl; treatment of Cr-MIL-101.
Incorporation of Co(CO)," into Co(CO),cCr-MIL-101 is evidenced
by the presence of Co Ka (6.92 keV) and Co La (0.78 keV) peaks
and the absence of Na Ka (1.04 keV), Cl Ka (2.62 keV), and F K«
(0.68 keV) peaks in the spectrum of Co(CO),cCr-MIL-101. All
samples were sputtered with Au prior to analysis.
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Figure 3.53. ATR-IR spectra of Cr-MIL-101 and Co(CO),cCr-MIL-
101. Single band at 1890 cm™ remained after repeated overnight
washes with stirring in tetrahydrofuran (so mL per 20 mg of
Co(CO),cCr-MIL-101), a solvent that readily solubilizes the
Na[Co(CO),] salt. This band corresponds well to the
characteristic carbonyl stretching mode of the tetrahedral
Co(CO),~ ion in various metal complexes, including those
reported for the homogeneous [Lewis acid]*[Co(CO),]
carbonylation catalysts.
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Figure 3.S4. TGA curves of Cr-MIL-101 and Co(CO),cCr-MIL-101: (A) mass measurements
normalized to initial mass at 30 °C and (B) mass measurements normalized to mass at 8o
°C. Both samples were subjected to an overnight wash in tetrahydrofuran and subsequent
filtration prior to analysis. Analysis was conducted at a heat ramp of 1 °C/min from 30 °C to
800 °C under a flow of nitrogen.
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Figure 3.S5. Nitrogen adsorption isotherms of Cr-MIL-101 and
Co(CO),cCr-MIL-101 after outgassing under vacuum (1075 torr) at 150
°C for 18 h. Calculated BET surface areas for Cr-MIL-101 and
Co(CO),cCr-MIL-101 were 3,450 = 80 m?/g and 3,270 £ 46 m?/g,

respectively. Surface areas were derived by fitting the BET equation
to the acquired isotherm over the range of 0.05 < P/P, < 0.2.
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Figure 3.56. Gas-phase flow carbonylation of propylene oxide
to B-butyrolactone with Co(CO),cCr-MIL-101. Reaction
conditions: propylene oxide (0.02%) / CO (balance) (mol %) at
20 bar of total pressure and 70 °C; total flow rate of 125 mL/min
(at STP). Tetrahydrofuran was used to wash the catalyst prior
to reaction.
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Figure 3.S7. Gas-phase flow carbonylation of propylene oxide to
B-butyrolactone with Co(CO),cCr-MIL-101. Reaction conditions:
propylene oxide (0.02%) / CO (balance) (mol %) at 20 bar of total
pressure and 70 °C; total flow rate of 125 mL/min (at STP).
Tetrahydrofuran was used to wash the catalyst prior to reaction.
Noticeable deficit in carbon balance observed with appreciable
propylene oxide carbonylation activity.
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Figure 3.88. Vapor pressure curves of -butyrolactone and
propylene oxide derived using physical properties analysis
tool in Aspen Plus® software. Note the hundred-fold
difference in the y-axis vapor pressure values.
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Figure 3.S9. 'H-NMR spectra of product mixtures from batch
carbonylation of B-butyrolactone by Co(CO),cCr-MIL-101 under
various reaction conditions. Reaction times varied to reach >75%
substrate conversion under all conditions. Mesitylene used as a

standard for quantification.
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Figure 3.S10. Process flow diagram and experimental setup of the packed-bed reactor
process for gas-liquid flow propylene oxide carbonylation.
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Figure 3.S11. Aspen Plus® software model for CO and solvent separations (above) and
sensitivity analysis for CO mole fraction in the liquid stream against CO pressure of the
SEPAR block (below). Model specifications: molar flowrate of CO/molar flowrate of solvent
= 10, input streams and SEPAR block held at 25 °C, and calculations with Soave-Redlich-
Kwong equation of state.
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Figure 3.S12. Gas-liquid flow carbonylation of propylene oxide by Co(CO),cCr-MIL-101
with toluene or MTBE (above) and molar rates and yields of reaction species from a reaction
in MTBE (below). Reaction conditions: 0.02 mL/min of 0.1 M propylene oxide in toluene or
MTBE, 30 mL/min (at STP) of CO at 30 bar, and 25 mg of catalyst at 22 °C.
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Table 3.S1. ICP-MS Analysis of Cr-MIL-101, Co(CO),cCr-MIL-101, and Na[Co(CO),]

Sample Cr (wt. %) Co (wt. %) Na (wt. %)
Cr-MIL-101? 221 Not detected Not detected
Co(CO),cCr-MIL-101° 14.8 3.0 0.02
Na[Co(CO),]* Not detected 30.4 12.2

2 dried under vacuum at 150 °C. " dried under vacuum at ambient temperature.
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Chapter 4

Continuous-flow Production of Succinic Anhydride via

Catalytic B-Lactone Carbonylation by Co(CO),cCr-MIL-101
Reproduced in part with permission from:

Park, H. D.; Dincd, M.*; Roman-Leshkov, Y.* J. Am. Chem. Soc. 2018, 140, 10669-10672.

Copyright © 2018 American Chemical Society.

4.1. Abstract

Industrial synthesis of succinic acid relies on hydrocarbon oxidation or biomass
fermentation routes that suffer from energy-costly separation processes. Here we
demonstrate an alternate route to succinic anhydrides via B-lactone carbonylation by
heterogeneous bimetallic ion-pair catalysis in Co(CO), -incorporated Cr-MIL-101
(Co(CO),cCr-MIL-101, Cr-MIL-101 = Cr;O(BDC),F, H.BDC = 1,4-benzenedicarboxylic acid).
Postsynthetically introduced Co(CO),™ facilitates CO insertion to B-lactone substrates
activated by the Lewis acidic Cr(IIl) centers of the metal-organic framework (MOF),
leading to catalytic carbonylation with activity and selectivity profiles that compare
favorably to those reported for homogeneous ion-pair catalysts. Moreover, the
heterogeneous nature of the MOF catalyst enables continuous production of succinic
anhydride through a packed bed reactor, with room temperature B-propiolactone
carbonylation activity of 1,300 molanhydride'molc,™ over 6 h on stream. Simple evaporation

of the fully converted product stream vyields the desired anhydride as isolated solids,
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highlighting the unique processing advantages conferred by this first example of

heterogeneous B-lactone carbonylation pathway.

4.2. Introduction

As a representative four-carbon diacid, succinic acid is finding increasingly wide use as a
precursor to high-value products in polymer,' food,*> agriculture,3 and pharmaceutical*
industries. Its production, however, has traditionally depended on the energy-intensive
benzene or n-butane oxidation pathway that features high operating temperatures,> limited
yields of ~60% due to side oxidation reactions,® and incineration of waste gases owing to
difficult separation of unreacted substrates.” To address this issue, the United States
Department of Energy named succinic acid as the first chemical on its list of twelve “Top
Value Added Chemicals From Biomass” and fostered the development of milder
fermentative routes to succinic acids.® There has since been significant progress in the
development of commercial-scale fermentation processes to succinates, giving rise to
numerous processes with kilotonne-scale annual capacities.® Nonetheless, microbial
fermentation processes present their own challenges, namely, undesired metabolic flux to
byproducts* and costly product separation and purification from the fermentation broth

that can account for up to 60-70% of the total production cost."

Heterogeneous B-lactone carbonylation is a process that can potentially circumvent
current limitations in hydrocarbon oxidation and microbial fermentation pathways. Due

to their inherent ring strain, the four-membered B-lactone cycles undergo selective ring-
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expanding carbonylation to succinic anhydrides under conditions much milder than those
of the hydrocarbon oxidation process.” Facile recovery of the carbonylated product from
the solid catalyst and solvent avoids energy-intensive separations from the fermentation
broth required in fermentative processes. In addition, ready availability of B-lactone
substrates from industrially accessible epoxides further underscores the intrinsic

advantages of the heterogeneous B-lactone carbonylation strategy.B

Herein, we report Co(CO), -incorporated Cr-MIL-101 (Co(CO),cCr-MIL-101, Cr-MIL-101 =
Cr;O(BDC);F, H,BDC = 1,4-benzenedicarboxylic acid) as the first heterogeneous catalyst
for the selective ring-expansion carbonylation of B-lactones to succinic anhydrides.
Competitive activity and selectivity profiles under mild conditions, along with ease of
continuous-flow operation and product separations showcase the unique advantages of
Co(CO),cCr-MIL-101. More importantly, these results stand to illustrate the potential of
the heterogeneous PB-lactone carbonylation pathway as a viable route to large-scale

production of succinic anhydrides.

4-3. Results and Discussion

Our initial discovery of B-lactone carbonylation by Co(CO),cCr-MIL-101 was guided by
mechanistic studies on heterocycle carbonylation by homogeneous [Lewis
acid]*[Co(CO),]" ion-pair catalysts. It has been proposed that p-lactone carbonylation by
[Lewis acid]*[Co(CO),] follows a mechanism analogous to that of epoxide carbonylation:

(1) substrate activation by [Lewis acid]*, (2) ring opening by Co(CO),, (3) CO insertion,
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and (4) product extrusion (Figure 4.1A).* Based on this mechanistic similarity, we
hypothesized that our previously reported Co(CO),cCr-MIL-101, a metal-organic
framework (MOF)-based epoxide carbonylation catalyst featuring Lewis acidic Cr(III)
secondary building units ion-paired with postsynthetically exchanged Co(CO),~ (Figure
4.aB), would also be able to carbonylate B-lactones to succinic anhydrides.”> We reasoned
that the structural properties of Cr-MIL-101 found favorable for epoxide carbonylation
would also be advantageous for B-lactone carbonylation: high surface area, large pore
openings (12 A and 16 A) and pore diameters (29 A and 34 A) for low diffusional barrier to
active sites, and high chemical and thermal stability for robust catalysis.’® Synthetic
accessibility of the catalyst through relatively inexpensive chromium, cobalt, and
terephthalic acid precursors also distinguished Co(CO),cCr-MIL-101 as an attractive

candidate for use in the industrially-relevant B-lactone carbonylation.
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Figure 41. (A) Proposed catalytic cycle for the ring-expansion carbonylation of B-
lactones by [Lewis acid]*[Co(CO),]".*# (B) Illustration of the metal cluster structure of
Co(CO).cCr-MIL-101 with coordinated tetrahvdrofuran molecules.’>
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and subjected to batch-wise carbonylation reactions with B-butyrolactone as a model
substrate. When Co(CO),cCr-MIL-101 loaded at 0.5 Co mol % with respect to the substrate
was exposed to a 1.8 M solution of B-butyrolactone in toluene and 15 bar of CO at 8o °C for
24 h, full conversion of the substrate was observed, in line with what was reported for the
homogenous catalyst [(salph)Al(THF),}[Co(CO),] (salph = N,N-o-phenylenebis(3,5-di-
tert-butylsalicylideneimine), THF = tetrahydrofuran).”” However, the product solution
contained not only the desired methylsuccinic anhydride, but also poly(3-hydroxybutyrate)
as a major side product (Figure 4.56). Mixed formation of both the anhydride and the
poly(lactone) has been reported for a number of [Lewis acid]*[Co(CO),]" catalysts. It is the
result of a competitive reaction where subsequent to substrate ring-opening, CO insertion
leads to the desired carbonylation cycle while the alternative P-lactone insertion
propagates the polymerization reaction (Figure 4.1A).*4 Given the competitive nature of the
two parallel pathways, we sought to increase selectivity to the desired anhydride product
by exploiting the differences in the reaction kinetics of the carbonylation and
polymerization pathways. To this effect, reaction conditions were altered as follows: (1)
substrate concentration was lowered to suppress B-lactone monomer propagation, (2) CO
pressure was increased to promote CO insertion, and (3) reaction temperature was lowered
to favor carbonylation featuring a presumably lower activation barrier (Figure 4.2).'+®
These manipulations combined to promote a clear preference for the carbonylation
pathway, with the selectivity for anhydride reaching ~87% under optimized conditions

(Figures 4.2 and 4.56).

83



Figure 4.2. Selectivity to succinic anhydride as a function of the reaction conditions for
batch carbonylation of B-butyrolactone by Co(CO),cCr-MIL-101. Catalyst loaded at 0.5
Co mol % to the substrate in toluene and allowed to react for >75% conversion of the
substrate under all conditions tested.

Selective carbonylation activity observed with the B-butyrolactone substrate led us to
conduct subsequent studies using [-propiolactone to examine the applicability of
Co(CO),cCr-MIL-101 for the synthesis of the commercially-desirable unsubstituted
succinic anhydride. Remarkably, when Co(CO),cCr-MIL-101 loaded at 0.3 Co mol % with
respect to the substrate was charged with a 1.8 M solution of -propiolactone in toluene
and 15 bar of CO for 18 h at room temperature, succinic anhydride was obtained as the sole
reaction product in 92% yield without the poly(3-hydroxypropionate) byproduct (Table 4.1,

entry 2 and Figure 4.S7). This corresponds to an overall site time yield of 16 h™, an
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Table 4.1. Batch Carbonylation of B-Propiolactone.

?jo 0.3 mol % catalyst ; Oﬁ;o
1.8 M in Toluene, 15 bar CO, 24°C

Entry Catalyst t(h) Yield (%)
1 [(salph)Al{THF).][Co(CO),]7 24 98
2 Co(CO),cCr-MIL-101 18 922
2 Cr-MIL-101 18 o?
4 Na[Co(CO),] 18 122
5 Cr-MIL-101 + Na[Co(CO),]* 18 43?

2 As determined by 'H-NMR analysis against mesitylene as a standard. ® Cr-MIL-101 +
Na[Co(CO),) = equimolar mixture of the two species.

improvement over the value of 12 h™ reported for the homogeneous

[(salph)Al(THF).][Co(CO),] under analogous conditions (Table 4.1, entry 1).

To probe the catalytic cooperativity between the framework Cr(Ill) sites and the
postsynthetically introduced Co(CO),~ in Co(CO),cCr-MIL-101, Cr-MIL-1010 and
Na[Co(CO),] were tested individually for B-propiolactone carbonylation activity (Table 4.1,
entries 3 and 4). Expectedly, both Cr-MIL-101 and Na[Co(CO),] produced much lower
yields, likely due to the absence of Co(CO),™ needed for CO insertion and lack of strong
Lewis acids needed for substrate activation, respectively. Although using an equimolar
mixture of Cr-MIL-101 and Na[Co(CO),] as a catalyst led to significantly higher yields
compared to using either precursor individually, the equimolar mixture was still inferior to
Co(CO),cCr-MIL-101 with pre-installed Cr/Co sites (Table 4.1, entry 5). We attribute this
behavior to an incomplete in-situ formation of Cr/Co sites that leads to fractional
carbonylation activity for the mixture of Cr-MIL-101 and Na[Co(CO),]. The need for the

85



coexistence of both the Lewis acidic Cr(IIT) and Co(CO)," for appreciable carbonylation

activity suggests Cr/Co cooperative catalysis to be active for Co(CO),cCr-MIL-101.

When several solvents were screened for optimizing f-propiolactone carbonylation activity
with Co(CO),cCr-MIL-101, the highest activities were observed with non-coordinating
solvents such as toluene and dichloromethane (DCM) (Table 4.S2, entries 1 and 2).
Reactions in coordinating solvents greatly reduced carbonylation activity, as exemplified
by the low yields from reactions with 1,2-dimethoxyethane, tetrahydrofuran, and
acetonitrile (Table 4.S2, entries 3-5). These results deviate from the solvent dependence
observed for epoxide carbonylation by Co(CO),cCr-MIL-101, in which mildly coordinating
solvents, such as 1,2-dimethoxyethane, were found to be ideal. A similar discrepancy has
been observed for various homogeneous catalysts of the general formula [Lewis
acid]*[Co(CO),]", where B-lactone carbonylation proceeded much faster in solvents that
are less coordinating than those optimal for epoxide carbonylation. This behavior has been
accredited to substrate activation and ring-opening being the rate limiting step for p-
lactone carbonylation, where Lewis basic solvents more effectively compete for
coordination to the Lewis acidic metal sites and hinder substrate ring-opening by Co(CO),”
(Figure 4.1A).*4 Observation of an analogous solvent dependence with Co(CO),cCr-MIL-
101 lends credence that a similar mechanistic explanation may be applicable to pB-lactone

carbonylation by Co(CO),cCr-MIL-101.

In order to confirm the heterogeneous nature of catalysis by Co(CO),cCr-MIL-101, a p-

propiolactone carbonylation reaction mixture at ~35% conversion was divided into two
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aliquots, one of which was filtered (Figure 4.S8). When the filtrate and the unfiltered
fraction were allowed to further react, the anhydride yield did not increase for the filtrate
whereas the unfiltered portion resumed its carbonylation activity. The crystalline structure
of Co(CO),cCr-MIL-101 was also maintained throughout all carbonylation reactions, as

verified by powder X-ray diffraction analysis of spent Co(CO),cCr-MIL-101 (Figure 4.S9).

Having confirmed the heterogeneous B-lactone carbonylation activity by Co(CO),cCr-
MIL-101, we designed a laboratory-scale packed-bed reactor process to study Co(CO),cCr-
MIL-101 under continuous-flow conditions (Figure 4.510). As a singular example among all
B-lactone carbonylation catalysts developed to date, when Co(CO),cCr-MIL-101 at room
temperature was subjected to a flow of 0.1 M B-propiolactone in DCM at 0.1 mL/min or a
weight hourly space velocity (WHSV) of 1,200 h™ and an excess CO flow of 30 mL/min at
45 bar, succinic anhydride was obtained as the sole product at 1,300 molanhydride-molco™ over
6 h on stream (Figures 4.3A and 4.S11). Co(CO),cCr-MIL-101 was also able to carbonylate
B-butyrolactone cleanly to the respective methylsuccinic anhydride, with an activity of 360
mMOlAnhydrideolco™ over 60 h on stream at 40 °C when exposed to a flow of 0.5 M B-
butyrolactone in toluene at 0.02 mL/min or a WHSV of 7.1 h™ and an excess CO flow of 30
mL/min at 30 bar (Figures 4.3B and 4.S11). The dramatically higher activity observed with
B-propiolactone is in line with the proposed Sn2 attack on the p-carbon of the lactone by
Co(CO), (Figure 4.1A), where decreased steric hindrance on the B-carbon leads to a
significant increase in activity. Carbonylation activity was also highly sensitive to CO
pressure, where stability of the observed activity profiles was impaired at lower CO
pressures for both B-propiolactone and B-butyrolactone substrates (Figure 4.3). This
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Figure 4.3. (A) Continuous-flow carbonylation of B-propiolactone by Co(CO),cCr-MIL-
101. Reaction conditions: 0.1 mL/min of 0.1 M B-propiolactone in DCM, 30 mL/min of
CO at 45 bar or 15 bar, and 6.0 mg catalyst at 21 °C. (B) Continuous-flow carbonylation
of B-butyrolactone by Co(CO),cCr-MIL-101. Reaction conditions: 0.02 mL/min of 0.5 M
B-butyrolactone in toluene, 30 mL/min of CO at 30 bar or 15 bar, and 130 mg catalyst at
40 °C.

behavior parallels the analogous CO pressure dependence observed in batch carbonylation

studies, suggesting that competing side reactions, such as p-lactone homopolymerization,

may be a major cause of deactivation.

A key feature of B-lactone carbonylation by Co(CO),cCr-MIL-101 is the ease of product
recovery from the heterogeneous catalyst. When catalyst loading was increased to fully
convert the substrate in a continuous-flow p-propiolactone carbonylation, ambient
evaporation of the volatile DCM from the product stream led to isolation of the desired
succinic anhydride as a crystalline solid (Figure 4.S512). Similar results were obtained from
batch-wise B-propiolactone carbonylation studies, where filtration of the solid catalyst and
subsequent evaporation of the fully converted product mixture resulted in recovery of

succinic anhydride crystals. These simple operations greatly contrast the complicated

separations schemes required in hydrocarbon oxidation or microbial fermentation
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processes  (e.g., NH;/H.SO,-assisted succinate precipitation, NaOH-assisted
electrodialysis, amine-assisted reactive extraction, etc.”®) and further corroborates the
potential of our heterogeneous pB-lactone carbonylation pathway for the industrial

production of succinic anhydrides.

4.4. Conclusion

In summary, we report Co(CO),cCr-MIL-101 as the first heterogeneous catalyst for the
selective ring-expanding carbonylation of B-lactones to succinic anhydrides. Its facile
application to a packed-bed reactor process for continuous production and recovery of
succinic anhydrides substantiates the potential efficacy of the heterogeneous B-lactone
carbonylation pathway. We ascribe the favorable performance of the catalyst to the
intrinsic structural advantages of the MOF platform, which supports precise coordination
geometries**™* as isolated single sites*>™>5 within a robust porous scaffold>¢28 for novel
catalytic applications. We believe these unique structural properties could be leveraged for
the development of an improved class of heterogeneous catalysts. In addition,
identification of an optimum flow reactor configuration through reaction kinetics studies

is anticipated to further enhance the performance of the -lactone carbonylation process.

4.5. Experimental Information

General Considerations
All manipulations of air/water-sensitive compounds were conducted using standard inert-

atmosphere glove box and Schlenk line techniques.
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Powder X-ray diffraction (PXRD) patterns were recorded on a Bruker Advance II
diffractometer equipped with 6/28 Bragg-Brentano geometry and Ni-filtered Cu Ka
radiation (Ko, = 1.5406 A). The tube voltage and current were 40 kV and 40 mA,
respectively. A thin layer of dry powdered sample was placed on a rotating zero-

background silicon crystal plate for analysis.

Energy dispersive X-ray spectroscopy (EDX) analyses were conducted using a JEOL 6o10LA
analytical scanning electron microscope at 15 keV and a working distance of 10 mm. Dry
powdered samples were mounted onto a stage using carbon tape and sputtered with Au

prior to analysis.

Attenuated total reflectance infrared (ATR-IR) absorption spectra were acquired using a

Bruker Alpha ATR Fourier transform IR spectrometer inside a glove box.

Thermal gravimetric (TGA) analyses were conducted using a TA Instruments Qso00
analyzer equipped with a standard furnace (953032.901, TA Instruments) and a platinum
pan (952018.906, TA Instruments). ~10 mg of sample was subjected to an equilibration step
at 30 °C followed by a heat ramp to 8oo °C at a rate of 1 °C/min under a constant flow of

nitrogen.

Nitrogen adsorption isotherms were measured by a volumetric method using a
Micromeritics ASAP 2020 gas sorption analyzer. ~30 mg of sample was pre-activated at
150°C under vacuum overnight to remove all residual solvent and transferred to a pre-

weighed analysis tube in a glove box. The tube containing the sample was weighed again
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to determine the mass of the sample, capped with a Micromeritics TranSeal, brought out
of the glove box, and transferred to the analysis port of the gas sorption analyzer. Free space
correction measurements were performed using an ultra-high purity helium gas (UHP
grade, Airgas) and nitrogen isotherms were measured using an ultra-high purity grade
nitrogen (UHP grade, Airgas). All nitrogen analyses were performed using a liquid nitrogen

bath at 77 K.

Metal content of Cr-MIL-101 and Co(CO),cCr-MIL-101 samples was quantified using
Agilent 7900 inductively coupled plasma mass spectrometer (ICP-MS). ~10 mg sample was
weighed in a glove box, transferred to an acid digestion vessel (Model 4749, Parr
Instrument Company), and digested in ~3 mL of concentrated nitric acid (67~70% w/v %,
BDH Aristar) at 150 °C overnight. Metal concentrations of the resulting solution were
determined using calibration curves constructed from standard solutions (ICP-MS certified

reference standards, VWR).

B-Lactone carbonylation reactions were analyzed using 'H-NMR (AVANCE 400 MHz,
Bruker) in CDCI; and a gas chromatograph (GC) equipped with a DB-5ms column (30 m x
0.25 mm ID x o0.25 pm, Agilent Technologies) and a flame ionization detector (FID) for
quantification (Model 7890A, Agilent Technologies). Identification of the product succinic
anhydrides and poly(hydroxyalkanoate) was supplemented by comparing their 'H-NMR

spectra to the literature spectra.

Materials

o1



Dichloromethane (299%, Sigma-Aldrich), toluene (99.8% Sigma-Aldrich), 1,2-
dimethoxyethane (99.5%, Sigma-Aldrich), tetrahydrofuran (ACS grade, BDH), and
acetonitrile (=99.9%, Sigma-Aldrich) were passed through two silica columns in a Glass
Contour solvent purification system, degassed with a flow of argon gas for 30 min, subjected
to at least three freeze-pump-thaw cycles, and dried over activated molecular sieves prior
to use. B-Propiolactone (97%, Alfa Aesar), B-butyrolactone (98%, Sigma-Aldrich), and
mesitylene (=99.8% analytical standard, Sigma-Aldrich) were stirred over =5 w/v % calcium
hydride for a minimum of three days, vacuum transferred, and degassed by at least three
freeze-pump-thaw cycles prior to use. Glass beads (1 mm diameter, EMD Millipore), Silicon
carbide powder (320 grit, Alfa Aesar), and quartz wool (Fine, Chemglass Inc.) were dried in
a convection oven overnight at 120 °C prior to use. Succinic anhydride (=99%, Sigma-
Aldrich), Methylsuccinic anhydride (98%, Sigma-Aldrich), carbon monoxide (Research
grade 4.0, Airgas), and argon (Research grade 5.7, Airgas) were used as received. The
following were prepared and characterized according to literature procedure’: Cr-MIL-101,

Na[Co(CO),], and Co(CO),cCr-MIL-101 (Figures 4.51-Ss).

Experimental Details

Batch-wise B-Lactone Carbonylation Reactions with Co(CO),cCr-MIL-101: A typical
procedure involved charging a glass vial with the solvent (1~2 mL), B-lactone substrate
(loaded at the specified concentration with respect to the solvent), Co(CO),cCr-MIL-101
(loaded at the specified Co mol % with respect to the B-lactone substrate based on the ICP-
MS derived cobalt content of Co(CO),cCr-MIL-101), and a magnetic stir bar. The vial was

then immediately transferred to a stainless-steel pressure vessel reactor (Series 4790, Parr
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Instrument Company) and the reactor was sealed in an inert-atmosphere glove box. The
sealed reactor was then taken out of the glove box, placed in a hood, pressurized with CO
to the desired pressure, and heated to the desired temperature using a temperature
controller (Digi-Sense, 68900) and an internal thermocouple probe (Omega, KQXL-18).
The temperature was held constant while stirring for the specified time on a magnetic stir
plate, after which the reactor was cooled in an ice bath until the pressure reached a
minimum. After careful venting of CO to atmospheric pressure, the glass vial was recovered,
and the product mixture was filtered through a polytetrafluoroethylene syringe filter (0.20
pum, Millex). A small sample of the filtrate was analyzed via 'H-NMR and GC-FID with added
mesitylene as a standard. All control reactions with Cr-MIL-101 and Na[Co(CO),] were

conducted in an analogous manner as described above for Co(CO),cCr-MIL-101.

Catalyst Heterogeneity Test with Co(CO),cCr-MIL-101: A typical procedure involved
conducting a standard B-lactone carbonylation reaction as outlined above for a sufficient
time to reach the desired conversion of the substrate. After careful venting of CO to
atmospheric pressure, the Parr reactor was refilled with nitrogen, and transferred into an
inert-atmosphere glove box. The glass vial holding the reaction mixture was then taken out
of the reactor and the reaction mixture was divided into two equal aliquots. One of the
aliquots was passed through a polytetrafluoroethylene syringe filter to collect the filtrate in
a separate vial and a small fraction of the filtrate was analyzed via *H-NMR and GC-FID.
The two glass vials, one holding the collected filtrate and the other holding the unfiltered
fraction of the reaction mixture, were transferred to separate stainless-steel pressure vessel

reactors, and the reactors were sealed in the glove box. The two sealed reactors were then
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taken out of the glove box, placed in a hood, and again subjected to standard reaction
conditions. After the specified time, product mixtures from both reactors were recovered
and analyzed via 'H-NMR and GC-FID in a manner analogous to the standard p-lactone
carbonylation reaction procedure outlined above and the filtered Co(CO),cCr-MIL-101

catalyst was subjected to PXRD analysis.

Continuous-flow B-Lactone Carbonylation with Co(CO),cCr-MIL-101: A typical
procedure involved mixing the specified amount of Co(CO),cCr-MIL-101 with ~500 mg of
silicon carbide powder in an inert-atmosphere glove box and packing the solid mixture
between two quartz wool plugs in a stainless-steel tubing segment (OD 6.35 mm, wall
thickness 0.89 mm, Grainger). A thermocouple probe (KQXL-16, Omega) was mounted
downstream in direct contact with the end of the catalyst bed for temperature monitoring.
Void space within the tubing segment was filled with glass beads to minimize dead volume
prior to isolating the packed tubing segment using valves. B-Lactone substrate and solvent
were also charged into a stainless-steel sample cylinder (304L-055F4-150, Swagelok) in the
glove box and isolated using valves. Packed tubing segment and liquid feed cylinder were
then transferred out of the glove box and connected to a custom-built flow reaction setup
(Figure 4.S10) equipped with a CO mass flow controller (5850E, Brooks Instruments), an
oxygen trap (304L-HDF4-150, Swagelok) filled with pre-reduced Cu catalyst (8 x 14 mesh
Q-s5, Research Catalysts), a water trap filled with CaH. (297%, Sigma-Aldrich), a liquid
delivery pump (Series III, Scientific Systems), a single-zone furnace (Carbolite, GTF
11/50/150B) connected to a temperature controller (Digi-Sense, 68900), a single-stage

gas/liquid separator (Series 20, Jerguson), a pressure gauge (PGI series, Swagelok), and a
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back-pressure regulator (KPBiL, Swagelok). Headspace of the liquid feed cylinder was
blanketed by a continuous flow of argon through a bubbler to maintain an inert-
atmosphere throughout the reaction. The reactor setup was first pressurized to the desired
pressure of CO using a back-pressure regulator and allowed to stabilize to the specified
flow of CO at the desired temperature. Liquid feed was then allowed to flow through the
packed catalyst bed at the specified flowrate, upon which periodic liquid-phase samples
were taken from the liquid-phase outlet of the gas/liquid separator. Quantification of
collected samples was carried out based on GC-FID calibration curves constructed from
calibration samples with weighed amounts of B-lactone substrates, succinic anhydride

products, and mesitylene standard in respective solvents (Figure 4.S511).
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4.6. Supporting Information

Co(CO),cCr-MIL-101

Cr-MIL-101: Synthesized

Normalized Intensity / a.u.

Cr-MIL-101: Simulated
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Figure 4.S1. PXRD patterns of simulated Cr-MIL-101, synthesized
Cr-MIL-101, and Co(CO),cCr-MIL-101.
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Figure 4.52. EDX spectra of Cr-MIL-01, Cr-MIL-101-Cl,
Co(CO)4cCr-MIL-101, and Na[Co(CO),]. Co(CO),cCr-MIL-101
was prepared from Na[Co(CO),] treatment of Cr-MIL-101-Cl,
which was in turn obtained from AICI, treatment of Cr-MIL-101.
Incorporation of Co(CO),” into Co(CO),cCr-MIL-101 is evidenced
by the presence of Co Ka (6.92 keV) and Co La (0.78 keV) peaks
and the absence of Na Ka (1.04 keV), Cl Ka (2.62 keV), and F Ka
(0.68 keV) peaks in the spectrum of Co(CO),cCr-MIL-101. All
samples were sputtered with Au prior to analysis.
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Figure 4.S3. ATR-IR spectra of Cr-MIL-101 and Co(CO),=Cr-MIL-
101. Single band at 1890 cm™ remained after repeated overnight
washes with stirring in tetrahydrofuran (so mL per 20 mg of
Co(CO),cCr-MIL-101), a solvent that readily solubilizes the
Na[Co(CO),] salt. This band corresponds well to the
characteristic carbonyl stretching mode of the tetrahedral
Co(CO),” ion in various metal complexes, including those
reported for the homogeneous [Lewis acid]*[Co(CO),4]~
carbonylation catalysts.
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Figure 4.84. TGA curves of Cr-MIL-101 and Co(CO),cCr-MIL-101: (A) mass measurements
normalized to initial mass at 30 °C and (B) mass measurements normalized to mass at 80
°C. Both samples were subjected to an overnight wash in tetrahydrofuran and subsequent

filtration prior to analysis. Analysis was conducted at a heat ramp of 1 °C/min from 30 °C to
800 °C under a flow of nitrogen.
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Figure 4.S5. Nitrogen adsorption isotherms of Cr-MIL-101 and
Co(CO),cCr-MIL-101 after outgassing under vacuum (1075 torr) at
150 °C for 18 h. Calculated BET surface areas for Cr-MIL-101 and
Co(CO),cCr-MIL-101 were 3,450 + 80 m?*/g and 3,270 + 46 m?/g,
respectively. Surface areas were derived by fitting the BET
equation to the acquired isotherm over the range of 0.05 < P/Po <
0.2.
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Figure 4.S6. 'H-NMR spectra of product mixtures from batch
carbonylation of B-butyrolactone by Co(CO),cCr-MIL-101 under
various reaction conditions. Reaction times varied to reach >75%
substrate conversion under all conditions. Mesitylene used as a
standard for quantification.
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Figure 4.S7. Example 'H-NMR spectrum of a product mixture from
batch carbonylation of 1.8 M B-propiolactone in toluene by 0.3 Co mol
% Co(CO),cCr-MIL-101 at 15 bar of CO and room temperature.
Dichloromethane added to the product mixture to dissolve the
acquired solids for analysis and mesitylene added as a standard for

quantification.
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Figure 4.88. Catalyst filtration test for batch carbonylation of -
propiolactone by Co(CO),cCr-MIL-101. Reaction conditions: 0.3
Co mol % catalyst to 1.0 M B-propiolactone in dichloromethane,
15 bar of CO at 21 °C, and catalyst filtration conducted at 5 h. Lines

are meant as a guide to the eye.
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Figure 4.S9. PXRD patterns of simulated Cr-MIL-101, Co(CO),=Cr-
MIL-101, and post-reaction Co(CO),cCr-MIL-101. Reaction
conditions: 0.3 Co mol % catalyst to 1.0 M B-propiolactone in
dichloromethane, 15 bar of CO at 21 °C, and 10 h.
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Figure 4.S10. Process flow diagram and experimental setup of the packed-
bed reactor process for continuous-flow B-lactone carbonylation.
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Figure 4.S11. Mass balances from continuous-flow carbonylation of B-propiolactone and p-
butyrolactone by Co(CO),cCr-MIL-101 (top) and GC-FID calibration curves used for
quantification of the reaction species (bottom). Mass balances acquired by comparing the
GC-FID-quantified amount of B-lactone and succinic anhydride in the product stream to
the amount of B-lactone in the liquid feed stream. Reaction conditions: 0.1 mL/min of 0.1
M B-propiolactone in dichloromethane, 30 mL/min of CO at 45 bar or 15 bar, and 6.0 mg
catalyst at 21 °C or 0.02 mL/min of 0.5 M B-butyrolactone in toluene, 30 mL/min of CO at
30 bar or 15 bar, and 130 mg catalyst at 40 °C.
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Figure 4.S12. Pictures of the batch reaction mixture, post-filtration product
mixture, residual solid after evaporation of the post-filtration product
mixture, residual solids after prolonged ambient air exposure of the fully-
converted product stream from continuous-flow B-propiolactone
carbonylation by Co(CO),cCr-MIL-101 (from top left to top right), and an
example 'H-NMR spectrum of the acquired solids (bottom).
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Table 4.S1. ICP-MS Analysis of Cr-MIL-101, Co(CO),cCr-MIL-101, and Na[Co(CO),]

Sample Cr (wt. %) Co (wt. %) Na (wt. %)
Cr-MIL-101* 221 Not detected Not detected
Co(CO),cCr-MIL-101° 14.8 3.0 0.02
Na[Co(CO),]b Not detected  30.4 12.2

2 dried under vacuum at 150 °C. P dried under vacuum at ambient temperature.
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Table 4.S2. Batch Carbonylation of B-Propiolactone by Co(CO),cCr-MIL-101

o o 0.3 Co mol % Co(C0),cCr-MIL-101 090
\j 1.8 M substrate, 15 bar CO, 24 °C, 18 h ﬁ

Entry Solvent Yield (%)
1 Toluene 92
2 Dichloromethane 88
3 1,2-Dimethoxyethane 1
4 Tetrahydrofuran 7
5 Acetonitrile 6

2 As determined by 'H-NMR analysis against
mesitylene as a standard.
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Chapter 5
Gas Phase Ethylene Polymerization by AlMe;-treated Cr-MFU-41

5.1. Abstract

We report for the first time a systematic study on the catalytic gas phase polymerization of
ethylene by a metal-organic framework (MOF). Cr3*-exchanged MFU-4[ (Cr(III)-MFU-4l,
MFU-4l = ZnsCl(BTDD);, H.BTDD = bis(1H-1,2,3,-triazolo[4,5-b],[4’,5 -
i])dibenzo[1,4]dioxin)) serves as an exemplary system to demonstrate pre-reaction
treatment with alkylaluminum species as a simple method to isolate a self-activating MOF
catalyst for liquid-free polymerization of ethylene. AlMe;-treated Cr(III)-MFU-4! subjected
to 40 bar of ethylene exhibits a polymerization activity of 52,000 molgthylene-molc,™-h™, one
order of magnitude higher than that observed in a slurry phase reaction with Cr(II1)-MFU-
4l and excess alkylaluminum species. Furthermore, product polyethylene exhibits a low
polydispersity index of 1.36 and a free-flowing granular morphology favorable for industrial
processing, highlighting the unique advantages conferred by the single-site MOF catalysts

in gas phase ethylene polymerization.

5.2. Introduction

The advent of the gas phase ethylene polymerization process, epitomized by the

commercialization of the UNIPOL process by Union Carbide in 1968, transformed the
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modern production of polyethylene plastics.! A key to its commercial success lies in the use
of inexpensive fluidized bed reactors that avoid costly solvent recycling and polymer drying
operations, resulting in a nearly 30% reduction in reactor construction and operation costs
over conventional liquid phase processes.> Moreover, gas phase processes are not restricted
by the inherent solubility and viscosity constraints in liquid phase processes that limit the
range of producible polyethylenes and often cause complications with polymer
agglomeration and reactor fouling.3 To exploit these advantages, there has been an effort
to develop heterogeneous polymerization catalysts that can reproduce the precise polymer
microstructure control afforded by the molecular single-site catalysts.#5 This effort has
largely involved chemically immobilizing the active metal species onto porous supports to
achieve high dispersion of surface species available for gas phase reaction.®8 However, lack
of precise molecular control over the immobilization process leads to variability in the final
structure of the supported species, which ultimately results in numerous active site local
environments with vastly differing polymerization rates.® Furthermore, a large number of
bound sites often become inaccessible to the substrate due to multinuclear agglomeration
upon immobilization.' These challenges are manifested in the high polydispersity of the
polymer products and underutilization of the active component for various heterogeneous
ethylene polymerization catalysts.™'? For example, Phillips chromium-oxide catalysts that
currently produce the majority of commercial high-density polyethylenes (HDPE), are
known to have only ~10% of their chromium centers that are active in the production of
polyethylenes with polydispersity indices (PDI = Mw/Mn, Mw = weight-averaged molecular

weight, Mn = number-averaged molecular weight) varying from 4.0 to 100.™
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Unlike the active sites in most conventional solid catalysts, the metal sites in the inorganic
nodes of metal-organic frameworks (MOFs) exhibit remarkable structural uniformity due
to the intrinsic crystalline nature of the framework.4'® Furthermore, numerous
coordination geometries afforded by the ligating organic linkers provide the node metals
with unusual electronic environments that can promote desired interactions with the
substrate.'7'9 Combined with the site-isolated nature of these metal ions that are affixed to
a porous framework, the coordinatively unsaturated metal sites of MOFs offer
opportunities for single-site catalysis uncommon to traditional solid catalysts.>™3
Accordingly, there have been efforts to utilize these node metal centers as active sites for
ethylene polymerization.?#*> Thus far, however, MOF catalysts for this process have
required alkylaluminum cocatalysts and studies have been therefore limited exclusively to
slurry phase reactions. The same holds true, for instance, for our previously-reported olefin
polymerization catalysts based on cation-exchanged MFU-4/ (MFU-4l = ZnsCl,(BTDD);,
H,BTDD = bis(1H-1,2,3,-triazolo[4,5-b],[4,5'-1])dibenzo[1,4]dioxin))**2%*7 that feature a
wide variety of active metal cations (Ti, V, Cr, or Co) replacing the peripheral tetrahedral
Zn** ions of the parent framework (Figure 5.1).23' Whereas these metals are placed in a
tripodal coordination environment reminiscent of those found in molecular scorpionate
complexes and exhibit analogous olefin polymerization activity,3*33 the MOF catalysts are
completely inactive in the absence of alkylaluminum cocatalysts. This cocatalyst
dependence and consequent restriction to liquid phase operations have limited the utility

of these and other MOF catalysts, since gas phase ethylene polymerization is the specific
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Figure 5.1. (A) Crystal structure of MFU-4l (B) Illustration of the inorganic nodes of
MFU-4[ and their transformation to those of Cr3*-exchanged MFU-4[ (1) via cation
exchange and desolvation.

application for which the single-site activity and porosity of MOF catalysts can best be

leveraged.

Here, we report gas phase polymerization of ethylene by Cr3*-exchanged MFU-4I (Cr(III)-
MFU-4l, 1) pre-treated with AlMe;. Despite the absence of excess aluminum cocatalysts
during catalysis tests, the MOF catalyst shows activity for gas phase ethylene
polymerization that is nearly tenfold higher than the slurry phase activity of 1, which
notably requires excess alkylaluminum under identical reaction conditions. The catalyst
shows no appreciable deactivation for at least 24 h and produces dry beads of HDPE.
Product polyethylene displays a low PDI of 1.36, underscoring the high degree of molecular

weight control provided by our single-site MOF catalyst.
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5.3. Results and Discussion

To probe the possibility of realizing gas phase polymerization with these catalysts, we
prepared 1 and Cr**-exchanged MFU-4l (Cr(II)-MFU-4/, 2) as previously reported, by
soaking MFU-4[ in N,N-dimethylformamide (DMF) solutions of CrCl; or CrCl,.>® For 1,
near-complete exchange of the tetrahedral Zn** in MFU-4l for chromium cations is
achieved using 20 equivalents of CrCl; and a catalytic amount of CrCl, at room temperature
(Figures 5.1 and 5.51-S3, and Table 5.51). In contrast, a lower extent of cation exchange at
Crmot:Znmol = 2.45:2.55 was obtained with just Cr** in forming 2 (Table 5.S1). For 1, DMF in
the as-synthesized material can be removed by first exchanging with methanol and drying
the recovered solids under dynamic vacuum at 150 °C (Figures 5.S4). Notably, a distinct
color change from forest green to a bright yellow upon solvent removal qualitatively

suggests a change in the primary coordination sphere of the exchanged chromium centers.

K-edge X-ray absorption spectroscopy (XAS) provided important information on the
coordination environment of chromium in 1 and 2. For comparison, a batch of Cr(III)-MFU-
4l coordinated with DMF was prepared without performing the methanol exchange
(1*DMF). We also analyzed Tp,Cr(Il), TpCr(III)ClL.-py, Tp.Cr(IlI)PFs, and Tpm*Cr(111)Cl,
(Tp~ = tris(pyrazolyl)borate, py = pyridine, and Tpm* = tris(3,5-dimethylpyrazolyl)methane)
as standards for Cr>* and Cr3* in the node of MFU-4/, having found analogous scorpionate
complexes to be reliable XAS standards for nickel-, cobalt-, and vanadium-exchanged
MFU-413°334 X-ray absorption near edge structure (XANES) analysis confirmed a

chromium(II) oxidation state for 1 and a chromium(II) oxidation state for 2 (Figures 5.2A
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and 5.S5); the edge energies of 1*'DMF and desolvated 1 were indistinguishable at 5999.5 eV
and fit among those of our chromium(III) standards, while that of 2 at 5996.1 eV was lower
and much closer to the edge energies of the Cr(II) standards. Further analysis of the XANES
spectrum ruled out a pseudo-tetrahedral chromium coordination geometry in 1, 1'DMF,
and 2; such an arrangement is expected to produce a high-intensity pre-edge feature while
1, *DMF, and 2 showed pre-edge features that were similar to or smaller than those of the

octahedrally coordinated chromium standards (Figure 5.S5).

The extended X-ray absorption fine structure (EXAFS) region of the XAS spectrum of dried
1 showed a first-shell peak similar in shape and position, but reduced in intensity relative
to those of 1*DMF and Tpm*CrCl; (Figure 5.S6). This suggested similar coordination
environments, but a reduced coordination number in 1, further evidence for coordinative
unsaturation in 1. First-shell fits of the EXAFS data from 1 and 1*DMF (Figures 5.2B and
5.2C) and comparison with EXAFS analysis of Tp.CrPFs and Tpm*CrCl; standards as well

as computational modeling of 1 and 1*DMF by density functional theory (DFT) (Section 5.5)
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Figure 5.2. (A) Edge energies from chromium K-edge XAS analyses of 1r'DMF, 1, 2, 3, and
relevant standards (Tp~ = tris(pyrazolyl)borate, Tpm* = tris(3,5-dimethylpyrazolyl)
methane, and py = pyridine). The magnitude and imaginary parts of the Fourier-
transformed k*-weighted EXAFS spectra of (B) 1*DMF and (C) 1 with their first-shell fits.
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converged to primary coordination spheres consisting of 3 Cr-N and 2 Cr-Cl bonds for 1,
and 4 Cr-N35 and 2 Cr-Cl bonds for 1:DMF (Table 5.1). Other coordination numbers resulted
in quantitatively worse fits, while the resulting bond lengths agreed well with those
obtained by DFT and EXAFS analyses of the standards. Furthermore, our DFT models
showed a pseudooctahedral coordination in 1*'DMF that converts to a pseudo-square
pyramidal or monovacant octahedral geometry for 1 upon removal of coordinated DMF
(Section s5.5). Indeed, these results are highly consistent with the reported structure of
other coordinatively unsaturated chromium tris(pyrazolyl)borate complexes.3®
Unfortunately, suitable EXAFS fits were not obtained for 2, perhaps due to disordered
solvation of chromium in both of these materials. The XAS data support a scenario wherein
cation exchange initially affords an octahedral Cr(III) center in 1*DMF bearing one DMF
molecule (Figure 5.1B). Subsequent solvent exchange and drying results in a five-coordinate,

pseudo-square planar Cr(IIl) in 1, with one open coordination site.

Table 5.1. Results of the EXAFS and DFT Analyses.?

Sample Scattering CNP® Bond Length S,z AE, o2

Pair A) (eV) (A2)
1*DMF Cr-N 4 2.03 0.69 -5.4 0.002
Cr-Cl 2 227 0.002
1 Cr-N 3 199 0.69 -5.4 0.002
Cr-Cl 2 226 0.002
DFT- Cr-N/O3 4  2.058 - - -
rDMF Cr-Cl 2 2351 - - -
DFT- Cr-N 3 2032 - - -
Cr-Cl 2 2.290 - - -
Tp.CrPFs Cr-N 6 202 0.65 -2.3 0.002
Tpm*CrCly Cr-Cl 3 229 0.69 -1.3 ©0.002

2 The average error in in bond length is 0.02 A, in AE, is 2.3 eV, and in o? is 0.001 A% P
CN = Coordination number.
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With the presumed structure of 1 in hand, we next sought ways to convert it to a self-
activating catalyst for gas phase ethylene polymerization. Although alkylchromiums are
often invoked as the active species for chromium-based ethylene polymerization, their high
reactivity demands rigorous site isolation to be observed experimentally.?3¢ Consequently,
active chromium catalysts are conventionally generated in situ from precatalysts by adding
excess alkylaluminum cocatalysts to the reaction medium or by subjecting the supported
precatalysts to ethylene atmosphere at elevated temperatures. Given the site-isolated
nature of the node metals in MOFs, we surmised that ex situ activation of 1 with
alkylaluminums could provide a stable and isolable chromium(III) alkyl. Such a species
suspended within a porous scaffold would then be accessible to incoming ethylene
molecules for gas phase polymerization. To this end, 1 was treated with 0.2 M of AlMe; in
hexane and vacuum-dried after filtration. The dry, AlMe;-treated Cr(III)-MFU-4! (3) is
crystalline and porous, as confirmed by powder X-ray diffraction XRD and N, sorption
analyses (Figures 5.51 and 5.S2). ICP-MS revealed a molar Cr:Al ratio of 1:1.8 for 3, indicating
some retention of aluminum species within the framework (Table 5.S1). Chromium K- edge
XAS analysis of 3 showed an edge energy at 5999.5 eV that was unchanged from those of 1
and 1*DMF, confirming the retention of chromium(III) centers following treatment with
AlMe; (Figures 5.2A and 5.S7). The EXAFS region of 3 is remarkably similar to that of 1, with
the only major difference that the first shell peak displayed a significantly diminished
scattering intensity (Figure 5.57). The reduced intensity is consistent with the presumed
alkylation from Cr(IIT)-Cl to Cr(III)-CH; while maintaining the node structure around the

chromium centers.
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The gas phase ethylene polymerization activity of 3 was probed by subjecting it to semi-
batch reactions under constant ethylene pressure in the complete absence of solvent or
cocatalyst. Notably, static pressurization of 2.0 mg of 3 at room temperature with 40 bar of
ethylene for 1 h yielded 7.06 g polyethylene as free-flowing white granules (Figures 5.3 and
5.58). This activity corresponds to a turnover frequency of 52,000 molghylene-molc,™-h™,
more than an order of magnitude higher than that observed when 1 was subjected to
analogous liquid phase reactions in the presence of excess solutions of AIMe; (Table 5.2).
In contrast, neither AIMe;-treated MFU-4/ nor pristine 1 polymerize ethylene under these
conditions, confirming that both the cation-exchanged chromium centers in 1 and their

subsequent treatment with AIMe; are required for catalysis (Table 5.2).

Differential scanning calorimetry characterization of the polyethylene product from a gas
phase reaction revealed the polymer as HDPE with a high melting temperature of 130 °C

and a moderate crystallinity of 66% (Figure 5.S9). Further analysis with high temperature

40 bar ethylene

_—

1h

AlMe,-treated Cr-MFU-4/ Polyethylene Granules
2.0mg 7.06g

Figure 5.3. AlMe;s-treated Cr-MFU-4/ before and after a gas phase ethylene
polymerization reaction (Table 5.2, entry 1).
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Table 5.2. Results of Ethylene Polymerization Reactions?

TOF? TS
Entry Catalyst Cocatalyst Solvent P(Eg‘;*:;“ (ﬁ) fincliide malEH 5} fg; PDI (i::)“:)
1 AlMe;s-treated Cr(II[)-MFU-4I None None 40 1 52,000 130 66 1.36 208
2 Cr(1I1)-MFU-4l AlMesf Toluene 40 1 4,500 130 66 142 331
3 Cr(1lI)-MFU-4l None None 40 1 o - - -
4 AlMe;-treated MFU-4/ None None 4o 1 o - - - -
58 Cr(III)-MFU-41 AlMe; Toluene 40 1 3,800 130 64 1.48 297

2 Unless otherwise noted, reactions were conducted at room temperature without
external temperature control. ® TOF = turnover frequency. ¢ Second scan percent
crystallinity (Xc) and melting peak (Tm) as evaluated by differential scanning
calorimetry. 4 PDI = polydispersity index ¢ My = number-averaged molecular weight. f
100 molar equivalents of AlMe; to the ICP-MS-derived moles of chromium in Cr(III)-
MFU-4l. 8 Reaction conducted at 35 °C.

gel permeation chromatography revealed a number-averaged molecular weight (Mn) of 298
kDa and a remarkably low PDI of 1.36 for the polymer product (Figure 5.S10). This
exceptionally low PDI value demonstrates the structural monodispersity of the active sites
in our catalyst and also suggests facile gas phase diffusion of ethylene to the active sites.
Indeed, mass transport limitations are known to increase PDI through inhomogeneous
local ethylene concentions.373° It is also noteworthy that the polyethylene product is
directly obtained in the form of free-flowing granular beads, the favored morphology for

industrial processing of polyethylenes (Figure 5.3).°

Expectedly, when the gas phase ethylene polymerization reaction with 3 is run without
external temperature control, the temperature of the reactor increases spontaneously
during the course of the reaction (Figure 5.51). We ascribe this exotherm to the high heat
of reaction from ethylene polymerization (AH%x» = 93.6 k]-mol™) that was retained in our
batch reactor system.3 In fact, this exothermic behavior caused the linear dependence of

polymerization activity on ethylene pressure to deviate at higher pressures, where higher
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activities were obtained (Figure 5.511). To account for the exothermicity, we conducted a
control reaction where 1 and excess AlMe; in toluene were subjected to 40 bar of ethylene
for 1 h at 35 °C, the average temperature measured from a gas phase reaction with 3 (Table
5.2, entry 5). Surprisingly, the liquid phase reaction with 1 and AlMe; at elevated
temperature resulted in activity even lower than that of the identical reaction conducted
without heating. We attribute this behavior to the thermally-accelerated deactivation of 1
in the presence of excess AlMe; and solvent: under these conditions, alkylaluminums are
known to exchange the active sites in the nodes of MFU-4/and cause subsequent reduction,
aggregation, and formation of transition metal nanoparticles.# Importantly, these
deactivation pathways are inaccessible to 3, whose catalytic activity does not require liquid
medium or additional alkylaluminum. Indeed, not only does 3 retain its activity despite
autogenous heating, but its activity persists and no appreciable deactivation is observed

even for prolonged reaction times of 24 h (Figure 5.4).
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Figure 5.4. Gas phase ethylene polymerization with AlMe;-treated Cr-MFU-4l. Reaction
conditions: 2.0 mg catalyst, 10 bar ethylene, and room temperature.
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5.4. Conclusion

In summary, we show for the first time that MOFs are capable catalysts for gas phase
ethylene polymerization, with activity and lifetime surpassing those of the liquid-phase
process. [solation of Cr-alkyl species prior to catalytic tests affords active MOFs that do not
require solvent or the presence of in situ alkylaluminum cocatalyst. HDPE produced by this
catalyst in the gas phase presents as free-flowing granules with exceptionally low
polydispersity. We attribute this favorable performance of the catalyst to the site
accessibility and structural uniformity unique to the isolated single sites in the MOF
platform. We believe these intrinsic structural advantages could be further utilized to
develop improved MOF catalysts for the commercially-important gas phase ethylene

polymerization reaction.

5.5. Experimental Information

General Considerations
All manipulations of air/water-sensitive compounds were conducted using standard inert-

atmosphere glove box and Schlenk line techniques.

Powder X-ray diffraction (PXRD) patterns were recorded on a Bruker Advance II
diffractometer equipped with 0/20 Bragg-Brentano geometry and Ni-filtered Cu Ko
radiation (Ko = 1.5406 A). The tube voltage and current were 40 kV and 40 mA,
respectively. Dry powdered sample was placed in a polyimide capillary tube or on a rotating

zero-background silicon crystal plate for analysis.
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Nitrogen adsorption isotherms were measured by a volumetric method using a
Micromeritics ASAP 2020 gas sorption analyzer. ~30 mg of sample was pre-activated under
vacuum overnight to remove all residual solvent and transferred to a pre-weighed analysis
tube in a glove box. The tube containing the sample was weighed again to determine the
mass of the sample, capped with a Micromeritics TranSeal, brought out of the glove box,
and transferred to the analysis port of the gas sorption analyzer. Free space correction
measurements were performed using an ultra-high purity helium gas (UHP grade, Airgas)
and nitrogen isotherms were measured using an ultra-high purity grade nitrogen (UHP

grade, Airgas). All nitrogen analyses were performed using a liquid nitrogen bath at 77 K.

Metal content of samples was quantified using Agilent 7900 inductively coupled plasma
mass spectrometer (ICP-MS). ~10 mg sample was weighed in a glove box, transferred to an
acid digestion vessel (Model 4749, Parr Instrument Company), and digested in ~3 mL of
concentrated nitric acid (67~70% w/v %, BDH Aristar) at 150 °C overnight. Metal
concentrations of the resulting solution were determined using calibration curves

constructed from standard solutions (ICP-MS certified reference standards, VWR).

Energy dispersive X-ray spectroscopy (EDX) analyses were conducted using a JEOL 6o10LA
analytical scanning electron microscope at 15 keV and a working distance of 10 mm. Dry
powdered samples were mounted onto a stage using carbon tape and sputtered with Au

prior to analysis.
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X-ray absorption spectroscopy (XAS) measurements at the chromium K-edge (5.9892 keV)
were performed on the 10-ID beamline of the Materials Research Collaborative Access
Team at the Advanced Photon Source, Argonne National Laboratory. Data was acquired in
transmission and step-scan mode using ionization chambers optimized for the maximum
current with linear response (~1010 photons detected/sec). A chromium foil spectrum was
acquired simultaneously with each sample measurement for energy calibration. Analytes
were pressed in a N. glovebox into a cylindrical sample holder consisting of six wells,
forming a self-supporting wafer which was then placed in a quartz tube (2.5 cm OD, 10.0

cm length) sealed with Kapton windows by two Ultra-Torr fittings.

First-shell fits of the extended X-ray absorption fine structure (EXAFS) analysis were
performed using the Artemis software.# Initial bond lengths and coordination numbers
were determined from a proposed structural model whereas the closeness between
simulated data and experimental data were evaluated using So?, AE,, AR, and Ac?
parameters. A good fit was obtained by adjusting the coordination number and bond
distances of the model until reasonable parameters were obtained. When comparing

multiple samples, the S, value was typically determined by fitting reference compounds.

Attenuated total reflectance infrared (ATR-IR) absorption spectra were acquired using
either a Bruker Tensor 37 instrument with a germanium tip ATR sample holder in air or a
Bruker Alpha instrument with a diamond tip ATR sample holder under an inert

atmosphere.
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Differential scanning calorimetry (DSC) analyses were conducted on a Texas Instruments
Qo0 using a crimped standard sample pan. A double-scan method was used in order to
eliminate inconsistencies due to variation in the thermal or mechanical history of
individual samples. This method is summarized as follows: 1) Equilibrate at 0 °C. 2) Heat at
a rate of 10 °C per minute until 200 °C. 3) Maintain 200 °C for two minutes. 4) Cool the
sample at a rate of 10 °C per minute until o °C. 5) Heat at a rate of 10 °C per minute until
200 °C. 6) Maintain 200 °C for two minutes. 7) Cool the sample at a rate of 10 °C per minute
until o °C. Thermal parameters (heat of fusion (AHf) and melting temperature maxima

(Tm)) were taken from the second heating cycle (step 5).

High temperature gel permeation chromatography (HT-GPC) analyses were conducted on

an Agilent PL-GPC22o0.

Materials

N,N-Dimethylformamide (DMF, 99.5%, Sigma-Aldrich), toluene (99.8% Sigma-Aldrich),
hexane (=99%, Sigma-Aldrich), ethanol (99.9%, Sigma-Aldrich), methanol (99.9%, VWR),
and diethyl ether (z99%, Sigma-Aldrich) were passed through two silica columns in a Glass
Contour solvent purification system, degassed with a flow of argon gas for 30 min, subjected
to at least three freeze-pump-thaw cycles, and dried over activated molecular sieves prior
to use. Pyridine (anhydrous, 99.8%, Sigma-Aldrich) was subjected to at least three freeze-
pump-thaw cycles, and dried over activated molecular sieves prior to use. Ethylene (UHP,
Airgas) was passed through an oxygen trap (304L-HDF4-150, Swagelok) filled with activated

molecular sieves and pre-reduced Cu catalyst (8 x 14 mesh Q-5, Research Catalysts) prior
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to use. MFU-4/ was prepared and characterized according to literature procedure+.
Chromium (II) chloride (99.99%, Strem Chemicals), chromium (III) chloride
tetrahydrofuran adduct (98%, Strem Chemicals), chromium (III) chloride hexahydrate
(>99.5%, Alfa Aesar), potassium hydrotris(pyrazol-1-yl)borate (98%, Strem Chemicals),
lithium hexafluorophosphate (98%, Sigma-Aldrich), zinc dust (=298%, Sigma-Aldrich),
sodium acetate (=99.0 %, Fisher Scientific) hydrochloric acid (99.999% metals basis, Alfa
Aesar), and trimethylaluminum (2.0 M in hexanes and 2.0 M in toluene, Sigma-Aldrich)

were used as received.

Experimental Details

Preparation of Cr(III)-MFU-4l (1 and 1»DMF): A typical procedure involved charging a
bottle containing a suspension of MFU-4! (500 mg, 0.396 mmol) and DMF (100 mL) with a
DMF (100 mL) solution of CrCl, (97.3 mg, 0.792 mmol, 2.0 equivalents), and CrCl;(THF);
(2.95 g, 7.92 mmol, 20 equivalents) in an inert-atmosphere glove box. The resulting
suspension was maintained under these conditions at ambient temperature for seven days,
after which the solids were filtered off. For the preparation of 1*DMF, the resulting solid
was then soaked in dry DMF twice for 24 h each, followed by CH,Cl, twice for 24 h each.
The solid was then dried under vacuum at 100°C for 18 h until the overhead pressure
reached <1075 torr. For the preparation of 1, the obtained solid from the initial cation
exchange in DMF was re-suspended in methanol (200 mL) and heated at 60 °C for 24 h in
a sealed bottle. This hot soaking procedure was repeated two times. The resulting material

was then dried under vacuum at 150 °C for 18 h until the overhead pressure reached <1075
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torr. Heating at higher temperatures under vacuum, without performing the methanol soak
first, resulted in loss of crystallinity before loss of DMF as determined by IR and PXRD

analysis.

Preparation of Cr(II)-MFU-4I (2): A typical procedure involved charging a bottle
containing a suspension of MFU-4[ (500 mg, 0.396 mmol) and DMF (100 mL) with a DMF
(100 mL) solution of CrCl, (2.43g, 19.8 mmol, 50 equivalents) in an inert-atmosphere glove
box. The resulting green suspension was maintained under these conditions at ambient
temperature for seven days, after which the solids were filtered off. The obtained solid was
then soaked in DMF for three days, removing the solvent by filtration every 24 h. The
product was then soaked in hot tetrahydrofuran (60 °C) under air free conditions for three
days, changing the supernatant every 24 h. The resulting material was then dried under

vacuum at 150 °C for 18 h until the overhead pressure reached <1075 torr.

Preparation of AlMe;-treated Cr(IIT)-MFU-4I (3): A typical procedure involved charging
a glass vial containing 1 (50.0 mg, 37.0 pmol) with a hexane solution of 0.2 M AlMe; (1.5 mL,
0.294 mmol, 8 equivalents) in an inert-atmosphere glove box. The resulting suspension was
maintained under these conditions at ambient temperature for 3 h, after which the solids
were filtered off. The obtained solid was then re-suspended in hexane (3.0 mL) and
maintained at ambient temperature overnight. This washing procedure was repeated two

times. The resulting material was then dried under vacuum for 18 h.
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Preparation of TpCrClL.-pyridine: TpCrClL.-pyridine was prepared and characterized

according to literature procedure.®

Preparation of Tpm*CrCl;: Tpm*CrCl; was prepared and characterized according to

literature procedure.#

Preparation of Chromium(II) acetate hydrate (Cr.(OAc),-2H.0):% The reaction was
set up in a three-neck round bottom flask, containing a suspension of CrCl;-6H.O (10.0 g,
38 mmol), zinc dust (8.0 g, 122 mmol), water (34 mL) and a magnetic stir bar, and degassed
by sparging with nitrogen. Concentrated HCl (17 mL) was then added via an addition funnel
at such a rate as to avoid overfoaming of the reaction. After gas evolution had ceased, a
deep blue solution was observed over a suspension of unreacted zinc. This suspension was
allowed to settle and then the solution was transferred by syringe (without transferring the
zinc) to a flask containing sodium acetate (36 g, 439 mmol) and water (55 mL, degassed by
three cycles of freeze-pump thaw). The resulting red suspension was then filtered, working
quickly to minimize exposure of the product to air. After rinsing with 150 mL water, 75 mL
ethanol, and 50 mL diethyl ether (all degassed by sparging with nitrogen), the resulting brick
red solid was transferred to a Schlenk flask. The resulting brick red powder was dried under
vacuum and transferred to a nitrogen glovebox for handling and storage. 5.93 g, 15.7 mmol,
83% yield. Note that samples of Cr.(OAc),2H.O start to visibly discolor after one hour of
exposure to air, and turn totally grey after overnight exposure to air. Samples could be
removed from the glovebox and immediately analyzed without significant decomposition. No

decomposition was apparent, however, after four years of storage in a nitrogen glovebox. IR
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(diamond ATR, nitrogen glovebox): 3481, 3367, 3269, 2987, 1568, 1450, 1418, 1354, 1030, 679,

625, 542, 406 cm™. UV-Vis (H.0, 23 °C): Amax = 408, 568 nm.*® Elemental analysis: C (24.68%

found, 25.54% theory, -0.86% difference), H (3.74% found, 4.29% theory, -0.55%

difference), and N (<0.02% found, 0% theory).
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Figure 5.5-A. IR spectrum of Cr.(OAc),-2H.O. Diamond ATR, nitrogen atmosphere.

Preparation of CrCl,-2 pyridine:## A suspension of CrCl, (500 mg, 4.07 mmol) and

pyridine (10.0 mL, 124 mmol) was heated to reflux under nitrogen atmosphere with

magnetic stirring in a Schlenk flask equipped with a condenser for one hour. The reaction
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was then allowed to cool to room temperature, and then continue to stirring for 14 h. In a
nitrogen glovebox, a bright green solid was isolated by vacuum filtration, leaving an olive
colored mother liquor. The solid was rinsed with pyridine (5 mL), toluene (10 ml) and
hexane (10 mL) and then dried under vacuum. 925 mg, 3.29 mmol, 8o % yield. Although no
significant color change was observed after one hour of exposure to air, after over 12 h the
solid turned dark green. The solid was stored and handled in a nitrogen glovebox, but could
be briefly exposed to air for analysis. Elemental analysis: C (42.72% found, 42.73% theory,
0.01% difference), H (3.71% found, 3.59% theory, 0.12% difference), N (9.84% found, 9.97%
theory, 0.13% difference). IR (Ge ATR, briefly exposed to air): 315, 3067, 3044, 3006, 1660,
1608, 1575, 1492, 1448, 1367, 1241, 1222, 1156, 1080, 1044, 1015, 760, 690, 641 cm™.
pyridine

CrCl, —_— CrCl, * 2 pynidine
reflux

—CrCI2 * 2 pyridine
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Figure 5.5-B. IR spectrum of CrCl,-2pyridine. Ge ATR, exposed briefly to air.
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Preparation of Tp.Cr-2KCl: In a nitrogen glovebox, a homogeneous solution of CrCl, (122
mg, 0.992 mmol) and methanol (10 mL) was added in drops to a solution of potassium
hydrotris(pyrazol-1-yl)borate (KTp, 500 mg, 1.98 mmol) and methanol (10 mL). After
stirring for 40 minutes, an olive colored powder was filtered from a rose-colored mother
liquor. The product was then rinsed with methanol and then dried under vacuum. 444 mg,
0.708 mmol, 71% yield. Exposure of the solid to air leads to an immediate color change to
dark brown. The product was stored and analyzed in a nitrogen glovebox only. Elemental
analysis: C (32.27% found, 34.47% theory, difference 2.2%), H (2.83% found, 3.22% theory,
0.39% found), N (24.64% found, 26.80% theory, 2.16% difference). IR (diamond ATR,
nitrogen glovebox) 3u7, 2472 (ve-H), 1498, 1403, 1295, 1204, 1112, 1054, 1040, 983, 960, 752,

715, 660, 617 cm™.

7 7
(N_]‘L @ Yy -exo
/ N\ crly /N A
H—8, K — H—8, % B—H
ey MeOH YV N\ _/
% 2 )
g
8
Y
£
g
8
< |
sl Wgy o
T -

Wavenumber (cm-)

Figure 5.5-C. IR spectrum of Tp.Cr-2KCl. Diamond ATR, nitrogen atmosphere.
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Preparation of Tp.CrPFe: In a nitrogen glovebox, a solution of CrCl, (122 mg, 0.992 mmol)
and methanol (10 mL) was added to a stirring solution of potassium hydrotris(pyrazol-1-
yl)borate (KTp, s00 mg, 1.98 mmol) and methanol (10 mL). The addition resulted in a
suspension consisting of a tan solid underneath a green solution. The reaction was then
removed from the glovebox, and stirred open to the air for one hour, during which the tan
solid slowly dissolved resulting in a burgundy solution. This solution was then transferred
dropwise to s stirring solution of lithium hexafluorophosphate (300.8 mg, 1.98 mmol, 2.0
equiv.) and water (10 mL), resulting in the precipitation of a yellow solid. This suspension
was diluted by 20 mL water and then the yellow solid was obtained by filtration, rinsing
several times with water and then drying under vacuum. 300 mg, 0.482 mmol, 49% yield.
Yellow, block shaped crystals could be produced by vapor diffusion of water into a dilute
methanol solution of Tp,CrPFs. Elemental Analysis: C (34.52% found, 34.70% theory, 0.18%
difference), H (3.06% found, 3.24% theory, 0.18% difference), N (26.64% found, 26.98%
theory, 0.34% found). IR (Ge ATR, benchtop): 3155, 2513 (vB-H), 1505, 1407, 1390, 1311, 1205,

1191, 1115, 1076, 1053, 989, 882, 843, 771, 709 cm™.
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Figure 5.5-D. IR spectrum of Tp.CrPFs. Ge ATR, background corrected.

Gas Phase Polymerization of Ethylene with AlMe;-treated Cr(III)-MFU-4I (3): A
typical procedure involved charging a glass vial with 3 (2.0 mg, 0.80 pmol) and transferring
the vial to a 50 mL stainless-steel pressure vessel reactor (Series 4790, Parr Instrument
Company) in an inert-atmosphere glove box. The sealed reactor was then taken out of the
glove box, placed in a hood, and slowly pressurized with ethylene to the desired pressure,
after which the pressure was maintained by keeping the reactor connected to the ethylene
cylinder. Temperature of the reactor was monitored using a temperature controller (Digi-
Sense, 689o0) and an internal thermocouple probe (Omega, KQXL-18) that was suspended
~0.5 cm above the bottom of the glass vial in the reactor. After the specified time, the

reactor was slowly vented and opened to recover the solid product in the glass vial. The
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obtained free-flowing granular beads were later subjected to ATR-IR, DSC, and HT-GPC

analyses.

Slurry Phase Polymerization of Ethylene with Cr(III)-MFU-4l and AlMe;: A typical
procedure involved charging a glass vial with 1 (2.0 mg, 1.5 pmol), a toluene solution of 75
mM AlMe; (2.0 ml, 0.150 mmol, 100 equivalents), and a magnetic stir bar, then transferring
the vial to a 50 mL stainless-steel pressure vessel reactor (Series 4790, Parr Instrument
Company) in an inert-atmosphere glove box. The sealed reactor was then taken out of the
glove box, placed in a hood, and slowly pressurized with ethylene to the desired pressure,
after which magnetic stirring was started and pressure was maintained by keeping the
reactor connected to the ethylene cylinder. Temperature of the reactor was monitored and
controlled using a temperature controller (Digi-Sense, 689oo0) and an internal
thermocouple probe (Omega, KQXL-18) that was suspended ~o0.5 cm above the bottom of
the glass vial in the reactor. After the specified time, the reactor was slowly vented, opened
to air, and then quenched with methanol. The resulting suspension was transferred to a
round bottom flask using excess methanol and the solvent was removed under vacuum.
The resulting solid was treated with 100 mL of methanol and 10 mL HCI, sonicated for 30
min, and then filtered off and dried in vacuo. The obtained solids were later subjected to

ATR-IR, DSC, and HT-GPC analyses.

DFT Analysis Method: A truncated model of 1 was prepared by focusing on one
Cr,ZnClg(benzotriazolate)s cluster, assuming coordination of chromium by three nitrogens

and two extraframework chlorides. Benzotriazolate ligands were substituted for the
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BTDD>" ligands in MFU-4I. We optimized the geometry for three MOF fragments using
Density Functional Theory (DFT)495°, using the software packaged Q-Chem 5.0.5 For these
calculations, we used the functional PBE5* and a 6-31g5354 basis set. We set the total energy
convergence threshold for the geometry optimization to 5.0*108. For both 1 and 1°DMF, we
calculated a range of spin multiplicities in order to ascertain the likely ground electronic
state for the cluster. For both Cr(IlI)-MFU-4! clusters, the two lowest energy spin states
were ms = 1 and ms = 2, with energy differences of less than 0.02 eV and thereby

indistinguishable in DFT. For simplicity we discuss the high-spin state m; = 2.

DFT Analysis of Unsolvated 1: Figure 5.S-E depicts the structure of DFT-1. Each of the
chromium centers is mono-vacant octahedral/square pyramidal in geometry, with two
equatorial Cr-Cl bonds, two equatorial Cr-N bonds, and one axial Cr-N bond. The average
Cr-Cl bond length is 2.290 A and the average Cr-N bond length is 2.032 A (Table 5.5-A),
consistent with the distances of 2.26 and 1.99 obtained by EXAFS fitting. Averages of 1.961
A and 2.067 A were obtained for axial and equatorial Cr-N bond lengths displaying a
significant trans effect. The average Cl-Cr-N bond angles are 163.8° (trans-equatorial) and

97.8° (cis-axial). These average dimensions are summarized in Figure 5.S-E.
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Figure 5.S-E Structure of DFT-1 A) full structure of model. B) Truncated structure of DFT-
1 highlighting the primary coordination structure of chromium in this material. C) Selected
average bond lengths. D) Selected average bond angles.

Table 5.5-A. Selected bond lengths and bond angles extracted from DFT-1.

Dimension Cn Cr2 Cr3 Crg
Cr=Nequatorial (1) 2.085 A 2.077 A 2.077 A 2.060 A
Cr—Negquatorial(2) 2.067 A 2.054 A 2.067 A 2.050 A

Cr—Naxial 1.970 A 1.969 A 1.963 A 1.940 A

Cr-Cl(1) 2.297 A 2.285 A 2.299 A 2.276 A

Cr-Cl(2) 2.298 A 2.294 A 2293 A 2.281A
<Cl-Cr-Nurans(1) 169.3° 166.1° 169.7° 168.6°
<Cl-Cr-Ntrans(2) 160.3° 156.7° 160.4° 159.8°
<Cl-Cr-Naxiai(1) 101.3° 100.9° 99.5° 95.0°
<Cl-Cr-Naxial(2) 93.8° 97.2° 937" 100.7°



DFT Analysis of 1*DMF: Figure 5.S-F depicts the structure of DFT-1*DMF. Each of the
chromium centers is pseudo-octahedral in the primary coordination sphere, with two
equatorial Cr-Cl bonds, three Cr-N bonds, and one Cr-O bond. The average Cr-Cl bond
length is 2.351 A, compared with the value of 2.27 A resulting from the EXAFS fit. The
average Cr-N bond length is 2.063 A and the average Cr-O bond length is 2.044 A (Table
5.5-B), but our XAS method does not distinguish between N and O scatterers. So we use an
average Cr-N/O bond length of 2.058 A to compare with the value of 2.03 A obtained by
the XAS fit (Table 5.1). Averages of 2.036 A and 2.077 A were obtained for Cr-N bond lengths
trans to DMF and trans to chloride respectively displaying a much smaller trans effect than

in unsolvated 1.
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Figure 5.S-F Structure of DFT-1*DMF A) full structure of model, hydrogens omitted for
clarity. B) Truncated structure of DFT-1"DMF highlighting the primary coordination
structure of chromium in this material. C) Selected average bond lengths.
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Table 5.S-B. Selected bond lengths extracted from DFT-1-DMF.

Bond Length Cn
Cr-Nq (1)? 2.098
Cr-Ng¢ (2)? 2.087
Cr-Npwme® 2.040

Cr-O(DMF) 2.050

Cr-Cl (1) 2.350
Cr-Cl (2) 2.349

aCr-N bond trans to chloride. PCr-N bond trans to DMF.

Cr2
2.070
2.069
2.031
2.048
2.333
2.346
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Cr3
2.086
2.075
2.044
2.030
2.372
2.378

Cr4
2.056
2.071
2.028
2.046
2.341
2.340



5.6. Supporting Information

AlMe,-treated Cr-MFU-4/

Cr-MFU-4/
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Figure 5.51. PXRD patterns of MFU-4l, Cr-MFU-4/ and
AlMe;-treated MFU-41. MFU-4/ and Cr-MFU-4l samples were
prepared by placing a thin layer of the appropriate material
on a zero-background silicon crystal plate whereas the
AlMe;-treated Cr-MFU-4[ sample was prepared by placing a
small amount of material within a sealed polyimide capillary
tube under an inert atmosphere.
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Figure 5.52. Nitrogen adsorption isotherms of MFU-4l, Cr-
MFU-4l and AlMe;-treated MFU-4l after outgassing under
vacuum (1075 torr) for 18 h. Calculated BET surface areas for
MFU-4l, Cr-MFU-4l and AlMe;-treated MFU-41 were 3,150 +
20 m?/g, 2,830 + 10 m?*/g, and 2,360 * 4 m?/g, respectively.
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Figure 5.53. EDX spectra of MFU-4l and Cr-MFU-4l. Both
samples were subjected to identical Au sputtering procedure
prior to analysis to avoid charging effects. Acquired EDX
intensities were normalized with respect to the Au Ma signal
at 2.12 keV.
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on a Ge ATR exposed to ambient air.
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Figure 5.S5. X-ray absorption spectra of Cr-MFU-4[ and relevant
standards. Cr(IT)-MFU-4/ was prepared via cation-exchange from
MFU-4! using CrCl.
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Figure 5.56. EXAFS plots of Tpm*CrCl;, DMF-solvated Cr(III)-
MFU-4! (1*DMF), and desolvated Cr(III)-MFU-4l (1).
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Figure 5.57. XAS (Top) and EXAFS (Bottom) analyses of Cr-MFU-
4l and AlMes-treated Cr-MFU-4l. The edge energy value, as
defined by the inflection point of the leading edge, was 5999.5 eV
for both samples.
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Figure 5.5S8. Attenuated total reflectance infrared
spectroscopy analysis of the solid product from a gas phase
ethylene polymerization reaction with AlMe;-treated Cr-
MFU-4l (Table 5.2, entry 1). Characteristic polyethylene
bands at 2920 cm™, 2850 cm™, 1470 cm™, 1460 cm™, 730 cm™,
and 720 cm™ are clearly present.>s
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Figure 5.S9. Second heat-cool scan from differential scanning
calorimetry analysis of polyethylene products from ethylene
polymerization reactions with AlMe;-treated Cr-MFU-4! (top), Cr-
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toluene at 35 °C (bottom). Percent crystallinities of samples were
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Figure 5.S10. HT-GPC chromatograms from analyses of product polyethylenes
obtained from gas phase reaction of AlMe;-treated Cr(III)-MFU-4! (top, table 5.2
entry 1), slurry phase reaction of Cr(III)-MFU-4l and excess AlMe; (middle, table
5.2 entry 2), and slurry phase reaction of Cr(III)-MFU-4/ and excess AlMe; at 35
°C (bottom, table 5.2 entry 5).
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polymerization reactions with AlMe;-treated Cr-MFU-4[ at
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Table 5.S51. ICP-MS Analyses of MFU-41, Cr-MFU-4l, and AlMe;-treated Cr-MFU-4l.?

Sample Zn Cr Al
MFU-4l 5.0 Not detected Not detected
Cr-MFU-4l 112 3.88 Not detected
AlMe;-treated Cr-MFU-4l 1.15 3.85 6.84

3 Relative metal ratios for Zn and Cr normalized to add up to 5.0, as
each node of MFU-4l contains 5 metal sites.
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