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METAL ORGANIC FRAMEWORKS, THEIR SYNTHESIS AND USE

FIELD
[0001] The present disclosure relates to metal organic frameworks (MOFs), to a particular
novel MOF, designated herein as EMM-42, and to the synthesis of MOFs and their use, particularly

in catalytic applications.

BACKGROUND

[0002] Metal-organic frameworks (MOFs) are a relatively new class of porous materials that
are comprised of metal ion/oxide secondary building units (SBUs) interconnected by organic
linking ligands. MOFs are characterized by low densities, high intemal surface areas, and
uniformly sized pores and channels. For example, US Patent No. 8,653,292 describes Zr MOFs
having a surface area of at least 1020 m*/g or, if functionalized, having a surface area of at least
500 m?/g. As aresult of these advantageous properties, MOFs have been investigated extensively
for applications in gas separation and storage, sensing, catalysis, drug delivery, and waste
remediation. The wide array of potential applications for MOFs stem from the nearly infinite
combination of organic ligands and secondary building units available. Regardless of this diversity,
many materials have been left undiscovered due to limitations in the synthetic protocols typically
employed for MOF synthesis. The relatively high temperatures and long crystallization times
employed to synthesize metal-organic frameworks preclude the incorporation of sensitive moieties.
Furthermore, the multiple conformations possible between the ligand and metal SBUs make
predicting and directing structure challenging.

[0003] Recently a novel method of accessing new MOF materials from a starting host
framework has been realized through the use of post-synthetic linker and ion exchange. This
method, referred to in the literature as Solvent Assisted Ligand Exchange (SALLE) or Post- Synthetic
Exchange (PSE), is discussed by, for example, Karagiaridi, O.; Bury, W.; Mondloch, J. E.; Hupp,
J. T.; Farha, O. K. in “Solvent-Assisted Linker Exchange: An Alternative to the De Novo Synthesis
of Unattainable Metal-Organic Frameworks”, Angew. Chem. Int. Ed. 2014, 53, 4530-4540. This
technique has allowed for the development of novel materials which have thus far eluded
researchers.

[0004] One example of the SALE process is disclosed in US Patent No. 8,920,541 using a
species of MOF known as a zeolitic imidazolate framework or ZIF, as the host framework. In
particular, the 541 patent discloses a method for exchanging the imidazolate linker in a zeolitic

imidazolate framework composition, said method comprising the steps of: (a) providing a first
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zeolitic imidazolate framework composition having a tetrahedral framework comprising a general
structure, M!-IM2-M?, wherein M!' and M? comprise the same or different metal cations, and
wherein IM? is an imidazolate or a substituted imidazolate linking moiety; (b) providing a liquid
composition comprising IM?, wherein IMP is an imidazolate or a substituted imidazolate which is
different from IM?; and (c) contacting the first zeolitic imidazolate framework composition with
the liquid composition under conditions sufficient to exchange at least a portion of IM? with at least
a portion of IM® and to produce a second zeolitic imidazolate framework composition, M!-IM¢-
M?, wherein IM¢ comprises IMP, and wherein the framework type of the second zeolitic
imidazolate framework composition is different from the framework type obtained when a zeolitic
imidazolate framework composition is prepared by crystallizing a liquid reaction mixture
comprising a solution of M!, M? and IMP. One notable result of this work was the complete
exchange of 2-methylimidazole (mim) in ZIF-8 for 5-azabenzimidazole (5-abim) to isolate a novel
ZIF framework, EMM-19, composed of 5-abim linkers connected to zinc tetrahedra in a sodalite
(IZA code SOD) topology. Such topologies are discussed in the "Atlas of Zeolite Framework
Types", Fifth edition, 2001. This particular structure had been hypothesized to be unobtainable due
to the propensity of azabenzimidazole linkers to form ZIFs with LTA-type topologies. This
discovery allowed for the development of materials with highly desirable CO: adsorption
characteristics not observed in the nearly identical ZIF-7.

[0005] Another type of relevant post-synthetic transformation is Solvent Assisted Ligand
Incorporation (SALI), in which functional moieties are grafted onto the ligands and/or secondary
building units of MOFs. For example, Hupp and coworkers demonstrated that the treatment of the
Zr-based framework, NU-1000, results in the dehydration and grafting of pendant carboxylate and
phosphonate moieties onto the secondary building unit (See MOF Functionalization via Solvent-
Assisted Ligand Incorporation: Phosphonates vs Carboxylates. /norg. Chem. 2015, 54, 2185-2192
and Perfluoroalkane Functionalization of NU-1000 via Solvent-Assisted Ligand Incorporation:
Synthesis and CO2 Adsorption Studies. J. Am. Chem. Soc. 2013, 135, 16801-16804. Interestingly,
this transformation occurs without loss of crystallinity of the parent material and serves to tune
the adsorption properties of the resulting material.

[0006] Despite these advances, there remains a need for new methods of post-synthesis
modification of MOF structures and particularly for those methods which allow the production of
ligand/SBU combinations that are difficult or impossible to access by conventional MOF synthesis
routes.

[0007] The present invention unexpectedly allows for the exchange of ligands in extremely

kinetically inert frameworks such as those containing Cr(IIl) cations, which were discussed in
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Postsynthetic Ligand and Cation Exchange in Robust Metal-Organic Frameworks, J. Am. Chem.
Soc. 2012, 134, 18082-18088, as not being viable for post synthetic ligand exchange.
SUMMARY

[0008] According to the present disclosure, it has now been found that linker exchange can be
used with a MOF comprising a first organic linking ligand having a first bonding functionality to
partially or completely replace the first ligand with a second organic linking ligand having a second
bonding functionality different from the first binding functionality. In particular, it has been found
that an organic linking ligand with monoprotic acid bonding functionality, such as a carboxylate
ligand, can be partially or completely replaced with an organic linking ligand having polyprotic
acid bonding functionality, such as a phosphonate ligand, to allow incorporation of acidic behavior
in a MOF. Based on this technique a new MOF, designated as EMM-42, has been produced by
exchange of the benzene-dicarboxylic acid linker in MIL 101(Cr) with a phenylene-bisphosphonic
acid linker, also referred to herein as 1,4-phenylene-bis(phosphonic acid) linker. EMM-42 is an
active catalyst for a variety of organic conversion reactions, including olefin isomerization. The
terms “linker” and “ligand™ can be used interchangeably herein. The present invention allows for
oxidizing metal ions —such as Cr(II1)- to be coupled with these phosphonic acid moieties. EMM-
42 exhibits larger pore diameter of up to about 30 A, the ability to couple metal-oxide catalytic
centers capable of oxidation chemistry and stability in water and other environmentally benign
solvents allowing for exchange in solvents such as water and ethanol.

[0009] In one aspect, the present disclosure resides in a metal organic framework having the
structure of MIL-101(Cr) and comprising phenylene-bisphosphonic acid linking ligands, also
referred to herein as 1,4-phenylene-bis(phosphonic acid) linking ligands.

[0010] In a further aspect, the present disclosure resides in a metal organic framework
comprising trigonal nodes of 3 chromium atoms and at least 13 oxygen atoms partially or fully
interconnected by phenylene-bisphosphonic acid linking ligands, also referred to herein as 1,4-
phenylene-bis(phosphonic acid) linking ligands.

[0011] In yet a further aspect, the present disclosure resides in a process for exchanging an
organic linking ligand in a metal organic framework, the process comprising:

(a) providing a first metal organic framework comprising a three-dimensional
microporous crystal framework structure comprising metal-containing secondary building units
connected by a first organic linking ligand comprising benzene-dicarboxylate acid ligands having
a first bonding functionality with the secondary building units,

(b) providing a liquid medium containing an organic compound capable of reacting

with the secondary building units to act as a second organic linking ligands having a second
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bonding functionality with the secondary building units different from the first bonding
functionality; and

© contacting the first metal organic framework with the liquid medium under
conditions effective for the organic compound to react with the secondary building units in the first
metal organic framework and exchange at least some of the first organic linking ligands with
second organic linking ligands and produce a second metal organic framework.
[0012] In some embodiments, the first organic linking ligand is bonded to each secondary
building unit through a monoprotic acid group and the second organic linking ligand is bonded to
each secondary building unit through a polyprotic acid group.
[0013] In another aspect, the present disclosure resides in an organic compound conversion
process, such as an olefin isomerization process, comprising contacting an organic compound-
containing feed with a catalyst comprising the metal organic framework described herein.
BRIEF DESCRIPTION OF THE DRAWINGS
[0014] Figure 1 shows the powder X-ray diffraction patterns of a MIL-101(Cr) and MIL-

101(Cr) after partial exchange with phenylene-bisphosphonic acid, also referred to herein as 1,4-
phenylene-bis(phosphonic acid), (Hs-PBPA).

[0015] Figure 2 shows the ATR-IR spectra of MIL-101(Cr) [lowermost graph] and MIL-
101(Cr) after treatment with various amounts of phenylene-bisphosphonic acid (Hs+-PBPA).
[0016] Figure 3 shows the N2 gas adsorption curves conducted at 77K of a MIL-101(Cr)
starting material and its phosphonate-exchanged products after reaction with 0.2, 0.6, 1.0 and 1.4
mol. equivalents of phenylene-bisphosphonic acid also referred to herein as 1,4-phenylene-
bis(phosphonic acid), (Hs-PBPA). Inset lists the micropore surface area and micropore volumes.
[0017] Figure 4 shows the powder X-ray diffraction patterns conducted on MIL-101(Cr) and
MIL-101(Cr) after partial linker exchange with perfluoro-1,4-phenylene-bis(phosphonic acid), (F4-
PBPA).

[0018] Figure 5 shows the N2 gas adsorption curves conducted at 77K of a MIL-101(Cr)
starting material and its phosphonate-exchanged products after reaction with 0.4, 0.8 and 1.6 mol.
equivalents of with perfluoro-1,4-phenylene-bis(phosphonic acid), (F4+-PBPA). Inset lists the
micropore surface area and micropore volumes.

[0019] Figure 6 shows the 3'P MAS NMR of MIL-101(Cr) after treatment with Hs-PBPA
(lower graph) and F4-PBPA (middle graph). The top graph is an overlay of the two spectra.
DETAILED DESCRIPTION OF THE EMBODIMENTS

[0020] Disclosed herein is a novel metal organic framework, designated EMM-42, which has

the structure of MIL-101(Cr) and comprises phenylene-bisphosphonic acid linking ligands, also
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referred to herein as 1,4-phenylene-bis(phosphonic acid) linking ligands, optionally together with
dicarboxylate linking ligands, and its use as a catalyst. Also disclosed is a process for producing
metal organic frameworks, such as EMM-42, by heterogeneous ligand exchange. In this process,
first organic linking ligands interconnecting secondary building units (SBUs) in a host metal
organic framework through a first bonding functionality are partially or completely replaced by
second organic linking ligands which bond to the SBUs through a second, different functionality.
[0021] MIL-101(Cr) is a metal organic framework composed of trigonal nodes of 3 chromium
and at least 13 oxygen atoms that are bridged by benzene-dicarboxylate linkages in the MTN (IZA
code) topology. MIL-101(Cr) is reported to have an X-ray diffraction pattern which includes the

characteristic lines listed in Table 1 below:

Table 1
Interplanar d-Spacing (A) Two-theta Relative Intensity
(100x1/10)

30.9764 2.85 33.2
26.7035 3.306 100
22.2394 3.97 21.2
20.3777 4.333 8.7
18.1352 4.869 18.2
17.0936 5.166 48.6
15.6749 5.634 19.9
14.9958 5.889 39.8
14.0302 6.295 2.3
13.527 6.529 4.1
10.8524 8.14 8.9
10.469 8.439 43.6
10.2609 8.611 21.2
9.7499 9.063 67
9.0681 9.746 5.8
8.7083 10.149 4.1
8.5493 10.339 9.5

7.85 11.263 5
7.533 11.738 3.6
5.6984 15.538 2.9

[0022] EMM-42 is a metal organic framework having the same SBUs as MIL-101(Cr),

namely trigonal nodes of 3 chromium atoms, in which some or all of the benzene-dicarboxylate
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ligands joining adjacent chromium nodes have been exchanged by phenylene-bisphosphonic acid
linking ligands. EMM-42 is isostructural with MIL-101(Cr) and so generally has a similar
characteristic X-ray diffraction pattern as MIL-101(Cr). As shown in Figure 1, there is nominal
difference in crystallinity. In some embodiments, therefore, it may be desirable to control the ligand
exchange so that no more than 50%, such as no more than 30%, for example no more than 20% of
the benzene-dicarboxylate acid ligands in the MIL-101(Cr) parent material are replaced by 1,4-
phenylene ligands. Typically, at least 5% of the benzene-dicarboxylic acid ligands in the MIL-
101(Cr) parent material are replaced by phenylene-bisphosphonic acid linking ligands.

[0023] One important difference between EMM-42 and MIL-101(Cr) concerns the nature of
the bonding functionality of the different ligands. Thus, in MIL-101(Cr) the bonding to each Cr:013
trigonal prism is via a monoprotic carboxylic acid group so that in the final MOF there is little or
no remaining acid functionality. In contrast, in EMM-42 the bonding to each Cr3015 trigonal prism
is via a diprotic phosphonic acid group so that the final MOF has acid functionality and, as will be
discussed in more detail below, exhibits catalytic activity for organic conversion reactions, such as
olefin isomerization. By suitable functionalization on one or more of the phenyl groups of
phenylene-bisphosphonate ligands, such as with electron withdrawing groups, this acidity can be
increased, potentially with an increased catalytic activity of the final MOF. Suitable electron
withdrawing groups include fluoro, chloro, bromo, iodo and nitro groups.

[0024] The process used to produce EMM-42 potentially has wide application in MOF
synthesis and involves solvent assisted ligand exchange of a host MOF including first organic
ligands having a first SBU bonding functionality by reaction in a liquid medium with an organic
compound capable of reacting with the SBUs of the host MOF to produce second organic linking
ligands having a second bonding functionality with the SBUs different from the first bonding
functionality. Of course in the case of EMM-42 synthesis, the host MOF is MIL-101(Cr) having
chromium SBUs interconnected by linking ligands having two monoprotic carboxylic acid groups
and the replacing ligands have two diprotic phosphonic acid groups. However, the process is
equally applicable to MOFs having different SBUs, including other metal ion/oxide-containing
groups, especially groups comprising at least one trivalent metal, such as chromium, iron,
vanadium and/or aluminum. Similarly, the process is applicable to host MOFs containing other
organic linking ligands than benzene-dicarboxylic acid ligands, including other aromatic or non-
aromatic dicarboxylate ligands, as well as ligands whose bonding functionality is not limited to
monoprotic acid functionality, including, for example, zeolitic imidazolate frameworks or ZIFs

and pyridine-containing frameworks. Further, the process can be used with other exchange ligands
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than bisphosphonate ligands, whether or not having a polyprotic acid bonding functionality, such
as sulfonates and boronates.

[0025] In the linker exchange process described herein, a first or host metal organic
framework (MOF) is provided in which the host MOF comprises a three-dimensional microporous
crystal framework structure comprising metal-containing secondary building units connected by
first organic linking ligands having a first bonding functionality with the secondary building units.
In some embodiments, it may be desirable to remove unreacted species or impurities from the as-
synthesized form of host MOF prior to linker exchange. These unreacted species or impurities may
be removed by appropriate techniques, e.g., involving washing and drying. For example, the as-
synthesized form of the host MOF may be washed with a suitable solvent, such as DMSO, followed
by solvent exchange with ethanol, acetonitrile, or the like, decanting solvent and drying, for
example, under vacuum at about 200 °C.

[0026] In another step of the process, a liquid medium is provided containing an organic linker
compound capable of reacting with the secondary building units in the host MOF to produce second
organic linking ligands having a second bonding functionality with the secondary building units
different from the first bonding functionality. For example, the first bonding functionality may be
via a monoprotic acid functionality whereas the second bonding functionality may be via a
polyprotic, such as a diprotic, acid functionality The organic linker compound may be present in
the liquid medium, for example, in the form of the protonated form of the linker composition and/or
in the form of a salt of the composition.

[0027] The liquid medium may comprise a solution of the organic linker compound in a
solvent. The solvent may be a polar organic solvent, such as N,N-dimethylformamide (DMF), N,N-
diethylformamide (DEF), N N-dimethylacetamide (DMAc), 1,3-dimethylpropyleneurea (DMPU),
a sulfoxide (e.g, dimethylsulfoxide or DMSO), a phosphoramide (e.g.,
hexamethylphosphoramide), an alcohol (e.g. butanol), acetonitrile (MeCN), triethylamine (TEA),
or a combination thereof. Alternatively, though not strictly organic, aqueous solvents such as
aqueous ammonia and ethanol mixtures, can be used as solvents for the linker compound(s).
[0028] Though polar organic compounds such as N,N-dimethylformamide (DMF) are
suggested as solvents herein, it should be understood that a solvent (or solvent system) useful in
the methods according to the invention and/or useful in making products according to the invention
should at least be able to solvate and/or solubilize the reactants to the extent necessary to allow
reaction to occur at a reasonable rate (or over a reasonable reaction time). They can also typically
be present in a substantially liquid phase at operating/reaction conditions (and optionally but

preferably also at STP).
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[0029] In certain embodiments, solvents (and/or solvent systems) particularly useful in the
invention can additionally or alternately exhibit a relatively high vapor pressure and/or a relatively
low boiling point. For instance, in some such embodiments, a relatively high vapor pressure can
represent at least 2.5 kPa at about 20 °C, for example at least about 3.0 kPa at about 20 °C, at least
about 3.5 kPa at about 20 °C, at least about 4.0 kPa at about 20 °C, at least about 4.5 kPa at about
20 °C, at least about 5.0 kPa at about 20 °C, at least about 5.5 kPa at about 20 °C, at least about 6.0
kPa at about 20 °C, at least about 6.5 kPa at about 20 °C, at least about 7.0 kPa at about 20 °C, at
least about 7.5 kPa at about 20 °C, at least about 8.0 kPa at about 20 °C, at least about 8.5 kPa at
about 20 °C, at least about 9.0 kPa at about 20 °C, or at least about 9.5 kPa at about 20 °C.
Optionally, if an upper boundary on vapor pressure is needed and/or desired, the relatively high
vapor pressure can be about 30 kPa or less at about 20 °C, e.g., about 25 kPa or less at about 20 °C,
about 20 kPa or less at about 20 °C, about 15 kPa or less at about 20 °C, or about 10 kPa or less at
about 20 °C. Additionally or alternately, in some such embodiments, a relatively low boiling point
can represent 99 °C or less, e.g., about 98 °C or less, about 96 °C or less, about 95 °C or less, about
93 °C or less, about 91 °C or less, about 90 °C or less, about 88 °C or less, about 86 °C or less, about
85 °C or less, about 83 °C or less, about 81 °C or less, or about 80 °C or less. Optionally, if a lower
boundary on boiling point is needed and/or desired (preferably, the solvent can have a boiling point
above ambient temperature, so as to be in a liquid phase), the relatively low boiling point can be at
least about 25 °C, e.g., at least about 30 °C, at least about 35 °C, at least about 40 °C, at least about
45 °C, at least about 50 °C, at least about 55 °C, at least about 60 °C, at least about 65 °C, at least
about 70 °C, at least about 75 °C, or at least about 80 °C. One such non-limiting example of a
solvent system having both a relatively low boiling point and a relatively high vapor pressure
includes a mixture of acetonitrile and triethylamine.

[0030] In another step of the present process, the host MOF is contacted with the liquid
medium comprising organic linker compound. This contact may take place by combining (1) the
host MOF, (2) the solvent, and (3) a source of organic linker compound in any order. For example,
host MOF and organic linker compound may first be combined, and the solvent may be added to
this combination, accomplishing the simultaneous formation of a liquid medium comprising the
organic linker compound and contact of this composition with the host MOF. In a convenient
embodiment, the source of organic linker compound can first be dissolved in the solvent, and either
the resulting solution can be added to the host MOF or the host MOF can be added to the solution.
[0031] The amount of organic linking ligand used in the contacting step may be selected so
that the molar ratio of the organic linking compound to first organic linking ligand in the host MOF

is from 0.01 to 10, e.g., from 0.02 to 5, from 0.03 to 2, from 0.04 to 2, from 0.05 to 1, from 0.1 to
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0.8, from 0.1 to 0.7, from 0.1 to 0.6, from 0.1 to 0.5, from 0.1 to 0.4. In particular, where less than
complete exchange of the first organic linking ligand is desired, the molar ratio of the organic
linking compound to first organic linking ligand in the host MOF is advantageously below 1, or
alternatively below 0.5.

[0032] The combined mixture of the host MOF with the liquid medium comprising the organic
linking compound can be maintained under conditions sufficient to achieve at least partial
exchange of the first linking ligand with the second linking ligand and produce the second MOF.
The contact may take place for a sufficient time to achieve at least partial exchange, e.g., from at
least 1 hour to as much as 10 days, from 1 hour to 7 days, from 1 hour to 5 days, from 1 hour to 3
days, from 2 hours to 10 days, from 2 hours to 7 days, from 2 hours to 5 days, from 2 hours to 3
days, from 4 hours to 10 days, from 4 hours to 7 days, from 4 hours to 5 days, from 4 hours to 3
days, from 8 hours to 10 days, from 8 hours to 7 days, from 8 hours to 5 days, from 8§ hours to 3
days, from 12 hours to 10 days, from 12 hours to 7 days, from 12 hours to 5 days, from 12 hours
to 3 days, from 18 hours to 10 days, from 18 hours to 7 days, from 18 hours to 5 days, from 18
hours to 3 days, from 24 hours to 10 days, from 24 hours to 7 days, from 24 hours to 5 days, or
from 24 hours to 3 days. The temperature of the combined mixture of the host MOF with the liquid
medium comprising the organic linking compound may range, for example, from a temperature of
about -78 °C (dry-ice bath temperature) to the boiling temperature of the solvent (the normal boiling
point of N,N-dimethylformamide is about 153 °C and of dimethylsulfoxide is about 189 °C), from
about 0 °C (ice water bath temperature) to at least 10 °C below the boiling temperature of the
solvent, or from about 15 °C to at least 15 °C below the boiling temperature of the solvent (or
alternately to about 100 °C). When contact takes place in a pressurized vessel, the temperature may
exceed the boiling temperature of the solvent. For example, the contact may take place at room
temperature or greater, such as from about 18 °C to about 200 °C or from about 75 °C to about 150
°C.

[0033] After the contacting is complete, the second MOF may be recovered and treated, if
necessary or desired (e.g., to remove molecules from the pore space of the second MOF). This
treatment may involve techniques for activating the as-synthesized form of a MOF prepared by
solvothermal methods, for example, as described in U.S. Patent Nos. 8,314,245 and 8,071,063. For
example, the recovered MOF may be washed and then solvent exchanged with acetonitrile and
dried. Finally the dried acetonitrile-exchanged product may be placed under vacuum, e.g., less than
about 10 mTorr at about 180 °C for about 18 hours, to yield the activated form of the MOF.
[0034] Depending on the nature of the second organic linking ligands and, if still partially

present, the first organic linking ligands, the resultant activated second MOF may have a variety
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of uses, such as an adsorbent for gases such as hydrogen, nitrogen, oxygen, inert gases, carbon
monoxide, carbon dioxide, sulfur dioxide, sulfur trioxide, hydrogen sulfide, ammonia, methane,
natural gas, hydrocarbons and amines. In addition, where, as with EMM-42, the second MOF has
acid functionality, other potential uses are in organic compound conversion reactions. Thus, in the
case of EMM-42, one such catalytic use is in catalytic olefin isomerization, namely in shifting the
position of the double bond in a Cs+ olefin, for example converting 2-methyl-2-pentene to 2-
methyl-1-pentene. Such a process can, for example, be conducted by contacting a sowrce of the
olefin to be somerized with EMM-42 at a temperature from about 200 °C to about 400 °C, such
as from about 250 °C to about 350 °C.

[0035] The invention can additionally or alternatively include one or more of the following
embodiments.

[0036] Embodiment 1. A metal organic framework having the structure of MIL-101(Cr) and
comprising phenylene-bisphosphonic acid linking ligands.

[0037] Embodiment 2. The metal organic framework of embodiment 1 wherein the
phenylene-bisphosphonic linking ligand is a tetrafluorophenylene-bisphosphonic acid linking
ligand.

[0038] Embodiment 3. The metal organic framework of embodiment 1 or embodiment 2,
wherein the metal organic framework comprises at least one trivalent metal.

[0039] Embodiment 4. The metal organic framework of embodiment 3, wherein the at least
one trivalent metal is selected from the group consisting of chromium, iron, aluminum, vanadium
and combinations thereof.

[0040] Embodiment 5. A metal organic framework comprising trigonal nodes of 3
chromium atoms and at least 13 oxygen atoms partially or fully interconnected by phenylene-
bisphosphonic linking ligands.

[0041] Embodiment 6. The metal organic framework of embodiment 5, wherein the
phenylene-bisphosphonic linking ligand is a tetrafluorophenylene-bisphosphonic ligand.

[0042] Embodiment 7. The metal organic framework of embodiment 5 or embodiment 6,
wherein at least one of the phenyl groups of the phenylene-bisphosphonic ligand is substituted with
one or more electron withdrawing groups.

[0043] Embodiment 8. The metal organic framework of embodiment 5, embodiment 6 or
embodiment 7, wherein the metal organic framework comprises at least one trivalent metal.
[0044] Embodiment 9. The metal organic framework of embodiment 8, wherein the at least
one trivalent metal is selected from the group consisting of chromium, iron, aluminum, vanadium

and combinations thereof.
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[0045] Embodiment 10. The metal organic framework of any of the preceding claims, further
comprising a pore diameter of up to about 30A.

[0040] Embodiment 11. A process for exchanging an organic linking ligand in a metal

organic framework of embodiment 1, the process comprising:

(a) providing a first metal organic framework comprising a three-dimensional microporous
crystal framework structure comprising metal-containing secondary building units connected by
first organic linking ligands comprising a benzene-dicarboxylate having a first bonding
functionality with the secondary building units,

(b) providing a liquid medium containing an organic compound capable of reacting with the
secondary building units to produce second organic linking ligands having a second bonding
functionality with the secondary building units different from the first bonding functionality; and

© contacting the first metal organic framework with the liquid medium under conditions
effective for the organic compound to react with the secondary building units in the first metal
organic framework and exchange at least some of the first organic linking ligands with second
organic linking ligands and produce a second metal organic framework.

[0047] Embodiment 12. The process of embodiment 11, wherein the first organic linking
ligand is bonded to each secondary building unit through a monoprotic acid group.

[0048] Embodiment 13. The process of embodiment 11 or embodiment 12, wherein the
second organic linking ligand is bonded to each secondary building unit through a polyprotic acid
group.

[0049] Embodiment 14. The process of embodiment 11, embodiment 12 or embodiment 13,
wherein the second organic linking ligand is bonded to each secondary building unit through a
diprotic acid group.

[0050] Embodiment 15. The process of embodiment 11, embodiment 12, embodiment 13 or
embodiment 14, wherein the second organic linking ligand comprises a phenylene-bisphosphonic
acid.

[0051] Embodiment 16. The process of embodiment 15, wherein the second organic linking
ligand comprises tetrafluorophenylene-bisphosphonic acid.

[0052] Embodiment 17. The process of embodiment 11, embodiment 12, embodiment 13,
embodiment 14, embodiment 15 or embodiment 16, wherein the secondary building units comprise
at least one trivalent metal.

[0053] Embodiment 18. The process of embodiment 17, wherein the secondary building units
at least one trivalent metal is selected from the group consisting of chromium, iron, aluminum,

vanadium and combinations thereof.
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[0054] Embodiment 19. The process of embodiment 11, embodiment 12, embodiment 13,
embodiment 14, embodiment 15, embodiment 16 or embodiment 17, wherein the second metal
organic framework is isostructural with the first metal organic framework.

[0055] Embodiment 20. The process of embodiments 11 to 19, wherein the first metal
organic framework has the structure of MIL-101(Cr).

[0056] Embodiment 21. An organic compound conversion process comprising contacting an
organic compound-containing feed with a catalyst comprising the metal organic framework of
embodiments 1 to 10.

[0057] Embodiment 22. An olefin isomerization process comprising contacting an olefin-
containing feed with a catalyst comprising the metal organic framework of any one of embodiments
1 to 10.

[0058] The invention will now be more particularly described with reference to the following
non-limiting Examples and the accompanying drawings.

[0059] The X-ray diffraction data reported in the Examples were collected with a Bruker D8
Endeavor diffraction system with an lynxeye detector, using copper K-alpha radiation. The
diffraction data were recorded by step-scanning at 0.02 degrees of two-theta, where theta is the
Bragg angle, and using an effective counting time of 2 seconds for each step.

Example 1: Ligand exchange of phenylene-bisphosphonic acid. also referred to as 1.4-phenylene-
bis(phosphonic acid). (Hs+-PBPA) into MIL-101(Cr)

[0060] 2 g of MIL-101 (Cr) was suspended in 150 mL of dimethylsulfoxide (DMSO), to this,
2 g of H+-PBPA was added. The reaction was then heated with stirring for 3 days at 150 °C. Upon

completion, the reaction was filtered and washed by stirring in DMSO at 150 °C for an additional
day. The solids were isolated by filtration and washed by solvent extraction with acetonitrile
overnight. Fig. 1 shows the resulting X-ray diffraction pattern.

Example 2: Ligand Exchange of tetrafluorophenylene-bisphosphonic acid (F+-PBPA) into MIL.-

101(Cr)
[0061] 1.75 g of MIL-101 (Cr) was suspended in 150 mL of dimethylsulfoxide (DMSO), to

this, 3.5 g of tetrafluorophenylene-bisphosphonic acid was added. The reaction was then heated
and stirred for 3 days at 150 °C. Upon completion, the reaction was filtered and washed by stirring
in dimethylsulfoxide (DMSQ) at 150 °C for an additional day. The solids were isolated by filtration
and washed by solvent extraction with acetonitrile overnight. Figure 4 shows the resulting X-ray
diffraction pattern.

Example 3: Catalvtic testing of materials generated in Examples 1 and 2
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[0062] A series of tests of the catalytic activity of the MIL-101 parent material and the EMM-
42 produced in Examples 1 and 2 for the isomerization of 2-methyl-2-pentene (2MP=2) were
conducted at temperatures of 250 °C and 350 °C. The results are shown in Tables 2, 3 and 4
respectively, where all product composition values are in wt.% and the following abbreviations are
used:

. 3MP=1,4MP=1 designates the total amount of 3-methyl-1-pentene and 4-methyl-1-

pentene;

. 4MP=2 designates the total amount of cis- and trans-4-methyl-2-pentene;

. 2MP=1 designates 2-methyl-1-pentene;

. 3MP=2 designates the total amount of cis- and trans-3-methyl-2-pentene;

. 23DMB=1 designates 2,3-dimethyl-1-butene;

. 23DMB=2 designates 2,3-dimethyl-2-butene;

. 2EB=1 designates 2-ethyl-1-butene; and

. t-2H= designates trans 2-hexene, no cis isomer having been detected.
[0063] From Tables 2, 3 and 4, it will be seen that MIL-101(Cr) showed only mild catalytic
activity for the isomerization of 2MP=1 and 2MP=2, while the phosphonate-exchanged materials
MIL-101(Cr) demonstrated moderate isomerization activity as evidenced by the production of

23DMB-=1 and 23DMB=2, for example.
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CLAIMS

1. A metal organic framework having the structure of MIL-101(Cr) and comprising
phenylene-bisphosphonic acid linking ligands.

2. The metal organic framework of claim 1 wherein the phenylene-bisphosphonic linking

ligand is a tetrafluorophenylene-bisphosphonic acid linking ligand.

3. The metal organic framework of claim 1 or claim 2, wherein the metal organic framework
comprises at least one trivalent metal.

4. The metal organic framework of claim 3, wherein the at least one trivalent metal is selected
from the group consisting of chromium, iron, aluminum, vanadium and combinations thereof.

5. A metal organic framework comprising trigonal nodes of 3 chromium atoms and at least
13 oxygen atoms partially or fully interconnected by phenylene-bisphosphonic linking ligands.

6. The metal organic framework of claim 5, wherein the phenylene-bisphosphonic linking
ligand is a tetrafluorophenylene-bisphosphonic ligand.

7. The metal organic framework of claim 5 or claim 6, wherein at least one of the phenyl
groups of the phenylene-bisphosphonic ligand is substituted with one or more electron
withdrawing groups.

8. The metal organic framework of claim 5, claim 6 or claim 7, wherein the metal organic
framework comprises at least one trivalent metal.

9. The metal organic framework of claim 8, wherein the at least one trivalent metal is selected
from the group consisting of chromium, iron, aluminum, vanadium and combinations thereof.

10. The metal organic framework of any of the preceding claims, further comprising a pore
diameter of up to about 30A.

11. A process for exchanging an organic linking ligand in a metal organic framework of
embodiment 1, the process comprising;

(a) providing a first metal organic framework comprising a three-dimensional microporous
crystal framework structure comprising metal-containing secondary building units connected by
first organic linking ligands comprising a benzene-dicarboxylate having a first bonding
functionality with the secondary building units,

(b) providing a liquid medium containing an organic compound capable of reacting with the
secondary building units to produce second organic linking ligands having a second bonding
functionality with the secondary building units different from the first bonding functionality; and
© contacting the first metal organic framework with the liquid medium under conditions
effective for the organic compound to react with the secondary building units in the first metal

organic framework and exchange at least some of the first organic linking ligands with second
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organic linking ligands and produce a second metal organic framework.

12. The process of claim 11, wherein the first organic linking ligand is bonded to each
secondary building unit through a monoprotic acid group.

13. The process of claim 11 or claim 12, wherein the second organic linking ligand is bonded
to each secondary building unit through a polyprotic acid group.

14. The process of claim 11, claim 12 or claim 13, wherein the second organic linking ligand
is bonded to each secondary building unit through a diprotic acid group.

15. The process of claim 11, claim 12, claim 13 or claim 14, wherein the second organic linking
ligand comprises a phenylene-bisphosphonic acid.

16. The process of claim 15, wherein the second organic linking ligand comprises
tetrafluorophenylene-bisphosphonic acid.

17. The process of claim 11, claim 12, claim 13, claim 14, claim 15 or claim 16, wherein the
secondary building units comprise at least one trivalent metal.

18. The process of claim 17, wherein the secondary building units at least one trivalent metal
is selected from the group consisting of chromium, iron, aluminum, vanadium and combinations
thereof.

19. The process of claim 11, claim 12, claim 13, claim 14, claim 15, claim 16 or claim 17,
wherein the second metal organic framework is isostructural with the first metal organic
framework.

20.  The process of claims 11 to 19, wherein the first metal organic framework has the structure
of MIL-101(Cr).

21. An organic compound conversion process comprising contacting an organic compound-
containing feed with a catalyst comprising the metal organic framework of claims 1 to 10.

22. An olefin isomerization process comprising contacting an olefin-containing feed with a

catalyst comprising the metal organic framework of any one of claims 1 to 10.



PCT/US2018/030833

WO 2018/204607

1/6

| Papﬁftreateci MIL-10HCr)

%
3
A P
% s
A\\\\\\\\ ‘\\\\\\w
%,
“
7 7
% %
iy gt
it By 4

S e
\\vw\\\\\\\\\\\\h\u\\x
,

i L.
\\\\\\\\\\\\\\\\

o "
% \
—y ettt
\A~ \\\“\ o
g Rl

20" )Cu(K )

FIG. 1



WO 2018/204607 PCT/US2018/030833

2/6
— 1.4 eq. reatment
~ 1.0 eq. freatment )
— 0.6 eq. treatment I A
It A

————————— 0.2 eq. treatment
— MIL-104{Cr}

i A
i / - X i
4 v \\_A/ V\'\Jl \/\//\ \\/\\ N J \\./‘ \J’f

NNV A AN A

VN N

o | | i : i |
2000 1800 1600 1400 1200 1000 800 600 400
Wavenumber / cm-1

SUBSTITUTE SHEET (RULE 26)



WO 2018/204607

1200

3/6

PBPA treatment

PCT/US2018/030833

1000 -
™ 800-
O
O 800-
“us i\\

o =
}ﬁ 480\§\\\
200
0

y

A&

W

RN

18 ey toeatrment.
1oy, oaiment

Hicropote SA fin¥gy Pore Vel {coigh

0.0

+ ¥

0.4 0.6
PIP,

FIG. 3



PCT/US2018/030833

WO 2018/204607

4/6

RRNNNERE

F,-PBPA-treated MIL-101(Cr)

RELELEIIIA

7
%
‘\.“\\v
%
\\\\\\\ﬂ N

\\Qi

D

4
0
7
i,

\\\w\\\\\\\\\\\““““““\\\\\A\\.\\\\\\\\\\“\\\
. arrrr

i,

e

4

g
b
gl

2 ,
A
x\\\\\\\\\x\\wu

MIL-101(Cr)

N
oo

il

AP .&u\\\\\\\\\\w@\ Sy
74 27 grs

psssss 4

2,

2%

",

20(")Cu(K)

FIG. 4



WO 2018/204607

5/6

F4-PBPA treatment

PCT/US2018/030833

1200
0000
1600+ OOC}@OQ(}Q{}@O
<
- 800- <& o R
> f ojsislvivinjuiniupnguingnig 3.
;% 600 Q%%g AAAAAAAAAmﬁ
(2]
T " ~mmy
@ Sample Micropore SA (m#/g) | Pore Vol. {co/g)
> 400 WILA 0107 5504 1453
0.4 eq. treatment 2364 1.06
200+ (1.8 eq, freatment 2181 0.873
1.8 s0. fregtment 1955 0.89
0 H H ¥ ¥ 3
0.0 0.4 0.8 0.8 1.0

PIPg

Fl

SUBSTITUTE SHEET (RULE 26)



WO 2018/204607 PCT/US2018/030833

66
|
! i
\
MSA100421 6mg - NM/ \ - MIL-A01(Cr) reted with F4-PBPA
MWWMMWaWMMI o s T e i AR i s
JF2B836-204:18 4mg VA MIL-A01(Cr) reated with HA-PEPA
200 150 1006 50 O  -50 -100 -150

SUBSTITUTE SHEET (RULE 26)



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2018/030833

A. CLASSIFICATION OF SUBJECT MATTER

INV. CO7F9/38 B01J20/22
ADD.

C07C5/22

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Co7F B0lJ CO7C

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

Y KUNYUE LENG ET AL:

Hydrofluoric Acid",
CRYSTAL GROWTH & DESIGN.,

pages 1168-1171, XP55489292,
us

ISSN: 1528-7483, DOI:
10.1021/acs.cgd.5b01696
abstract

* scheme 1 *

"Rapid Synthesis of
Metal-Organic Frameworks MIL-101(Cr)
Without the Addition of Solvent and

vol. 16, no. 3, 2 March 2016 (2016-03-02),

1-22

Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

10 July 2018

Date of mailing of the international search report

18/07/2018

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Eberhard, Michael

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 3




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2018/030833

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

Y

ZAKARIAE AMGHOUZ ET AL:
"Organic-Inorganic Hybrids Assembled from
Lanthanide and
1,4-Phenylenebis(phosphonate)",

CRYSTAL GROWTH & DESIGN.,

vol. 11, no. 12,

7 December 2011 (2011-12-07), pages
5289-5297, XP055489291,

I

ISSN: 1528-7483, DOI: 10.1021/cg2008254
paragraph [Introduction]

abstract

KIM M ET AL: "Postsynthetic Ligand and
Cation Exchange in Robust Metal-Organic
Frameworks",

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY,
AMERICAN CHEMICAL SOCIETY, US,

vol. 134, no. 43,

31 October 2012 (2012-10-31), pages
18082-18088, XP002714287,

ISSN: 0002-7863, DOI: 10.1021/JA3079219
[retrieved on 2012-10-18]

cited in the application

paragraph [Conclusion]

page 18084, column 1, paragraph 2

F L Morel: "Synthesis of
phosphine-functionalized metal-organic
frameworks and their applications in
metal-supported catalysis",

A thesis submitted to attain the degree of
DOCTOR OF SCIENCES of ETH ZURICH,

1 January 2016 (2016-01-01), pages 1-168,
XP55487768,

DOI: 10.3929/ethz-a-010652144

Retrieved from the Internet:

URL : www

[retrieved on 2018-06-26]

* Chapters 1.6.3, 3.5 *

NABANITA PAL ET AL: "Organic-inorganic
hybrid supermicroporous chromium
oxophenylphosphate with magnetic and
catalytic properties",

JOURNAL OF MAGNETISM AND MAGNETIC
MATERIALS,

vol. 363, 1 August 2014 (2014-08-01),
pages 210-216, XP055489976,

AMSTERDAM, NL

ISSN: 0304-8853, DOI:
10.1016/j.jmmm.2014.03.059

abstract

1-22

11-20

1-22

1-22

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 3




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2018/030833

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

A

NABANITA PAL ET AL: "New Extra Large Pore
Chromium Oxophenylphosphate: An Efficient
Catalyst in Liquid Phase Partial Oxidation
Reactions",

THE OPEN CATALYSIS JOURNAL,

vol. 2, no. 1,

15 December 2009 (2009-12-15), pages
156-162, XP055489988,

ISSN: 1876-214X, DOI:
10.2174/1876214X00902010156

abstract

1-22

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 3 of 3




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - claims
	Page 18 - claims
	Page 19 - drawings
	Page 20 - drawings
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - wo-search-report
	Page 26 - wo-search-report
	Page 27 - wo-search-report

