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Abstract: Fluoroarenes are widely used in medicinal, agricultural, and materials chemistry, and
yet their production remains a critical challenge in organic synthesis. Indeed, the nearly identical
physical properties of these vital building blocks hinders their purification by traditional methods,
such as flash chromatography or distillation. As a result, the Balz-Schiemann reaction is currently
employed to prepare fluoroarenes instead of more atom economical C—H fluorination reactions,
which produce inseparable mixtures of regioisomers. Herein, we propose an alternative solution
to this problem: the purification of mixtures of fluoroarenes using metal-organic frameworks
(MOFs). Specifically, we demonstrate that controlling the interaction of fluoroarenes with adjacent
coordinatively-unsaturated Mg?* centers within a MOF enables the separation of fluoroarene
mixtures with unparalleled selectivities. Liquid-phase multicomponent equilibrium adsorption
data and breakthrough measurements coupled with van der Waals-corrected density functional
theory calculations reveal that the materials Mgz(dobdc) (dobdc* = 2,5-dioxidobenzene-1,4-
dicarboxylate) and Mgz(m-dobdc) (m-dobdc* = 2,4-dioxidobenzene-1,5-dicarboxylate) are
capable of separating the difluorobenzene isomers from one another. Additionally, these
frameworks facilitate the separations of fluoroanisoles, fluorotoluenes, and fluorochlorobenzenes.
In addition to enabling currently unfeasible separations for the production of fluoroarenes, our
results suggest that carefully controlling the interaction of isomers with not one but two strong
binding sites within a MOF provides a general strategy for achieving challenging liquid-phase
separations.

Introduction

Fluorinated compounds such as fluoroarenes are ubiquitous in the pharmaceutical™* and
agrochemical® industries, because fluorination generally improves the bioavailability,
lipophilicity, and metabolic stability of target molecules. Indeed, approximately 20% of
pharmaceuticals and 30% of agrochemicals are fluorinated.®® In addition, fluorinated building
blocks are critical for the production of fluoropolymers such as Teflon.® Despite decades of method
development, the synthesis of fluorinated compounds still generally requires pre-functionalized
starting materials and harsh reaction conditions.”*! For example, the most widely-used industrial



method to prepare simple fluoroarenes is the Balz-Schiemann reaction, which involves the
thermolysis of aryl tetrafluoroborate diazonium salts (Figure 1a, left).!? This reaction generally
results in low yields, presents significant safety hazards due to the explosiveness of diazonium
salts, and requires an aniline starting material, which is typically prepared from the corresponding
arene.’® In contrast, the most sustainable and atom-economical strategy to prepare fluoroarenes
would be via the undirected C—H fluorination of arenes using fluorine (F2) or transition metal-
catalyzed methods (Figure 1a, right).814® However, C—H fluorination often produces mixtures of
fluoroarene regioisomers (Ar—F) along with residual starting arene (Ar—H),*4-¢ all of which are
nearly impossible to separate from one another using chromatography or distillation.6-2°
Therefore, the development of new strategies for the selective purification of mixtures of
fluoroarene regioisomers, as well as fluoroarenes from the corresponding arenes, would enable
currently unrealized and potentially more atom-economical strategies for the production of
fluoroarenes on industrial scale (Figure 1b).

Metal-organic frameworks (MOFs) are porous, crystalline solids, composed of metal nodes
and organic linkers, that exhibit a high degree of chemical and structural diversity.?* These features
have positioned MOFs as promising candidate solid phases for chromatographic separations,?>2°
although this application remains vastly underexplored compared to the development of such
materials for gas separations.®>3! Similar to molecular sieves and thin-film membranes, MOFs
have been studied for shape- and size-based kinetic separations in the liquid phase.3>2°
Additionally, MOFs have been shown to separate adsorbates based on selective interactions with
specific functional groups,®*%-48 enabling separations based on the differential interaction of guest
molecules with strong binding sites.*®®® However, size-selective separations of fluoroarene
isomers are not viable because fluorine is nearly the same size as hydrogen, and organofluorines
only weakly engage in intermolecular interactions such as hydrogen- or halogen-bonding, limiting
the strength of adsorbate—adsorbent interactions.® Hence, a distinct strategy is required to harness
metal-organic frameworks as a platform for the challenging separation of fluoroarene isomers.

Effective separations of small molecules (e.g., CO> from N.) using MOFs are generally
predicated on the selective interaction of adsorbates with a single, well-defined binding site, such
as a coordinatively-unsaturated metal center.3-** Because fluoroarenes should interact weakly with
open metal centers,> 8 we hypothesized that carefully tuning the interaction of fluoroarenes with
multiple open metal centers in a framework would lead to higher selectivities than can be achieved
at a single site. Indeed, recent work has shown that the framework Coz(dobdc) (dobdc* = 2,5-
dioxidobenzene-1,4-dicarboxylate) is able to efficiently separate the Cg alkylaromatics o-xylene,
m-xylene, p-xylene, and ethylbenzene as a result of the unique synergistic interactions of two
adjacent open cobalt(l1) sites with each isomer.>® Herein, we demonstrate that a similar strategy
enables the general purification of mixtures of fluoroarene regioisomers, as well as mixtures of
arenes based on the degree of fluorination. Thus, tuning the interactions of liquid adsorbates with
multiple strong, well-defined binding sites can provide a powerful and general means for achieving
otherwise challenging chromatographic separations.
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Figure 1. A nitration-reduction-diazotization route (a) is generally used to prepare fluoroarenes because the more
facile electrophilic C—H fluorination of arenes is not selective, and the separation of the resulting isomers remains a
significant challenge. (b) The discovery of a suitable adsorbent capable of effective fluoroarene isomer separation
would enable the use of C—H fluorination for the synthesis of valuable fluorinated arenes (this work).

Results and Discussion

Separation of Difluorobenzene Isomers. The separation of o-difluorobenzene (o0-PhF2), m-
difluorobenzene (m-PhF2), and p-difluorobenzene (p-PhF.) is one example of the challenging
purification of fluoroarene regioisomers (Figure 1). These difluorobenzenes are valuable building
blocks in the pharmaceutical industry, and 0-PhF is a widely-used (and costly) solvent.®® Notably,
the direct fluorination of fluorobenzene (PhF) with F2 produces a mixture of all three compounds
that is challenging to purify using conventional methods.®* To the best of our knowledge, this
difficult separation has never been explored using MOFs, leading us to select it as an initial target
for our proposed strategy.

Exploring the purification of difluorobenzenes via controlled interactions with multiple
adjacent metal centers requires frameworks with high densities of open metal sites spaced
approximately 6—8 A apart, or slightly longer than the length of p-PhF, (~5.5 A). The M2(dobdc)
(M = Mg, Mn, Fe, Co, Ni, Cu, Zn, Cd) or M-MOF-74 525 family of frameworks was therefore
identified as a promising target, given that it features coordinatively-unsaturated metal cations
spaced approximately 8 A apart along one-dimensional hexagonal channels.>® We also chose to
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Figure 2. Metal-organic frameworks bearing coordinatively unsaturated metal centers studied in this work for the
separation of fluoroarene regioisomers. (a) Mz(dobdc) (M = Mg, Co, Ni, Zn), (b) Mz(m-dobdc) (M = Mg, Co, Ni), (c)
Mg.(dobpdc), and (d) Cus(btc).. Gray, white, green, red, and blue spheres correspond to carbon, hydrogen,
magnesium, oxygen, and copper, respectively.

investigate the isomeric family Ma(m-dobdc) (M = Mg, Mn, Fe, Co, Ni; m-dobdc* = 2,4-
dioxidobenzene-1,5-dicarboxylate), which bears open metal sites that are more Lewis acidic and
spaced slightly more closely than those in Mz(dobdc) (Figure 2b).%> The range of cations that can
be incorporated into both structures further offers an opportunity to interrogate subtle differences
in framework geometry and F--M interaction strength on the binding of difluorobenzenes. In
addition, we sought to explore the isoreticularly expanded analogue of Maz(dobdc), namely
Mz(dobpdc) (M = Mg, Mn, Fe, Co, Ni, Zn; dobpdc*™ = 4,4'-dioxidobiphenyl-3,3’-dicarboxylate),
which possesses a similar overall topology but with metal centers spaced 10—-12 A apart (Figure
2c).56-%8 Finally, the well-studied framework Cus(btc), (btc®> = 1,3,5-benzenetricarboxylate) or
HKUST-1 also features accessible metal sites spaced approximately 8 A apart and was therefore
selected as an alternative candidate solid phase (Figure 2d).%° Literature procedures for the



synthesis of Mz(dobdc) (M = Mg, Co, Ni, Zn), M2(m-dobdc) (M = Mg, Co, Ni), Mgz(dobpdc), and
Cus(btc)> were adapted to prepare these materials on scales of greater than 1 g. Following
synthesis, the compounds were thoroughly solvent-exchanged, and their purity and crystallinity
were confirmed by comparing their powder X-ray diffraction patterns and 77 K N2 surface areas
to those reported in the literature (see Section 3 of the Supporting Information (SI) for details). As
a control, we also analyzed the fluoroarene adsorption properties of CD-MOF-1 (CD = y-
cyclodextrin), which is prepared from inexpensive, edible ingredients and has previously been
shown to separate mixtures of haloarenes (e.g., PhF from PhCI) (see Section 5 of the Sl for
details).*7°

Isothermal multicomponent liquid-phase adsorption measurements were first carried out to
assess the ability of the frameworks bearing open metal sites to partition a mixture of o-, m-, and
p-PhF.. These competitive adsorption experiments provide insight into the performance of MOFs
under mixed-adsorbate conditions, which can differ dramatically from the ideal selectivities
predicted from single-component measurements. Briefly, in an N-filled glovebox, 4 mL vials
containing fully desolvated samples of each MOF (in triplicate) were charged with an equimolar
(~0.5 M) mixture of o-, m-, and p-PhF; in heptanes. The vials were left to stand for 24 h, after
which time the supernatants were analyzed by **F NMR and compared to the initial solution,
enabling the independent quantification of each fluoroarene adsorbed within each framework (see
the Section 2 of the SI). In addition to this indirect measurement of fluoroarene adsorption,
fluoroarene binding in Mgz(dobdc) was also confirmed directly by magic angle spinning solid-
state 1°F NMR and transmission IR measurements (see Section 9 of the Sl for details). From the
multicomponent uptake data, competitive selectivities, S, for component i over component j were
calculated using eq 1, in which gi and g are the amount of each component adsorbed at equilibrium
(in mmol/g) and cj and c; are the concentrations of each component at equilibrium (in M).

_ 4i/aq;j
S = Ci/C; 1)

In general, the adsorption selectivity for all frameworks follows the trend p-PhF, > m-PhF; >
0-PhF2 (Figure 3), and by far the highest selectivities were measured for the Mg-based frameworks
Mgz(dobdc) and Mgz(m-dobdc) (Table S1). Among all studied frameworks, Mgz(dobdc) was
uniquely able to partition the difluorobenzenes mixture, with high selectivities of 6.5 + 0.5, 3.1 +
0.1, and 2.1 £ 0.1 for p-PhF2/0-PhF2, p-PhF2/m-PhF2, and m-PhF2/0-PhF,, respectively (Table S1).
These data were independently verified by two-component adsorption measurements, which
yielded similar or higher selectivities in all cases (see Section 6 of the S| for details). On the other
hand, while Mg2(m-dobdc) demonstrated very high selectivities for both p-PhF, and m-PhF, over
0-PhF», it was unable to discriminate between m-PhF, and p-PhF2 (see below). The superior
performance of these two frameworks is ascribed in part to the hardness of the exposed Mg?*
cations, which should engage in stronger interactions with the similarly hard F atoms of the
difluorobenzene isomers than Ni?*, Cu?*, Co?*, or Zn?* sites.>>® Indeed, the calculated hardness
parameter (1) of Mg?* is significantly larger (32.5 eV) than for Ni?* (8.5 eV), Cu?* (8.3 eV), and
Zn?* (10.8 eV).”* Additionally, there are several reports of crystallographically characterized
molecular complexes featuring fluoroarenes engaged in short Mg?*--F contacts.”>’® Finally, the



comparatively poor performance of Mgz(dobpdc) for separating difluorobenzenes indicates that,
in addition to a high-density of hard Mg?* centers, the distance between metal ions is a critical
factor influencing selectivity. Overall, these results demonstrate that frameworks bearing a high

density of closely-spaced Mg?* centers are capable of differentiating between difluorobenzene
isomers.
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Figure 3. Summary of adsorption selectivities calculated from isothermal equilibrium three-component data for
uptake of o-, m-, and p-difluorobenzene in various MOFs. Each value represents the average of three separate
measurements. Samples were dosed with an approximately equimolar mixture (~0.5 M in each isomer) in heptanes
and allowed to equilibrate at room temperature over 24 h followed by analysis of the supernatant by °F NMR.
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Van der Waals-corrected density functional theory calculations were carried out to probe the
binding mode of each difluorobenzene isomer within Mgz(dobdc) (see Section 10 of the SI for
details). A comparison of the lowest-energy structures of the difluorobenzene isomers in
Mgz (dobdc) reveals that all three isomers display off-centered n—r stacking interactions with the
benzene ring of a dobdc*” linker, with centroid-to-centroid distances of 3.71, 3.60, and 3.24 A for
0-PhF2, m-PhF, and p-PhF., respectively (Figure 4). The shorter distance for p-PhF. reflects the
superior packing of this adsorbate in the pores compared to the other two isomers. Of note, these
calculated n—n distances are similar to those previously reported for xylene isomers adsorbed in
Coz(dobdc) (3.58-3.65 A).%° In addition, all three difluorobenzene isomers are predicted to bridge
two adjacent metal sites on opposing sides of a dobdc*” linker via at least one Mg:-F interaction.>>-
%8 Whereas 0-PhF, and m-PhF; bind to these sites via one Mg--F and one weak Mg--H—C
interaction, the 1,4-substitution of p-PhF allows both fluorine atoms to strongly interact with both
metal centers, with calculated Mg-F distances of 2.39 and 2.43 A, respectively. The unique
bridging mode available to p-PhF2 within Mgz(dobdc) likely accounts for its selective binding over
the other two isomers (Figure 3). The preferred binding of m-PhF2 over o-PhF> can be ascribed to
the stronger inductive electron-withdrawing effect of the non-binding fluorine atom in o-PhF,,



which leads to a longer predicted Mg--F distance for 0-PhF2 (2.90 A) than for m-PhF, (2.46 A).
Finally, the magnitudes of the calculated adsorption energies (AEags) decrease from p-PhF; to m-
PhF, to o-PhF», consistent with the experimental selectivity results. Calculated structures for
difluorobenzene binding in Mgz(m-dobdc) also support the selectivity trends observed for this
material (Figures S66 and S67). Specifically, the slightly closer spacing of Mg?* centers in Mga(m-
dobdc) allows m-PhF; to bridge two metal centers in a manner similar to p-PhF., leading to a lack
of selectivity between these isomers (Figure 3). Overall, these calculations suggest that a
combination of inductive effects and bridging interactions between adjacent Mg?* centers account
for the unique ability of Mgz(dobdc) to enable the difficult separation of difluorobenzene isomers.
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Figure 4. Density functional theory structures for o-PhF, (left), m-PhF, (center), and p-PhF; (right) adsorbed in
Mg:(dobdc). Gray, white, dark green, yellow-green, and red spheres correspond to carbon, hydrogen, magnesium,
fluorine, and oxygen atoms, respectively.

Single-crystal X-ray diffraction data can provide valuable confirmation of predicted adsorbate
binding in porous frameworks, although it is challenging to grow sufficiently large crystals of
Mgz (dobdc) for in situ X-ray diffraction experiments. As such, single-crystal X-ray diffraction
data were instead obtained for samples of Coz(dobdc) loaded with p-, m-, and 0-PhF> to corroborate
the predicted structures for these difluorobenzenes within Mgz(dobdc) (see Section 12 of the Sl
for details), as our preliminary DFT calculations indicate that p-, m-, and o-PhF; are predicted to
favor the same binding modes in Coz(dobdc) as in Mgz(dobdc) (SI Figure S69).5%7# Specifically,
twinned single crystals of Coz(dobdc) were desolvated under vacuum at 180 °C and then soaked
in pure, anhydrous fluoroarene under an inert atmosphere for at least 4 h before analysis by X-ray
diffraction at 100 K. However, m-PhF, and o-PhF2 bound within Coz(dobdc) were too disordered
to yield meaningful structural information, and the corresponding structures could not be refined
by X-ray diffraction. Therefore, fluorobenzene (PhF) was chosen as a proxy, as this molecule
should bridge two metal centers in a manner similar to that predicted for m-PhF, and o-PhF-..
Consistently, computational analysis suggests that PhF favors such a bridging mode within
Mgz (dobdc) (Figure S68), and competitive equilibrium adsorption measurements of PhF and p-
PhF2 in Mgz(dobdc) indicate that PhF binds more weakly within this material (Figure S43).



Analysis of the single-crystal X-ray diffraction data for p-PhF, in Coz(dobdc) revealed a
structure with the formula Coz(dobdc)-1.30(p-PhF2), wherein the primary adsorption site for p-
PhF; (45.0(5)% occupancy) is similar to that predicted for p-PhF2 in Mgz(dobdc) (Figure 5, upper).
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Figure 5. Single-crystal X-ray diffraction structures of p-PhF, (upper) and PhF (lower) in Co,(dobdc) obtained at 100
K with key framework—adsorbate interactions indicated. Gray, white, purple, yellow-green, and red spheres
correspond to carbon, hydrogen, cobalt, fluorine, and oxygen atoms, respectively.

In particular, the fluoroarene molecule bridges two adjacent cobalt centers with equal Co--F
distances of 2.469(19) A. These distances are similar to the calculated Mg-F distances (2.39-2.43
A), albeit slightly longer due to the expected weaker nature of the Co-F interaction. The n—n
distance of 3.249(8) A in the Coz(dobdc) structure also compares well with the calculated distance
of 3.24 A in the Mgz(dobdc) structure. In the case of PhF-loaded crystals of Coz(dobdc), refinement
of the diffraction data revealed a structure with the formula Coz(dobdc)-1.20(p-PhF), wherein PhF
preferentially bridges two adjacent metal centers (47.5(10)% occupancy) via Co-F (2.63(3) A)
and Co--H—C (Co—C distance of 3.019(14) A) interactions (Figure 5, lower). As hypothesized,
this coordination mode is similar to the calculated structures for o- and m-PhF, adsorbed within
Mgz (dobdc) (Figure 4). All together, these data support the proposed origin of selectivity for
adsorption of p-PhF> in Mgz(dobdc) over m-PhF, and o-PhF; as arising from multiple strong
metal-adsorbate interactions. We note that additional binding sites were located for p-PhF, and
PhF in Coz(dobdc) involving interactions with only a single cobalt site, with Co--F distances of
2.347(16) and 2.255(16)-2.399(15) A, respectively (Figures S80 and S81). As the framework
becomes saturated with fluoroarene molecules, adsorbate—adsorbate interactions are expected to
become available to stabilize these adsorption sites with only a single Co--F interaction, making
them competitive with those that possess two Co-F interactions.



Notably, crystallographic characterization of complexes that feature a fluoroarene interacting
with a transition metal through the fluorine atom remain relatively rare and are largely limited to
early transition metals,>87>-" although such motifs are presumably intermediates in C—F bond
activation processes.®%82 In particular, while there are several crystallographically-characterized
complexes in which fluoroarenes interact with a cobalt center through the n-system,33-8 to the best
of our knowledge there is only one other reported structure containing a Co---F interaction (2.65(2)
A).” Therefore, in addition to corroborating the presumptive modes of fluoroarene binding in
Mgz (dobdc), these structures represent rare examples of fluoroarenes coordinated to a Lewis acidic
transition metal center through fluorine.
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Figure 6. Isothermal equilibrium three-component adsorption data for uptake of o-, m-, and p-PhF, in Mg.(dobdc)
starting from various initial equimolar concentrations (in heptanes). The samples were dosed with an approximately
equimolar mixture and allowed to equilibrate at room temperature over 24 h before the equilibrium concentration of
each fluoroarene was determined by °F NMR (in comparison to an internal standard).

Based on the preceding structural analysis, the primary p-PhF2 binding site in Mgz(dobdc)
should saturate at a loading of approximately one molecule per two Mg?* sites (4.1 mmol/g). To
verify this capacity experimentally, we carried out multicomponent liquid-phase adsorption
measurements over a range of initial fluoroarene concentrations up to a maximum of 2.0 M in
heptanes (Figure 6), approaching the concentration of a neat mixture of difluorobenzenes
(approximately 3.3 M at 25 °C). Consistent with the expected bridging mode, the adsorption
capacity of p-PhF2 was found to saturate at approximately 4.0 mmol/g for p-PhF2 concentrations
above 1.0 M. In addition, over the entire concentration range, isomer uptake in Mgz(dobdc)
followed the trend p-PhF2 > m-PhF, > 0-PhF.. At a concentration of approximately 1.5 M, the total
difluorobenzene uptake was found to be approximately 6.3 mmol/g (77% metal site occupancy),
suggesting that there is a mixture of isomers interacting with one and two metal centers at higher
concentrations (Figures S80 and S81). Nonetheless, these data confirm that the synergistic
interaction of p-PhF, with adjacent metal sites in Mg2(dobdc) leads to selective adsorption of this
isomer at a range of concentrations.



Multicomponent liquid-phase breakthrough measurements were next carried out to evaluate
the difluorobenzene separation performance of Mgz(dobdc) under dynamic conditions (Figure 7;
see Section 11 of the Sl for details). Typically, breakthrough measurements using liquid adsorbates
are either carried out in the vapor phase, to mimic gas-phase measurements, or using a liquid
chromatography instrument with the adsorbent as the solid phase.??2°4%%° However, both of these
measurements have drawbacks: vapor-phase measurements may not reflect the selectivities,
capacities, or kinetics observed in the liquid phase, whereas liquid chromatography measurements
require expensive instrumentation that is not readily translated to an inert atmosphere, such as an
N2-filled glovebox. To overcome these limitations, we constructed an inexpensive breakthrough
apparatus consisting of a narrow glass column connected to a syringe pump, which can be utilized
on the benchtop or inside of an inert atmosphere glovebox (Figure S70). For the experiments
described here, the column was charged with approximately 1.10 g of roughly pelletized and fully-
activated Mgz(dobdc) (350—700 um diameter spherical particles) in a No-filled glovebox (Figures
S70-S73). After flushing the column with anhydrous hexanes, an equimolar mixture of o-, m-, and
p-PhF2 (33 mM in hexanes) was introduced at a controlled rate using the syringe pump. The outlet
feed was collected in 0.5 mL increments and analyzed by '°F NMR spectroscopy against an
internal standard to determine the concentration of each difluorobenzene.

Consistent with multicomponent equilibrium adsorption measurements, o-PhF; eluted first,
followed by m-PhF, and finally p-PhF., the strongest-binding isomer (Figure 7). The
difluorobenzene isomers should possess similar diffusivities within the pores of Mgz(dobdc) due
to their nearly identical sizes and shapes; as such, this separation is likely dominated by the
observed thermodynamic selectivities. Consistently, preliminary breakthrough measurements with
Ni2(m-dobdc), which displays poor selectivities under equilibrium conditions (Figure 3),
confirmed that this MOF is incapable of separating a mixture of difluorobenzene isomers under
dynamic conditions as well (Figure S77). Adsorption capacities for o-PhF, and m-PhF, were
calculated by integrating the breakthrough curves and found to be 0.83 and 2.04 mmol/g,
respectively. Because p-PhF. did not completely elute by the end of the experiment, the p-PhF
breakthrough curve was extrapolated to saturation using the slope between 105 and 183 min and
the total area under the resulting curve was integrated to yield a value of 3.54 mmol/g. Using the
calculated capacities and the measured initial concentrations of each difluorobenzene in the feed
solution (30.1, 34.0, and 35.1 mM for o-, m-, and p-PhF», respectively), calculated selectivities of
3.67, 2.19, and 1.68 were determined for p-PhF2/0-PhF2, m-PhF2/0-PhF,, and p-PhF2/m-PhF,
respectively (eq 1). The breakthrough selectivity for m-PhF./0-PhF; is consistent with the
equilibrium batch selectivity (2.1 £ 0.1), but the p-PhF./0-PhF2 and p-PhF2/m-PhF, breakthrough
selectivities are slightly lower than those determined from multicomponent equilibrium batch
experiments (6.5 £+ 0.5 and 3.1 £ 0.1, respectively). These minor differences suggest that
competitive effects in a transient system affect the multicomponent adsorption behavior.
Nonetheless, the breakthrough data confirm that Mgx(dobdc) is able to partition the three
difluorobenzenes in real time. In addition, Mgz(dobdc) was found to retain its crystallinity and
porosity after the breakthrough measurement (Figures S74-75). Importantly, the successful



performance of Mgz(dobdc) in these breakthrough measurements also confirms that a rapid, small-
scale multicomponent equilibrium assay is sufficient to forecast the utility of a given framework
for a fixed-bed liquid-phase separation.
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Figure 7. Multicomponent liquid-phase breakthrough measurement for an equimolar mixture (Co: ~33 mM in
hexanes) of 0-, m-, and p-PhF, in Mg,(dobdc) at room temperature. Concentrations were determined by °F NMR in
comparison to an internal standard until o-PhF; reached saturation at a time of 79 min. After this point, the 0-PhF;
concentration was assumed to be constant, and concentrations for m- and p-PhF, were determined in comparison to
the measured o-PhF; saturation concentration to avoid error introduced from the addition of the internal standard.

Separations of Other Fluoroarene Mixtures. Having demonstrated the exceptional ability of
Mgz(dobdc) to separate difluorobenzene regioisomers, we sought to evaluate the scope of
fluoroarene separations that can be accomplished using this framework. A major challenge for
electrophilic C-H fluorination is that the Ar—F products are difficult to separate from the starting
Ar—H using standard chromatographic methods.6171°2° The separations of these mixtures by
distillation is also challenging; for example, the boiling point of fluorobenzene (85 °C) is similar
to that of all three difluorobenzene isomers (82-92 °C). However, our crystallographic and
computational analyses suggest that it may be possible to separate PhF from the difluorobenzene
isomers due to the distinct interactions that this molecule exhibits with adjacent metals centers in
Mgz (dobdc).

The ability of Mg2(dobdc) to separate fluoroarenes based on the degree of fluorination was
evaluated by performing equilibrium two-component (PhF and PhF2) and four-component (PhF,
0-, m-, and p-PhF2) adsorption experiments involving fluorobenzene and the difluorobenzene
regioisomers (see Section 7 of the Sl). The selectivities resulting from the two-component
measurements are summarized in Figure 8. As already discussed above, Mg>(dobdc) preferentially
binds p-PhF, over PhF with a selectivity of 3.2 + 0.1, due to the unique ability of p-PhF to bridge
two metal centers via M-F interactions (Figure S43). Interestingly, Mgz(dobdc) was found to
preferentially bind PhF over o-PhF, with a selectivity of 4.1 + 0.3 (Figure S44), likely a result of
stronger Mg:+F interactions with PhF. Finally, Mg>(dobdc) exhibits only a slight preference (1.8



+ 0.1) for adsorption of m-PhF over PhF (Figure S45), an unsurprising result given that these two
fluoroarenes are both expected to bind to two adjacent metal centers via one Mg---F interaction
and one Mg--H-C interaction. Indeed, Mg2(dobdc) was unable to partition PhF and m-PhF>
effectively in the four-component adsorption experiment (Figure S42). However, the framework
is capable of effecting the challenging separation of PhF from both 0-PhF; and p-PhF2 in a mixture
of all four fluoroarenes.

Mg,(dobdc) Mg,(m-dobdc)

Selectivity
< i " g

PhF/ p-PhF/  m-PhF/  m-PhF,/
PhF PhF PhF

Figure 8. Summary of isothermal equilibrium two-component adsorption selectivities of Mg.(dobdc) for PhF/0-PhF,,
p-PhF2/PhF, and m-PhF./PhF (green) and of Mgx(m-dobdc) for m-PhF»/PhF (blue). Samples were dosed with an
approximately equimolar mixture (~0.5 M in each isomer) in heptanes and allowed to equilibrate at room temperature
over 24 h followed by analysis of the supernatant by *°F NMR. Each value represents the average of three separate
measurements. A line corresponding to a selectivity of 1 (i.e., not selective) is included for reference.

In principle, a higher m-PhF./PhF selectivity should be possible using a framework in which
m-PhF; is able to bridge neighboring metal centers via Mg:+F interactions. As discussed above,
our calculations indicate that m-PhF, uniquely adopts this bridging mode in Mg2(m-dobdc) due to
the closer spacing of Mg centers in this framework, whereas PhF binds in the material via Mg:--F
and Mg---H—C interactions (Figure 9). As a result, the predicted binding energy for m-PhF is larger
in magnitude than for PhF in Mgz(m-dobdc). Gratifyingly, Mg2(m-dobdc) indeed exhibits
enhanced selectivity for binding m-PhF. over PhF (Figure 8) that is unparalleled among the MOFs
studied here (Figure S46). Based on these results, it should be possible to separate an equimolar
mixture of PhF and the three PhF; regioisomers by first passing the mixture through Mg>(dobdc)
to generate streams of pure 0-PhF2, pure p-PhF,, and a mixture of m-PhF2/PhF, which can then be
fed into a column of Mg2(m-dobdc) to produce streams of pure PhF and m-PhF, (Figure S47). As
such, the combined use of Mgz(dobdc) and Mg2(m-dobdc) could potentially enable the atom-
economical production of difluorobenzenes via the electrophilic C-H fluorination of
fluorobenzene.®* More broadly, these results confirm that Mgz(dobdc) and Mgz(m-dobdc) are
matchlessly able to effect the highly challenging separation of fluoroarenes from the corresponding
arenes, potentially unlocking new routes to preparing fluoroarenes via C-H fluorination
reactions.'*
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Figure 9. Density functional theory structures for binding of m-PhF, (upper) and PhF (lower) in Mgz(m-dobdc). Gray,
white, dark green, yellow-green, and red spheres correspond to carbon, hydrogen, magnesium, fluorine, and oxygen
atoms, respectively.

Based on these promising results, preliminary experiments were carried out to investigate the
ability of Mgz(dobdc) to purify other fluoroarenes (Figure 10; see also Section 8 of the SI). The
fluoroanisole regioisomers (FPhOMe) could be readily separated using Mgz(dobdc) and were
found to exhibit the same trend in adsorption affinity as the difluorobenzenes, namely, p-FPhOMe
> m-FPhOMe > 0-FPhOMe (Figure S55). This trend is presumed to arise due to bridging Mg---F
and Mg--O(Me) interactions between the adjacent metal sites in the framework. In contrast, the
selectivity of Mgz(dobdc) for the fluorotoluenes (FPhMe) followed the trend m-FPhMe > p-FPhMe
> 0-FPhMe, as confirmed by three-component (Figure S49) and two-component (Figures S50-52)
equilibrium measurements. Notably, this trend is intermediate between that of the
difluorobenzenes (p > m > 0) in Mgz(dobdc) and that previously reported for the xylenes isomers
in Coz(dobdc) (0 > m > p).%° The larger size of methyl groups compared to hydrogen, fluorine, or
methoxy groups likely renders p-fluorotoluene too long to bridge two metal centers, similar to p-
xylene,*® leading to its decreased affinity for Mgz(dobdc). Finally, Mgz(dobdc) was found to
exhibit slight selectivity for p-fluorochlorobenzene (p-FPhCI) over m-FPhCI, also likely the result
of the superior ability of p-FPhCI to bridge two magnesium centers. The lower p-FPhCl/m-FPhCI



selectivity (1.3) of Mgz(dobdc) compared to its p-PhF2/m-PhF selectivity (3.1 £ 0.1) is likely due
to the decreased hardness of Cl relative to F and the resulting weaker interactions with the
magnesium sites. Together, these findings confirm that controlling the interaction of fluoroarenes
with two adjacent Mg?* centers in Mgz(dobdc) and Mgz(m-dobdc) is a powerful general strategy
for achieving challenging separations of fluoroarene isomers.
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Figure 10. Summary of isothermal equilibrium multicomponent adsorption selectivities of Mgz(dobdc) for o-, m-, and
p-fluoroarenes in heptanes. Samples were dosed with an approximately equimolar mixture (~0.5 M in each aryl
fluoride) and allowed to equilibrate at room temperature over 24 h. The data shown are an average of three
measurements. The data for the difluorobenzene isomers are included for comparison. A line corresponding to a
selectivity of 1 (i.e., not selective) is included for reference.

Conclusions

The purification of fluoroarene regioisomers is a notoriously challenging separation that hinders
the advancement of more direct methods for the production of these critical chemical building
blocks. The foregoing computational and experimental results confirm that Mg2(dobdc) and
Mgz(m-dobdc) are uniquely able to separate regioisomeric mixtures of fluoroarenes. These
separations are predicated on interactions between fluoroarene isomers and two adjacent
framework magnesium sites. In addition, these MOFs enable the separation of fluoroarenes based
on the degree of fluorination, which is important for the implementation of new C-H fluorination
routes. As such, the separation of larger fluoroarene isomers, such as fluoronaphthalenes and
fluorobiphenyls, should be possible using expanded-pore frameworks.®"8%% More broadly, the
selective interactions of isomeric compounds with multiple strong binding sites within MOFs
represents a generalizable strategy for achieving hitherto unrealized liquid-phase separations.
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