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ABSTRACT: The selective halogenation of complex (hetero)aromatic systems is a critical yet challenging transformation rel-
evant to medicinal chemistry, agriculture, and biomedical imaging. However, current methods are limited by toxic reagents,
expensive homogeneous second- and third-row transition metal catalysts, and/or poor substrate tolerance. Herein, we
demonstrate that porous metal-organic frameworks (MOFs) containing terminal Co(III) halide sites represent a rare and
general class of heterogeneous catalysts for the controlled installation of chlorine and fluorine centers into electron-deficient
(hetero)aryl bromides using simple metal halide salts. Mechanistic studies support that these halogen exchange (halex) reac-
tions proceed via redox-neutral nucleophilic aromatic substitution (SnAr) at the Co(III) sites. The MOF-based halex catalysts
are recyclable, enable scalable halogenation with minimal waste generation, and facilitate halex in continuous flow. Our find-
ings represent the first example of SxAr catalysis using MOFs, expanding the lexicon of synthetic transformations enabled by

these materials.

INTRODUCTION

Halogenated molecules are abundant in medicinal and agri-
cultural chemistry, with fluorinated and chlorinated mole-
cules representing > 25% of active pharmaceuticals and >
30% of agrochemicals.!-* The replacement of hydrogen at-
oms in bioactive molecules with fluorine or chlorine gener-
ally leads to improved physiological effectiveness and bioa-
vailability, termed the “magic fluorine” and “magic chlorine”
effects, respectively.>-7 Among halogenated molecules, 2-
haloheteroarenes are particularly common,8-12 exemplified
by radiotracers for 8F positron emission tomography
(PET),%? natural products,!® anticancer drugs,'*!* and pain-
killers (Figure 1a).1015 Despite the ubiquity of halogens in
bioactive molecules, their selective, late-stage installation,
especially with inexpensive metal halide salts, remains a
major challenge.

Selective halogenation is inherently difficult due to the ex-
treme reactivity of halogenating agents such as Fz and Clz,
both of which are impractically hazardous for common la-
boratory use.16-18 As an alternative, the Balz-Schiemann re-
action—which involves the thermolysis of potentially ex-
plosive tetrafluoroborate diazonium salts—requires harsh
conditions and displays modest heterocycle compatibil-
ity.1220 The most common method for incorporating halo-
gens into heteroarenes is via nucleophilic halogen exchange
(halex), a nucleophilic aromatic substitution (SnAr) reaction
in which an existing halogen (e.g., Br) is replaced with the
desired halogen (e.g., Cl, F).2%22 Traditionally, this process
requires the use of high reaction temperatures (> 200 °C)
and/or complex phase-transfer catalysts due to the poor
solubility of simple metal halide salts such as KF.2324 More
complex halex reagents consist of soluble tetraalkylammo-
nium?°>-28 or acyl imidazolium salts,?® stoichiometric rea-
gents that generate soluble and/or toxic organic byproducts
that can be challenging to separate from the desired product

(Figure 1b).28-30 Catalytic halex has been achieved using a
number of second- and third-row transition metal rea-
gents;31-35 however, examples of halex mediated by more
abundant first-row transition metal catalysts remain
rare.36-3% This is likely because all examples of transition-
metal catalyzed halex reported to date proceed through a
cross-coupling mechanism, with a halide exchange step (ra-
ther than transmetalation) prior to sluggish reductive elim-
ination to form the aryl halide product.334° This is in con-
trast to the outer-sphere halide transfer mechanism
through which simple metal halide salts (e.g., KF, CsF) me-
diate halex.2441 Notably, examples of heterogeneous and re-
cyclable catalysts for halex remain limited to ill-defined ma-
terials such as Ni metal and Pd/C.3642

Highly nucleophilic halide sites are critical to halex. Termi-
nal metal halide (M-X) species potentially offer the nucleo-
philicity necessary to facilitate catalytic halogen exchange,
but they require bulky ligand systems to prevent p-dimeri-
zation in solution.334043 While this dimerization is difficult
to combat in molecular systems, a solid-state platform bear-
ing discrete terminal M-X sites at structurally integral
points would prevent dimerization entirely. Indeed, metal-
organic frameworks (MOFs), crystalline materials con-
structed from organic linkers and inorganic nodes, can pos-
sess terminal M-X centers.*4-#7 For example, the framework
CozClz(btdd) (btdd?- = bis(1H-1,2,3-triazolo[4,5-b],[4",5'-
i])dibenzo[1,4]dioxin))*8 can be oxidized by the elemental
halogens Clz and Br: to afford the frameworks CozCls(btdd)
and Co2Br2Clz(btdd), respectively, which bear terminal
Co(IIT)-X centers pointing into their pores (Xr, Figure 2a).*’
Moreover, MOFs offer inherent recyclability and scalability
over homogeneous catalysts and compatibility with appli-
cation in continuous flow.#°

Herein, we demonstrate that Co2X2Clz(btdd) (X = F, CI, Br, I)
MOFs containing terminal M-X sites catalyze the
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Figure 1. a) Examples of 2-halopyridines present in a natural
product (Epibatidine)!® and a pharmaceutical (BMS-
754807).13 b) Representative example of halex by soluble flu-
oride reagents.25 28 c) Halex driven by Co2X2Clz2(btdd). Purple,
gray, blue, red, and green spheres correspond to cobalt, car-

bon, nitrogen, oxygen, and chlorine, respectively.

chlorination and fluorination of a range of electron deficient
(hetero)arenes using simple metal halide salts (Figure 1c).
These frameworks are among the first heterogeneous and
recyclable catalysts for halex° and the first MOF-based cat-
alysts for SnAr reactions. The catalytic transformations can
be readily scaled in batch or continuous flow, providing a
green alternative to current approaches. Overall, this work
establishes a transformation previously unexplored using
MOF catalysts and facilitates the development of a range of
nucleophilic reactions, including those prohibited using
molecular catalysts.

RESULTS AND DISCUSSION
MOF Synthesis

Assessment of the suitability of Co2X2Clz(btdd) frameworks
as halex catalysts requires a method to prepare these frame-
works reliably on gram-scale. By merging previously re-
ported high-concentration and ionothermal methods,*6:51
we achieved the first high-concentration solvothermal syn-
thesis of Coz2Clz(btdd), enabling its rapid synthesis on gram-
scale (SI Section 3). Simply combining the Hzbtdd linker,
CoClz2¢6H20, N,N-dimethylformamide (DMF), and concen-
trated HCI together at a linker concentration of 1.0 M in a
Teflon autoclave at 160 °C for 16 h affords CozClz(btdd) in
60% yield. The powder X-ray diffraction (PXRD) pattern of

Co2Clz(btdd) prepared under high-concentration condi-
tions is in good agreement with the simulated pattern based
on the expected structure (SI Figure S2).48 The prepared
MOF possesses a record-high 77 K Nz Brunauer-Emmett-
Teller (BET) surface area (2532 + 119 m?2/g) after soaking
in organic solvents to remove soluble impurities and activa-
tion under vacuum (SI Figure S3). Scanning electron micros-
copy (SEM), combustion elemental analysis, and thermo-
gravimetric analysis (TGA) further support the successful
synthesis of high-quality Co2Clz2(btdd) under these condi-
tions (SI Figures S6-7, SI Table S1).46

Activated CozClz(btdd) was employed to prepare the halo-
genated Co(Ill) analogs via one-electron oxidation with
electrophilic halogen sources (Figure 2). Following meth-
ods reported in the literature,*’ the chlorinated framework
Co2Cl4(btdd) was prepared via oxidative halogenation using
Clz or PhIClz (Figure 2a). The brominated framework was
similarly synthesized using a modified vapor diffusion
method with Bry, affording Co2Br2Clz(btdd) (Figure 2a). The
prepared samples of CozCls(btdd) and Co2Br:Clz(btdd)
demonstrate comparable crystallinities and BET surface ar-
eas to those reported in the literature (Figure 2c-d, SI Fig-
ures S10-11).#7 Inspired by these results, we sought to ac-
cess the entire halogenated series of C02X2Clz(btdd) MOFs
by preparing the novel fluorinated and iodinated frame-
works. An analogous hypervalent iodine oxidant to PhICl,
PhIF2,52 was employed to access Co2F:Cl2(btdd) for the first
time (Figure 2a). Previous attempts to prepare the Co(III)-
I material with solution-state iodination were unsuccess-
ful;*” however, heating solid Iz at 60 °C was found to yield
Co2lI2Clz(btdd) via vapor diffusion.

All halogenated Co(III) frameworks retain their crystallinity
by PXRD (Figure 2c) and demonstrate reasonably attenu-
ated surface areas compared to Co2Clz(btdd) (Figure 2d, SI
Figures S10-11). Characterization by combustion ele-
mental analysis, X-ray photoelectron spectroscopy (XPS),
and energy-dispersive X-ray spectroscopy (EDS) further
supports the successful oxidative halogenation of all four
MOFs (see SI Section 4 for details). In particular, EDS images
confirm the uniform distribution of the appropriate halo-
gens throughout the MOF crystallites (SI Figures S15, S17-
19, SI Tables S2, S4-6). Among these techniques, combus-
tion elemental analysis was found to yield the most reliable
data for quantifying the halogen content of MOFs (SI Tables
S1, S11-14). With the exception of CozF2Clz(btdd), which
contains F atoms that are difficult to detect via combustion
analysis,> the halogen contents of all Co(III) MOFs were
found to be within ~4% of the theoretical values. Notably,
all four MOFs were also found to retain significant amounts
of Cl due to the preservation of the bridging p-Cl sites in the
framework (Cls, Figure 2a, see below for further discus-
sion).

Superconducting quantum interference device (SQUID)
magnetometry was used to quantify the extent of Co(III) in-
corporation in the oxidized MOFs (Figure 2b). Isothermal
moment vs. field (MvH) measurements were performed at
5 K, sweeping from -9 T to 9 T and back. The parent acti-
vated Co(II) framework exhibits a linear response to the
changing magnetic field, as expected for a d’ metal in a
square pyramidal ligand field (S = 1/2), with a maximum
magnetization value of 2.28 g per formula unit. This value
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Figure 2. a) Oxidation of Co2Clz(btdd) to Co2Cl2X2(btdd) (X = F, Cl, Br, I) with the corresponding halogen sources. Cls represents the
bridging chlorides of the secondary building unit, while Xr represents terminal halogens appended to the metal site, pointing into the
pore. b) SQUID magnetometry moment vs field (MvH) measurements of CozClz(btdd) (black), Co2F2Clz(btdd) (blue), Co2Cls(btdd)
(green), CozBr2Clz(btdd) (brown), and Cozl2Cl2(btdd) (purple). ¢c) PXRD patterns of CozF2Clz(btdd) (blue), CozCls(btdd) (green),
Co2Br2Clz(btdd) (brown), and CozI2Clz(btdd) (purple). The simulated pattern based on the SCXRD structure of Mn2Clz(btdd) is in-
cluded for reference. d) N2 adsorption (filled circles) and desorption (open circles) isotherms of activated CozF2Clz(btdd) (blue),
CozCls(btdd) (green), CozBr2Clz(btdd) (brown), and Cozl2Clz(btdd) (purple).

was used as the reference point for a 100% Co(II) material
when calculating the percentage of residual Co(II) centers
in the oxidized samples.#” All samples of MOF collected after
oxidation exhibit attenuated maximum magnetization val-
ues and S-curve-shaped profiles compared to the parent
Co2Clz(btdd), indicative of a predominantly low-spin octa-
hedral Co(III) d® material (S = 0) diluted with some percent-
age of residual, paramagnetic Co(II) sites. In all cases, the
halogenated MOFs exhibit >80% conversion of the Co(II)
sites to Co(III)-X centers (Figure 2b, SI Figure S44).

The bridging p-Cl ligands of M2Clz(btdd) (M = Co, Ni) frame-
works have been shown to be labile towards halogen ex-
change without framework decomposition.>4-5¢ This attrib-
ute is required for the terminal M-X sites as well to facilitate
halex catalysis. In order to assess whether these terminal
M-X sites can be exchanged, CozBr2Clz(btdd) was soaked in
a 0.1 M solution of tetrabutylammonium fluoride (TBAF) in
tetrahydrofuran (THF). This procedure affords a sample of
Co2F2Clz(btdd) with a comparable PXRD pattern and BET

surface area to the material synthesized from CozClz(btdd)
using PhIF. (SI Figures S10-11). Notably, this anion-ex-
changed framework does not contain residual
tetraalkylammonium cations, as determined via a lack of al-
kyl stretches in its infrared (IR) spectrum (SI Figure S14).
Further, EDS confirms the full exchange of terminal Br ions
for F ions while also retaining some of the bridging u-Cl lig-
ands, although quantifying the degree of exchange between
the bridging anions remains difficult (SI Figure S16, Table
S3). This measurement confirms that the terminal M-X sites
in Co2X2Clz(btdd) readily undergo halogen exchange.
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Figure 3. a) Stoichiometric halex of 2-bromopyridine with
Co2Cl4(btdd). b) EDS elemental maps (top, bottom left) and
SEM image (bottom right) of Co2Cls(btdd). c) EDS elemental
maps (top, bottom left) and SEM image (bottom right) of
Co2BrxCls-x(btdd) recovered from the stoichiometric reaction
in Figure 3a.

Reaction Development

We hypothesized that the terminal Co(III)-X sites in the
C02X2Cl2(btdd) MOFs should function as reactive nucleo-
philic sites capable of undergoing halex with suitable elec-
trophiles (Figure 3). Indeed, treatment of 2-bromopyridine
(2-BrPy) with a stoichiometric amount of CozCls(btdd) in
1,4-dioxane at 90 °C results in halogen exchange: 2-chloro-
pyridine (1) was detected in 60% yield (Figure 3a), and Br
was incorporated into the framework to produce
Co2BrxClsa-x(btdd), as confirmed by EDS before and after the
stoichiometric halex reaction (Figure 3b-c). Notably, the re-
sulting brominated framework was washed thoroughly
with organic solvents to ensure that residual organics were
removed from the MOF; thus, only Br covalently appended

Table 1. Optimization of catalytic chlorination.

N Br "Standard Conditions" N Cl
~ Cao,Cly(btdd) (5 mol%), KCI (2.2 equiv.) =

| = 1, 4-dioxane, 90 °C 16 h o U

2-BrPy 1
Entry Deviation from Std GC Yield

1 MNone 50%

2 25°C 10%

3 No KCI 3%

4 No MOF 0%

5 Co,Cly(btdd) instead of Co,Cly{btdd) 0%

6 CoCly*6H,0 instead of Co,Cly(btdd) 0%

7 [Co(NH3)5CIICl, instead of Co,Cly(btdd) 0%

8 [Co(NH;)sICl; instead of Co,Cly(btdd) 0%

9 Filter reaction mixture after 30 min 3%

10 Co,Br,Cl,(btdd) instead of Co,Cl4(btdd) 50%

to the metal center of the framework should be detected
with this technique. The partially halogen-exchanged MOF
CozBrxClsa-x(btdd) collected from this stoichiometric reaction
retains its crystallinity, as confirmed by PXRD (SI Figure
S47). Additionally, the halex process is redox-neutral, indi-
cated by the framework demonstrating nearly identical
MvH field responses before and after the reaction (SI Figure
$48). Lastly, graphite-furnace atomic adsorption spectros-
copy (GFAAS) of the filtrate confirmed that metal leaching
does not occur during this stoichiometric reaction, support-
ing that the reaction is not mediated by soluble Co salts (SI
Table S16). Overall, this stoichiometric reaction supports
that the terminal Co(III)-Cl sites in CozCls(btdd) are nucle-
ophilic enough to undergo halex with activated (hetero)aryl
bromides. This is the first time that a nucleophilic exchange
has been demonstrated using isolated M-X sites in MOFs.

Inspired by this finding, we set out to render this reaction
catalytic using KCl as an inexpensive halide source (Table 1,
see SI Table 16 for optimization details). By dropping the
loading of Co2Cls(btdd) to 5 mol% and employing a slight
excess of KCl (2.2. equiv.), 1 was obtained in comparable
yield (50%) to the stoichiometric reaction (entry 1, Table
1). The modest yield of this reaction is likely because it is
reversible, as the bromination of 2-chloropyridine using
KBr could be driven using the corresponding brominated
MOF (SI Section 5). Control experiments confirm that heat,
exogenous chloride, and chlorinated MOF are all necessary
for the reaction to proceed in good yield (entries 2-4, Table
1). Critically, attempts to drive the reaction using the Co(II)
MOF Co2Clz(btdd) were unsuccessful (entry 5, Table 1),
which serves as evidence that the terminal Co(III)-CI sites
in CozCls(btdd)—and not the presumably less-labile bridg-
ing Cl sites—are vital to halex. Similarly, CoCl.¢6H20 and the
simple Co(III) salts [Co(NH)3Cl]Clz and [Co(NH)sCI]Cl) are
ineffective catalysts (entries 6-8, Table 1). A heterogeneous
control test, in which the reaction was allowed to proceed
for 30 min before filtering to remove the MOF, resulted in
minimal product (3% yield). These control experiments
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Table 2. Scope of CozCls(btdd)-catalyzed chlorination. Isolated yield unless otherwise noted.

Br KCI (2.2 equiv.) Cl
N = CoaCla(btdd) (5mol%) 1 =
[ = N
P 1 4-dioxane, 80 °C 16 h =
.fR
R NC Cl
\N...-N I N A | N
u />-c' | P =N
N N Cl
55% 50% 3a, R=H, 32% 4a, R =H, 39% 5a, R = COsMe, 54% 6, 18%
3b,R=Cbz,63% 4b,R=Ts, 77% 5b, R = CN, 47%
3¢,R=Ts, 67% 5¢, R = NO5, 38%
NC
N Cl Br N
\©\ (\\‘N Clj/ @31 @: | )
Cl
Cl 4]\ N />
- N7 i Z Cl N NZ e
7,68% 8, 82% 9, 58% 10, 33% 1, 47% 12, 31%°2
Cl
Q Q/
> SN Cl
@ V. / ) N\. N =
Z I H |
- o
cl N N
13a, R = H, 44% 14, 63% 15a, R =H, 45% 16, 43% 3-CIPy, 0%
13b, R = Cbz, 66% 15b, R = Ts, 91%

aGC yield relative to an internal standard of dodecane; product is contaminated with the dichlorinated product 2,5-dichloro-

pyrazine.
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Figure 4. Proposed mechanism of MOF-driven halex catal-
ysis.

support that the unique coordination environment of the
Co(IIN)-Cl sites within CozCls(btdd) is key for effective catal-
ysis, producing CozBrxCls-x(btdd) that can be turned over by
the exogenous KCl in solution (Figure 4).

With optimized conditions in hand, we explored the scope
of the Co2Cls(btdd)-catalyzed chlorination of electron-defi-
cient (hetero)aryl bromides (Table 3). A range of (het-
ero)aryl bromides, including 5- and 6-membered het-
eroarenes, react smoothly to afford the corresponding (het-
ero)aryl chlorides. Notably, reports of halex reactions with
5-membered heterocycles are limited, supporting that the
enhanced nucleophilicity of the halide sites within the MOF
enables otherwise difficult transformations under mild con-
ditions.57-5% In most cases, the free N-H 5-membered het-
eroaryl bromides can be used directly to produce the de-
sired products in modest yields (3a, 4a, 11, 13a, 15a), alt-
hough the use of N-protecting groups generally leads to
higher yields. The reaction tolerates a range of electrophilic

functional groups commonly found in drug-like molecules,
including esters (5a), nitriles (5b, 7), nitroaromatics (5c),
and amides (16). Notably, electron-deficient aryl bromides
are also suitable substrates (7), further supporting that
these reactions likely proceed via an SxAr mechanism. Back-
ground reactions in the absence of Co2Cls(btdd) were con-
ducted with five substrates; the expected products were ob-
served in < 1% yield in all cases (SI Table S19).

We next evaluated whether Co(IlI)-X MOFs can catalyze
other halex reactions, specifically the fluorination of (het-
ero)aryl bromides with simple metal fluoride salts (see SI
Table S18 for optimization details). Initial studies using
Co2F2Clz(btdd) resulted in poor yields and framework de-
composition (entry 17, SI Table S18). This is likely due to
the fragility of the isolated Co(III)-F framework, which
demonstrates lower crystallinity compared to the other hal-
ogenated frameworks prepared herein (Figure 2c). How-
ever, with the knowledge that CozFzClz(btdd) can be pre-
pared via anion exchange (see discussion above), this de-
composition issue could be circumvented by generating
Co(IIN)-F sites in situ from Co2BrzClz(btdd) (see SI Table S18
for optimization details). Further modifications had to be
made in order to accommodate the insolubility of metal flu-
oride salts, including the switch to the high-boiling solvent
sulfolane and the addition of tert-amyl alcohol (¢:-AmOH)
and 18-crown-6, both of which are reported to improve the
solubility of metal fluoride salts (SI Table S18).6° Notably,
Co2Cl2(btdd) does not catalyze this transformation (SI Table
§$18), further supporting the importance of the terminal M-
X sites for halex catalysis.
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Table 3. Scope of CozBr2Clz(btdd)-catalyzed fluorination. Isolated yield unless otherwise noted.

CsF (2.2 equiv.)
Br t-AmOH, 18-crown-6 F
I{—: = Co3B8raCla(btdd) (5 mol”.-’n)__ R4 N
Z sulfolane, 130 °C, 16 h =
N F R
N PN =N NH N NC A~
| | L}‘F [ p— | I
Z = X N = X
N F
17, 40% 18, 95% 19, 40%2 20,35%7  21a, R = CO;Me, 54% 22, 38%
21b, R = CN, 66%
H
NC
T O~ OOy L G-
Va /
F N F 2" N
23, 75% 24 4% 25, 39% 26, 28% 27, 58%
: F CF3
e}
> N
N N
N F N H N . N
28, 45% 29, 65% 30, 29% 31, 26% 32, 44%
a19F NMR yield relative to an internal standard of fluorobenzene.
Using these optimized conditions, we explored the scope of Indeed, the chlorination of 2-BrPy to 1 with

the MOF-catalyzed fluorination of electron-deficient (het-
ero)aryl bromides (Table 3). Despite the independent im-
portance of 5-membered heteroarenes and fluoroarenes in
the pharmaceutical industry, 5-membered heteroaryl fluo-
rides remain understudied due to a lack of methods availa-
ble for their synthesis.t? Fluorination of the free N-H 5-
membered heteroaryl bromides 19 and 20 proceed in com-
parable yields to the corresponding chlorination reactions.
The reaction also tolerates a range of pharmaceutically rel-
evant functional groups, including esters (21a), nitriles
(21b), and amides (32). The relatively mild conditions com-
bined with the enhanced nucleophilicity of the halide sites
in the MOF afford access to a number of heteroaryl fluorides
that have not previously been prepared via halex (27, 29,
30, 31).62-65 Background reactions in the absence of
Co2Br2Clz(btdd) were run on five substrates (SI Table S20),
all of which proceeded in < 3% yield. These findings are the
first report of a Co species, regardless of oxidation state or
solubility, mediating fluorination via halex.

Further mechanistic investigations were conducted to vali-
date the proposed catalytic cycle (Figure 4). Halex reac-
tions—and SnAr reactions in general—typically proceed
through a reactive intermediate known as a Meisenheimer
or o- complex (Figure 4).6 To probe the mechanism of MOF-
catalyzed halex, 3-bromopyiridine, a classically SnAr-inac-
tive substrate,?6 was subjected to the optimized chlorina-
tion conditions. Gratifyingly, no chlorinated product (3-
CIPy) was observed (Table 2). Because the
Co2BrxCla-x(btdd) MOF generated from the catalytic chlorin-
ation reaction contains Co(III)-Br centers that should be re-
generated to Co(II)-Cl centers by exogenous KC,
Co2Br2Clz(btdd) should be able to drive catalytic chlorina-
tion reactions similarly to its fully chlorinated counterpart.

Co2Br2Clz(btdd) proceeded with comparable yield (50%,
entry 10, Table 1) to that carried out with Co2Cls(btdd)
(50%), indicating that the reaction is agnostic to the halo-
gen starting on the Co(III)-X centers. Similarly, as men-
tioned above, KBr could be used to convert 1 to 2-BrPy
(44% yield), further supporting that halex reactions can be
driven to produce different heteroaryl halides based on the
exogeneous metal halide salt employed (SI Section 5.1). Fi-
nally, a gas release study was conducted to rule out Clz re-
lease during the reaction,*” despite the Co(III) oxidation
state being retained (SI Figure S49). When CozCls(btdd) was
heated to 90 °C in 1,4-dioxane for 16 h, the resulting solu-
tion did not contain dissolved Clz and the MOF did not un-
dergo a color change, ruling out the involvement of gener-
ated Clz during the reaction (SI Figure S49). Taken together,
these results strongly point to the reaction proceeding
through a SNAr mechanism. At this time, we cannot rule out
that the reaction proceeds through a concerted SnAr path-
way instead of through a discrete Meisenheimer intermedi-
ate.®”

Due to their insolubility, MOFs offer an inherent advantage
compared to molecular catalysts—recyclability. As such, re-
actions performed on large scale are less wasteful because
the catalyst can be recovered, regenerated, and reused in
subsequent reactions.®8° To exemplify this, a gram-scale
chlorination was performed (Figure 5a), affording 5a in
comparable yield (60%) to the small-scale reaction (54%).
The MOF used in this reaction was collected, washed with
water and MeOH to remove residual reactants, and reac-
tivated under vacuum before being reused in subsequent
gram-scale chlorination reactions. Three consecutive reac-
tions with the same batch of MOF exhibit comparable yields
(60%, 66%, 57%, respectively) to the small-scale reaction
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(Figure 5a). After the final reaction, the collected MOF was
found to be crystalline via PXRD but contaminated with re-
sidual KCI and KBr (SI Figure S56). The contaminants were
removed by washing with water and MeOH, and the result-
ing crystalline sample of MOF demonstrates a BET surface
area comparable to CozBrz(btdd) (1059 * 35 m?/g) (SI Fig-
ure S56-57). These Co(I1I)-X MOFs represent the first recy-
clable catalysts for halex reactions.

d Gram-scale, recyclable chlorination:

"Standard Conditions”

M Br KCI (2.2 equiv.) N Cl
I = Co,Cly(btdd) (5 mol%) | =
1,4-dioxane -
MEOQC Z go °C 16 h MeO-,C Z
1049 ) 3 sucessive reactions

Reaction 1: 60%
Reaction 2: 66%
Reaction 3: 57%

b Chlorination in flow:

R = CO,Me, CN Packed-bed

MOF flow reactor

(0.05 M in 1,4-dioxane)

CooCly(btdd), KCI, 90 °C

Figure 5. a) Gram-scale, recyclable chlorination using
Co2Cls(btdd). b) Chlorination in flow using a packed-bed in-
spired MOF flow reactor packed with Co2Cls(btdd) and KCI

As heterogeneous catalysts, MOFs are also prime candidates
for reactions performed in continuous flow.4° Heterogene-
ous catalysis in flow can result in increased yields and de-
creased reaction times due to the increased interfacial area
and mass transfer compared to batch conditions, while also
improving catalyst lifetimes and enabling catalyst recovery
by combining reagent / catalyst separation with the reac-
tion step.#? By using a simple packed-bed flow reactor
loaded with MOF and KCI (SI Figure S55), 5a and 5b can
both be prepared from their corresponding heteroaryl bro-
mides in comparable yields (42%, 73%, respectively) on a
similar timescale to batch reactions (Figure 5b).

CONCLUSION

In summary, we have demonstrated the first example of
MOF-catalyzed halex, a scalable reaction that can be
adapted to function in continuous flow. A novel MOF syn-
thesis, used to prepared gram-scale batches of MOFs, was
developed to streamline reaction development. Both halo-
genation reactions reported herein are milder than re-
ported halex reactions using simple metal halide salts, and
both show high tolerance for a range of pharmaceutically
relevant heterocyclic systems and functional groups. As a
result, this transformation represents a significant advance
in the use of MOFs to catalyze reactions relevant to medici-
nal chemistry, an emerging application for these powerful
materials.”71 Although herein we focus on the fluorination
and chlorination of hetero(aryl) bromides, this MOF plat-
form can theoretically be wused to drive other

pharmaceutically relevant nucleophilic transformations,
which we will explore in future work.
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