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FLUORINE CHEMISTRY

Handling fluorinated gases as solid reagents using
metal-organic frameworks

Kaitlyn T. Keasler', Mary E. Zick't, Emily E. Stacy't, Jaechwan Kim', Jung-Hoon Lee?,
Lida Aeindartehran®, Tomée Runéevski®, Phillip J. Milner'*

Fluorine is an increasingly common substituent in pharmaceuticals and agrochemicals because it
improves the bioavailability and metabolic stability of organic molecules. Fluorinated gases represent
intuitive building blocks for the late-stage installation of fluorinated groups, but they are generally
overlooked because they require the use of specialized equipment. We report a general strategy for
handling fluorinated gases as benchtop-stable solid reagents using metal-organic frameworks (MOFs).
Gas-MOF reagents are prepared on gram-scale and used to facilitate fluorovinylation and fluoroalkylation
reactions. Encapsulation of gas-MOF reagents within wax enables stable storage on the benchtop and
controlled release into solution upon sonication, which represents a safer alternative to handling the gas

directly. Furthermore, our approach enables high-throughput reaction development with these gases.

luorinated organic molecules account for
20 to 30% of active pharmaceutical in-
gredients and >40% of agrochemicals
owing to their improved metabolic sta-
bilities and membrane permeabilities com-
pared with their nonfluorinated analogs (Fig. 1A)
(I-6). In addition, '®F-labeled compounds are
prominent radiotracers for positron emission
tomography (7). Despite the importance of
fluorine across numerous fields, the selec-
tive, late-stage introduction of fluoroalkyl and
fluorovinyl groups into drug-like molecules

Fig. 1. Delivery of fluorinated
gases using MOFs. (A) Examples
of drug-like molecules bearing
fluoroalkyl and fluoroalkenyl
groups. dUrd, 2'-deoxyuridine;
Me, methyl. (B) Fluorinated
gaseous building blocks.
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remains a frontier in organic synthesis (8-10).
Simple fluorinated commodity chemicals such
as vinylidene fluoride (VDF), trifluoropropene
(TFP), hexafluoropropene (HFP), and trifluor-
omethyl iodide (TFMI) represent inexpensive
potential building blocks for the installation of
fluoroalkyl and fluorovinyl groups (Fig. 1B). For
example, VDF and TFP provide entry points
for the synthesis of fluorinated alkenes, which
are important bioisosteres for carbonyl groups
in medicinal chemistry. As such, VDF has the
potential to substantially streamline the syn-
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as 5-(2,2-difluorovinyl)-2’-deoxyuridine (Fig. .,

(6). However, these reagents remain under-
utilized because they are gases at room tem-
perature (RT) and pressure. The use of gaseous
reagents necessitates specialized equipment
for safe handling (71, 12). Fluorinated gases are
also generally toxic, flammable, ozone deplet-
ing, and/or otherwise environmentally destruc-
tive (13), making them challenging to use for
high-throughput reaction discovery. As such, a
general strategy for safely using fluorinated
gases would greatly facilitate the synthesis of
fluorinated molecules that are relevant to me-
dicinal chemistry, agriculture, biomedical im-
aging, and beyond.

The use of gaseous reagents in organic
synthesis generally requires handling the gas
directly (e.g., filling a balloon from a cylinder;
Fig. 1D, left) or generating the gas in situ or ex
situ from stable molecular precursors (Fig. 1D,
center) (14-17). Both strategies suffer from key
limitations. The former is simple, but it is low
throughput, lacks stoichiometric control, and
produces substantial gas waste, an issue that is
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exacerbated with toxic and environmentally
destructive gases. Although the latter approach
is amenable to high-throughput screening, it
requires the design of a new delivery strategy
for each gas and results in soluble by-products
that must be separated from the desired prod-
ucts. We hypothesized that the reversible ad-
sorption of fluorinated gases within porous
solids should allow for their facile handling
as recyclable solid reagents, overcoming the
limitations outlined above and facilitating
the development of methods for fluorinating
complex molecules (Fig. 1D, right). Among
porous solids, metal-organic frameworks (MOFs),
which are crystalline materials constructed
from organic linkers and inorganic nodes, are
distinctively modular, allowing for the optimi-
zation of storage capacity and enthalpy of ad-
sorption (-AH,4s) for any gas of interest (18-20).
In particular, MOFs that bear coordinatively
unsaturated metal centers (open metal sites)
(21) should reversibly bind synthetically rele-
vant fluorinated gases through strong metal-
fluorine (M-F) interactions (22, 23). Owing to
the high theoretical gravimetric and volumet-
ric capacities of MOFs such as Mg,(dobdc)
(dobdc* is 2,5-dioxidobenzene-1,4-dicarboxylate)
(24), 1 mmol (23 ml) of gas can be delivered
with as little as 120 mg (0.13 ml) of MOF, re-
sulting in a staggering ~170-fold volume re-

duction compared with a free ideal gas (Fig.
1E). In this work, we demonstrate that the com-
modity fluorinated gases VDF, TFP, HFP, and
TFMI can be stored within MOFs and handled
as solid reagents, enabling their facile use in
otherwise challenging fluoroalkylation and
fluorovinylation reactions.

Selection of the optimal MOF for fluorinated
gas storage

To be useful for controlled fluorinated gas de-
livery, a porous material should possess a high
gas sorption capacity, interact strongly with a
range of fluorinated gases to prevent undesired
gas leakage, and be stable toward long-term
storage on the benchtop. Given the scarcity
of available data regarding the adsorption of
fluorinated commodity chemicals within po-
rous solids, we commenced by studying VDF
uptake in 12 representative open-metal-site
MOFs, including HKUST-1 or Cug(btc), (btc®™ is
benzene-1,3,5-tricarboxylate) (25), MIL-100(Fe)
or Fe;(0)(OH)(btc), (26), NH,-MIL-101(Al)
or Al;(O)(OH)(NH,-bdc); (NH,-bdc?™ is 2-
aminobenzene-1,4-dicarboxylate) (27), MOF-74
or My(dobdce) M is Mg, Mn, Fe, Co, Ni, Cu, or
Zn) (28), and m-MOF-74 or My(m-dobdc) (M
is Mg or Ni; m-dobdc™ is 4,6-dioxidobenzene-
1,3-dicarboxylate) (29) (see fig. S2 for struc-
tures). We also investigated one commercially

Fig. 2. Fluorinated gas adsorption A ® Mg, (dobdc) B
in open-metal-site materials. 87e Mnj(dobdc) m
(A) Comparison of storage capacity S ® Fe,(dobdc) S
and binding enthalpy for VDF in 3 e Co,(dobdc) v S
porous materials. The binding g - : gﬁ(‘(jg:;;g) —e—i o E
enthalpies and associated errors = ° Zn:(dobdc) = :;
were determined using linear S 540 Mg, (m-dobdc) .. 5
fits to the Clausius-Clapeyron 3 O Ni,(m-dobdc) o
equation. (B) Comparison 8 44 ™ Cubto), 8
of storage capacity (blue) and % : i‘fsg(gﬁ)(st:)zbd * o
binding enthalpy (red) for S 34, Z;o”(te Y)( 00 S
fluorinated gases in Mg,(dobdc). 2] F »
The binding enthalpies and 2 N =<F
associated errors were determined T T T T T
using linear fits to the Clausius- 15 20 25 30 35 40
Clapeyron equation. (C) MAS °F - AH,, (kd/mol)
solid-state NMR spectrum of C D
VDF-Mg,(dobdc) (blue) compared .
with sfla(tion-st;t((e 19F)NMR ’ VDF in THF VDF-Mg,(dobdc)
spectrum of VDF in THF (red).
(D) Rietveld refinement of VDF-
Mg,(dobdc). Measured diffraction %
data (blue), fitted pattern (red), S
and the difference (black) are =
shown. Weighted residual factor
(Rwp) = 11.9%. The inset shows
the structural model for VDF-
Mg,(dobdc).
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available zeolite that bears accessible Na* sites
(Zeolite Y). To identify the optimal material for
fluorinated gas delivery, VDF adsorption and
desorption isotherms were collected for all
materials at 30°,40° and 50°C. Notably, VDF
adsorption was found to be fully reversible
in every case. The isotherm data were used to
determine the gravimetric VDF storage ca-
pacities at 30°C and 1 bar of VDF (vertical axis
of Fig. 2A, fig. S80, and table S23). Among the
tested materials, Mg,(dobdc) (7.95 mmol/g,
34wt %) and Cug(btc), (7.64 mmol/g, 33 wt %)
possess the highest VDF gravimetric capaci-
ties, which is expected given their high den-
sities of open metal sites and low molecular
weights. Beyond storage capacity, the enthalpy
of adsorption (-AH,4s) is critical for governing
how readily fluorinated gases would be re-
leased in situ or under ambient conditions. To
calculate —AH, 4, values, all adsorption iso-
therms were fit using dual-site Langmuir
models. Using the Clausius-Clapeyron equa-
tion, we determined the —AH, 4 values as a
function of VDF loading for each material;
—AH,4s values at a loading of 1 mmol/g are
included for comparison in Fig. 2A (horizontal
axis). In general, materials that bear highly
Lewis acidic Mg>*, Ni**, or Na* sites—namely
My(dobdc) (M is Mg or Ni), My(m-dobdc) (M is
Mg or Ni), and Zeolite Y—demonstrate the
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strongest adsorption of VDF (38 to 41 kJ/mol).
This is likely due in part to the hard-soft acid-
base match of hard fluorine atoms with hard
metal centers (22).

Because Mg,(dobdc), Ni,(dobdc), and Ni,
(m-dobdc) display high VDF gravimetric stor-
age capacities coupled with strong binding,
their ability to adsorb the fluorinated gases TFP,
HEFP, and TFMI was also evaluated (Fig. 2B, fig.
S81, and table S24)). Because of its lower mo-
lecular weight, Mg,(dobdc) exhibits a higher
gravimetric capacity for each gas at 1 bar and
30°C than Niy(dobdc) and Niy(m-dobdc). In
addition, the —AH, 45 values for TFP and TFMI
in Mgy(dobdc) are larger in magnitude than the
corresponding values in the Ni-based frameworks,
whereas the strength of HFP binding is compara-
ble across all three frameworks. Collectively, the
adsorption data suggest that Mg,(dobdc) is an
ideal framework for the storage of fluorinated
gases because of its high gravimetric capacity
and strong interaction with multiple gases of syn-
thetic interest. Further supporting its superiority
as a practical gas storage medium, Mg,(dobdc)
retains its crystallinity and porosity after a week
of standing on the benchtop at RT (figs. S93
and S94) and is stable in air at 120°C for 24 hours
(30). To demonstrate the potential for commer-
cialization of Mgy(dobdc), we developed a new
high-concentration aqueous synthesis that al-
lows for >100 g of material to be prepared in a
single batch (figs. S10 and S11).

The nature of the interaction between Mg,
(dobdc) and VDF (as a representative fluori-
nated gas) was probed using a range of exper-
imental and computational techniques (Fig. 2,
C and D; figs. S82 and S96; and table S25).
Magic-angle spinning (MAS) °F solid-state
nuclear magnetic resonance (NMR) measure-
ments were performed on VDF-Mg,(dobdc)
(Fig. 2C and fig. S96). The resonance corre-
sponding to VDF-Mg,(dobdc) [-87.34 parts
per million (ppm)] is shifted upfield and
broadened relative to that of VDF dissolved
in tetrahydrofuran (THF) (-82.09 ppm) (Fig.
2C and fig. S96). The greater shielding that is
observed for VDF bound within the MOF is
due to the proximity of & electron density from
the aromatic linkers, and the signal broaden-
ing is due to immobilization (22, 31). The pre-
ferred binding mode of VDF in Mg,(dobdc)
was further interrogated by synchrotron pow-
der x-ray diffraction (PXRD) conducted on a
sample of microcrystalline Mg,(dobdc) dosed
with ~100 mbar of VDF (Fig. 2D). Rietveld re-
finement of the obtained pattern corroborated
a structural model in which VDF preferentially
binds to the open Mg?" site through a F--Mg
interaction, not through the alkene n-bond
(inset of Fig. 2D). The F--Mg distance is 2.67(3) A,
which is similar to the distances reported for
related experimental and calculated struc-
tures (22, 23). Density functional theory cal-
culations further support that the F-bound
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structure for VDF-Mg,(dobdc) possesses a pre-
dicted binding enthalpy (-AH}, = 37.5 kJ/mol)
similar to the experimental value (-AH,q45 =
37.7kJ/mol) (fig. S82 and table S25). Indeed,
the calculated F-bound structures for TFP,
HFP, and TFMI all possess predicted binding
enthalpies that are similar to the experimental
values (fig. S82 and table S25). Overall, these
data support that the strong binding of fluo-
rinated gases in Mgy(dobdc) is due to the fa-
vorable interaction between the hard Lewis
basic F atoms and the hard Lewis acidic Mg>*
open metal sites in Mg,(dobdc).

Application to solution-phase reactions

Building on these results, we investigated
whether gas-Mg,(dobdc) reagents can be used
to deliver fluorinated gases under syntheti-
cally relevant conditions. Activated Mg,(dobdc)
was dosed with VDF, and the resulting gas-
MOF reagent was loaded into a custom-built,
air-free solid-addition funnel to enable con-
trolled delivery into solution (Fig. 3A). ’F NMR
analysis confirmed that this approach facili-
tates rapid VDF release into solvents of vary-
ing polarity within 10 min (Fig. 3A and figs. S89
to S92). To further control the kinetics of gas
release into solution, we loaded VDF-Mg,(dobdc)
into a gas-tight wax capsule (fig. S87) (32).
When the encapsulated VDF-Mg,(dobdc) was
suspended in N,N-dimethylformamide (DMF),
no VDF was detected in solution after an hour.
This result suggests that the wax capsules are
impermeable to VDF, representing a leak-proof
encapsulation strategy. Simple sonication of
the reaction mixture breaks the capsule open
and dispenses VDF-Mg,(dobdc), triggering
the complete discharge of VDF into solution.
These practical, single-use reagents enable high-
throughput screening of reactions involving
gases while preventing direct exposure to the
gas and circumventing the need for complex
equipment (11, 12).

To explore the utility of gas-MOF reagents
in synthetic chemistry, we envisioned that a
desirable yet unrealized transformation would
be the defluorinative coupling of VDF with
easily handled (hetero)aryl nucleophiles to
yield o-fluorostyrenes (33). Owing to their topo-
logical, electronic, and steric similarities (34),
monofluoroalkenes have been widely used as
amide bioisosteres in drug and peptidomimetic
design (34-36). Traditional synthetic routes to
access terminal o-fluoroalkenes through alkyne
or alkene functionalization pathways suffer
from key drawbacks such as multistep starting
material syntheses, harsh or hazardous reac-
tion conditions, poor regioselectivity, and/or
modest scopes (37-39). Meanwhile, previously
reported metal-catalyzed cross-coupling routes
to prepare a-fluorostyrenes require air-sensitive
starting materials and/or specialized equip-
ment to handle gaseous VDF (40-44). To
design a more streamlined protocol, we used
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VDF-Mg,(dobdc) to enable a base-free, defluor-
inative Suzuki-Miyaura coupling (45) with
(hetero)aryl boronic acids (Fig. 3B), representing
a straightforward route to access o-fluorostyrenes.
Without the need to handle gaseous reagents,
we simply combined 4-biphenylboronic acid
and VDF-Mg,(dobdc) at RT using palladium
trifluoroacetate [PA(TFA),] as the catalyst, 4,4/-
di-tert-butyl-2,2"-bipyridine (dtbbpy) as the lig-
and, and DMF as the solvent to obtain the
a-fluorostyrene product in 23% yield (table
S26, entry 1). Although reactions that involve
reactive gases are typically low throughput,
using VDF-Mg,(dobdc) enables the setup of
multiple reactions in parallel, streamlining
the optimization process (table S26). An in-
vestigation of catalysts, solvents, temperatures,
and concentrations revealed that the use of
catalytic PA(TFA),(dtbbpy) and a reaction con-
centration of 50 mM (with respect to the aryl-
boronic acid) leads to nearly quantitative yield
(table S26, entry 23). Critically, the equivalents
of VDF can be adjusted by modifying the amount
of VDF-Mg,(dobdc) added to the reaction; doing
so revealed that the reaction proceeds well
using either four or eight equivalents of VDF
(table S26, entries 23 and 24). The optimized
defluorinative coupling protocol proceeds
smoothly with a variety of (hetero)arylboronic
acid substrates, furnishing the a-fluorostyrene
products in good isolated yields (Fig. 3B). We
obtained comparable yields using either freshly
prepared VDF-Mg,(dobdc) dispensed from a gas-
tight solid-addition funnel or wax-encapsulated
VDF-Mg,(dobdc) reagents after a day of stor-
age on the benchtop. After a successful reaction,
the MOF was recovered and found to retain its
crystallinity by PXRD, suggesting that it can
potentially be recycled (fig. S95). Using a bal-
loon of VDF in place of VDF-Mg,(dobdc) af-
fords the product in slightly lower yield [67%
compared with 80% with VDF-Mg,(dobdc)],
demonstrating that our strategy is competi-
tive with conventional gas delivery techniques.
Given the simplicity of the protocol reported
herein, we expect that it will find broad use for
the synthesis of functionalized a-fluorostyrenes.

Scattered reports in the literature suggest
that the coupling of HFP with aryl magnesium
bromides (46) or arylboronic acid neopentyl-
glycol esters (47) results in mixtures of stereo-
and regioisomers. We sought to expand the
scope of our defluorinative coupling of VDF
and commercially available (hetero)arylboronic
acids (Fig. 3B) to achieve a similar reaction
using HFP-Mg,(dobdc). Our preliminary ef-
forts led to the defluorinative coupling of HFP
and 4-biphenylboronic acid to furnish a 1:1 E:Z
mixture of pentafluoropropene-substituted
products (Fig. 3C). This result demonstrates
how the use of gas-MOF reagents enables re-
action development with multiple gases with-
out needing to change cylinders attached to
complicated manifolds.
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Fig. 3. Delivery and synthetic transformations of VDF and HFP. NMR yields
were determined by *°F NMR integration using fluorobenzene as an internal
standard. See supplementary materials for experimental details. (A) Percentage
of VDF delivered to solution (determined by *°F NMR) from freshly prepared
VDF-Mg,(dobdc) or wax-encapsulated VDF-Mg,(dobdc). Ph, phenyl. (B) Scope
of Pd-catalyzed defluorinative coupling of VDF and (hetero)arylboronic acids using
VDF-Mg,(dobdc). *°F NMR vyields are given with isolated yields shown in parentheses.
For the reactions corresponding to the yields in the first row, VDF-Mgy(dobdc) was

freshly prepared and dispensed using a solid-addition funnel. For the reactions
corresponding to the yields in the second row, VDF-Mg,(dobdc) wax capsules were
stored on the benchtop for 24 hours before they were broken to dispense VDF-

Mg (dobdc). R, functional group. (C) Pd-catalyzed defluorinative coupling of HFP and
arylboronic acids using HFP-Mg,(dobdc). (D) Performance of VDF-Mg,(dobdc) in
defluorinative coupling with 4-biphenylboronic acid after storage under different
conditions. An asterisk indicates that the wax capsule was cut open before dispensing
VDF-Mg,(dobdc); a dash indicates not determined.

Long-term stability of gas-MOF reagents

To probe the long-term storability of gas-Mg,(dobdc)
reagents, we evaluated their performance in the
defluorinative coupling of VDF and 4-biphenyl-
boronic acid after storage under different condi-
tions for up to 2 months (Fig. 3D). Bulk samples
of VDF-Mg,(dobdc) can be stored at -30°C un-
der an inert atmosphere or at -20°C in air for
up to 7 days with negligible loss in performance;
only a minor decrease in yield was observed after
storage for 14 days (glovebox and lab freezer in
Fig. 3D and table S32). Storage of VDF-Mg,(dobdc)
in a desiccator at RT for 1 day resulted in the
same yield as standard conditions, whereas
storage in a desiccator for up to 1 week still af-
forded the product in good yield (desiccator in
Fig. 3D and table S32). Leaving VDF-Mg,(dobdc)

Keasler et al., Science 381, 1455-1461 (2023)

on the benchtop in air at RT overnight before
adding it to the reaction also produced a good
yield of product (table S31, entry 3). Together,
these results suggest that slow gas loss from
bulk VDF-Mg,(dobdc) is largely driven by en-
tropic effects and that gas-MOF reagents are
stable under ambient conditions as long as
they are kept cold. To further improve the
long-term stability and safety of the gas-MOF
reagents at RT, we evaluated whether storage
within wax capsules arrests gas loss under
ambient conditions. Indeed, storage of VDF-
Mg,y(dobdc) in a wax capsule on the bench-
top at RT for 2 months before adding it to the
reaction produced a comparable yield to that
obtained using freshly prepared VDF-Mg,(dobdc)
(wax capsule in Fig. 3D and table S32). Either

29 September 2023

adding the wax capsule directly (followed by
sonication) or cutting it open to dispense VDF-
Mg,(dobdc) to the reaction mixture resulted
in similar yields of the product. As such, wax-
encapsulated gas-Mg,(dobdc) represents a bench-
stable reagent for gas delivery on demand and
provides a safer alternative to handling the
gas-MOF powder directly.

Further synthetic applications

Beyond functionalizing the C-F bond of VDF
to produce o-fluorostyrenes, we envisaged di-
versification of the C-H bond to produce B,B-
difluorostyrenes as well. Gem-difluoroalkenes
are of particular interest in medicinal chemistry
because they are bioisosteres for carbonyl groups
(4, 6,48-50). For example, the antimalarial
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F H,S0, (1.0 equiv.) Z
DMSO/H,0
100 °C, 16 h

88% (67%)
wax: 99%

64% (41%)*
wax: 95%*

N

60% (43%)*

Fig. 4. Generalizability of gas-MOF delivery. '°F NMR yields are given with
isolated yields shown in parentheses. NMR yields were determined by *°F NMR
spectroscopy using fluorobenzene as an internal standard. See supplementary
materials for experimental details. For the reactions corresponding to the
yields in the first row, gas-Mg,(dobdc) was freshly prepared and dispensed
using a solid-addition funnel. For the reactions corresponding to the yields in
the second row, gas-Mg,(dobdc) wax capsules were stored on the benchtop
for 24 hours before they were broken to dispense gas-Mg,(dobdc). (A) Scope

activity of artemisinin can be improved by re-
placing the ester carbonyl group with a gem-
difluoroalkene (4). Standard protocols to install
gem-difluoroalkenes via carbonyl olefination re-
actions or defluorination of trifluoromethylated
alkenes involve the use of complex starting mate-
rials or reagents and suffer from poor selectiv-
ity or modest scopes owing to the harsh reaction
conditions (571-57). The development of cross-
coupling methods has led to gem-difluorovinylating

Keasler et al., Science 381, 1455-1461 (2023)

m CF3 (/t©/\/CF3
(N MeO,C s

80% (68%)

N CF; CF, X CF3 H N CF,4
/©/\/ O = N _cF !
Ph o ON W0 o Me
0

45% (33%) t
wax: 70% 74%

CF;
O/
(r
(0]

36% (26%)

76% (55%)* wax: 33%
. o

reagents, including 2,2-difluorovinyl pina-
colboranes (58), 2,2-difluorovinylstannanes
(59, 60), and 2,2-difluorovinyl tosylates (61, 62).
However, these reagents are not bench stable,
and their preparation entails complex synthe-
sis and isolation procedures. As such, access to
B,p-difluorostyrene analogs directly from read-
ily available (hetero)aryl halides and VDF rep-
resents a desirable transformation. We used
VDF-Mg,(dobdc) to prepare 2,2-difluorovinylzinc
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H

o]
Ph—¢ > CF,
N
Ph

HN—{

48% (6%) 48% (33%)°
OMe 0
MeO OMe 0 ﬁ

35% (28%) 31% (19%)

wax: 19%

of Negishi coupling of (hetero)aryl halides and VDF-ZnClTMEDA synthesized from
VDF-Mg,(dobdc). OTf, trifluoromethanesulfonate; s-BuLi, sec-butyllithium; Ts,
p-toluenesulfonyl. *Pd(PPhs)s; 8 hours, 10 mol % XPhos Pd G3; 118 hours,

10 mol % XPhos Pd G3; §11 hours, 10 mol % XPhos Pd G3. (B) Scope of Pd-
catalyzed Heck coupling of (hetero)aryl bromides and TFP using TFP-Mg,(dobdc).
*XantPhos Pd G3 (2 mol %) and tetrabutylammonium bromide (1 equivalent).

(C) Scope of Fe-catalyzed trifluoromethylation of (hetero)arenes using TFMI-
Mg, (dobdc). Fc, ferrocene. $0.15 mmol FeSO4-7H,0 (0.3 equivalents), 50°C; §50°C.

chloride-N,N,N',N'-tetramethylenediamine
(VDF-ZnCle-TMEDA), which can be engaged in
Pd-catalyzed Negishi couplings with (hetero)aryl
halides to yield B,B-difluorostyrenes (63) (Fig.
4A). A brief reaction optimization revealed that
the combination of VDF-ZnCleTMEDA and
catalytic amounts of XPhos Pd G3 (see fig. S1 for
structure) in THF and Et,O (Et,O is diethyl ether)
at reflux affords the B,3-difluorostyrene pro-
ducts from (hetero)aryl bromides in excellent
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yields (table S27, entry 3). Notably, despite ex-
posure to strongly nucleophilic and basic con-
ditions, Mg,(dobdc) retains its crystallinity
after the reaction (fig. S95). Moreover, a va-
riety of electrophilic functional groups (esters,
nitriles, ketones) are compatible with this pro-
tocol, and they do not undergo nucleophilic
attack by the organozinc reagent. Further, di-
fluorovinyl groups can be successfully installed
onto substrates containing N-heterocycles
(pyridine, carbazole, indole, and thiazole) as well
as biologically active molecules (estrone). Finally,
this procedure can be extended to achieve a
double coupling with an aryl dibromide, which
produces the bis(difluorovinyl)ated product in
good yield. Even with the use of air-sensitive
reagents to generate VDF-ZnCleTMEDA, de-
livery of VDF-Mg,(dobdc) from day-old wax
capsules results in comparable yields. The de-
veloped method represents a general ap-
proach to prepare B,p-difluorostyrenes under
mild conditions.

We sought to further explore the generality
of our delivery strategy by using Mg,(dobdc)
to deliver other fluorinated gases, namely TFP
and TFMI. Similar to fluoroalkenes, trifluo-
romethylated alkenes have been used as amide
mimics in medicinal chemistry (64). Conven-
tionally, B-trifluoromethylstyrenes are con-
structed via the transition metal-catalyzed
trifluoromethylation of -halostyrenes (65);
however, the lack of available B-halostyrene
substrates severely limits the reaction scope.
Previously reported Pd-catalyzed Heck reac-
tions of TFP and aryl halides suffer from long
reaction times, dependence on specialized
equipment (e.g., high-pressure reactor auto-
claves), the need to generate TFP in situ, and/
or limited scopes (16, 66). Building on these
precedents, we used TFP-Mg,(dobdc) reagents
to deliver TFP for Heck coupling reactions with
electronically diverse (hetero)aryl bromides to
access a broad scope of B-trifluoromethylstyrenes
(Fig. 4B). We investigated the Pd-catalyzed
reaction of 4-bromobiphenyl with TFP under
standard Heck coupling conditions using pal-
ladium acetate [Pd(OAc),] as the catalyst, po-
tassium carbonate (K,COj3) as the base, and
DMTF as the solvent at 150°C, which afforded
the B-trifluoromethylstyrene product in 17%
yield (table S28, entry 1). During an investiga-
tion of a variety of Pd catalysts, we found that
the use of DPPF Pd G3 (see fig. S1 for struc-
ture) leads to synthetically useful yields (table
S28, entry 3). Although electron-neutral and
-deficient aryl bromides react efficiently under
these conditions, electron-rich derivatives ex-
hibit sluggish reactivity. The simplicity of work-
ing with TFP-Mg,(dobdc) enabled us to quickly
survey different Pd catalysts and discover that
the use of XantPhos Pd G3 (see fig. S1 for struc-
ture) in conjunction with tetrabutylammonium
bromide (TBAB) as a phase transfer catalyst
leads to improved yields for these challenging
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substrates (table S29, entry 6). With optimized
conditions in hand, we expanded the reaction
scope to an array of (hetero)aryl bromides bear-
ing a variety of functional groups, which fur-
nished the B-trifluoromethylstyrene products
in good yields (Fig. 4B). Similar to VDF-
Mg,(dobdc), other gas-MOF reagents can be
stored in wax capsules for 24 hours on the bench-
top before use. Delivery of TFP-Mg,(dobdc)
from wax capsules results in excellent yields
of B-trifluoromethylstyrenes.

We next used TFMI-Mg,(dobdc) reagents to
introduce valuable trifluoromethyl groups into
(hetero)aromatic compounds (Fig. 4C). Tri-
fluoromethyl groups are common in drugs (67)
and appear in ~19% of fluorinated pharma-
ceuticals (68). TFMI represents an inexpensive
and safe reagent for generating triftuoromethyl
radicals (17, 69-72). Compared with traditional
Ru-based (71, 72) or Ir-based (70) photoredox
catalysis, Fe salts (69) are inexpensive poten-
tial catalysts for oxidatively generating trifluo-
romethyl radicals from TFMI under Fenton-like
conditions without the need for complicated
reaction setups or light irradiation. As such,
we focused on developing a general proce-
dure for radical, Minisci-like (hetero)arene
trifluoromethylation using Fe catalysts. A brief
optimization using uracil as the model sub-
strate revealed that the combination of TFMI-
Mg;,(dobdc), ferrocene, hydrogen peroxide (H,Os),
and sulfuric acid (H,SO,) in dimethyl sulfox-
ide (DMSO) and H,O at 100°C affords the tri-
fluoromethylated product in good yield (table
S30, entry 3). These conditions can be applied to
a variety of substrates, including five-membered
heteroarenes (pyrrole, indole, oxazole) and bio-
logically active molecules (melatonin and uracil).
Delivery of TFMI-Mg,(dobdc) from wax cap-
sules leads to similar yields as those obtained
under standard conditions. Although the major
product is accompanied by trifluoromethyla-
tion at other positions, isolation of the de-
sired isomer in every case is possible with flash
chromatography.

Collectively, we have demonstrated that gas-
Mg,(dobdc) reagents can be handled as free-
flowing solids and used under synthetically
relevant conditions to streamline a series of
fluorovinylation and trifluoromethylation re-
actions. The bulk gas-Mg,(dobdc) solids can
be stored long-term (at low temperatures) for
use in multiple reactions on different days or
embedded within wax capsules to produce
safer, indefinitely bench-stable reagents. Be-
cause gas-MOF powders are prone to slow gas
loss over time, they should be generated on-
site before use. As a safer option, we expect
that wax-encapsulated gas-MOF reagents will
be more widely adopted by synthetic chemists
who are interested in reaction development
using fluorinated gaseous reagents. Although
we focus on fluorinated gases in this work, this
strategy can, in principle, be generalized to the
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practical delivery of other gaseous reagents
of interest to synthetic organic and medicinal
chemists. We expect that these stable gas-MOF
reagents will streamline the optimization of a
myriad of transformations.
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