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Abstract: Efficient delivery of reactive and toxic gaseous reagents to
organic reactions was studied using metal-organic frameworks
(MOFs). Simultaneous cargo vehicle and catalytic capabilities of
several MOFs were probed for the first time using the examples of
aromatization, aminocarbonylation, and carbonylative Suzuki-
Miyaura coupling reactions. These reactions highlight that MOFs can
serve a dual role as a gas cargo vehicle and a catalyst, leading to
product formation with yields similar to reactions employing pure
gases. Furthermore, the MOFs can be recycled without sacrificing
product yield, while simultaneously maintaining crystallinity. The
reported findings were supported crystallographically and
spectroscopically (e.g., diffuse reflectance infrared Fourier transform
spectroscopy), foreshadowing a pathway for the development of
multifunctional MOF-based reagent-catalyst cargo vessels for
reactive reagents, as an attractive alternative to the use of toxic pure
gases or gas generators.

Introduction

Toxic gases such as carbon monoxide and nitric oxide are
desirable chemical reagents for the synthesis of many high-value
pharmaceuticals (e.g., ketoprofen, olaparib, thalidomide,
fenofibrate, or decimemide), drug precursors (e.g., nordazepam,
florbetaben, or clenbuterol), or for synthesizing precursors of
complex molecules used in chemical, agrochemical, and
pharmaceutical industries.'-81 However, both NO and CO are
reactive gases with low lethal doses and IDLH (immediately
dangerous to life or health concentrations) of 100 and 1200 ppm,
respectively. Due to their toxicity and reactivity, expensive safety
measures are required to handle, store, and transport these
gases safely, thereby placing their usage in synthetic chemistry
under strict regulations.[’! Herein, we probed metal-organic
frameworks (MOFs),[B2%3  gpecifically their reversible gas
adsorption and catalytic activity, to carry out chemical reactions in
organic solvents. Thus, we explored the dual role of MOFs as a
catalyst and carrier of reagents on the example of reactive gases.

simultaneous reagent delivery and catalysis

reactive gases

Co,(DOBDC)
Mg,(DOBDC)
§ Rhy(BTC),

reactions:
aromatization

aminocarbonylation

carbonylative
Suzuki-Miyaura coupling

Scheme 1. A schematic representation of a synergistic MOF-based platform
used in the current studies for gaseous reagent delivery and catalysis to carry
out organic reactions including aromatization, aminocarbonylation, and
carbonylative Suzuki-Miyaura coupling.

To the best of our knowledge, utilization of MOFs for organic
synthesis as CO/NO reagent carriers has not been explored thus
far, and particularly the presented concept of combining the
catalytic properties of MOFs with CO (or NO) delivery has not
been reported (Scheme 1). Previous studies of nitric oxide and
carbon monoxide adsorption on framework metal sites,®*-%7] that
were used for signaling processes in cells using CO(NO) as
gasotransmitters,*-*3 have laid the foundation for the studies
herein. In contrast to previous reports, we surveyed MOFs as
carriers for reactive NO and CO to carry out transition-metal-
catalyzed aminocarbonylation, carbonylative Suzuki—Miyaura
coupling, and aromatization reactions for the preparation of, for
example, thalidomide (that is used to treat leprosy and cancerous
tumors) or 2-amino-5-chlorobenzophenone (a building block for
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nordazepam, an anxiety disorder medication).*4%5 As shown
below, utilization of gas@MOF solid samples as reagents could
lead to the same level of product conversion and yields compared
to direct NO and CO gas usage. Furthermore, the use of
gas@MOFs instead of molecular in situ CO generators, that
typically require byproduct extraction,*®-*¢ enables isolation of
the used MOF carriers without column chromatography, simply
through gravity filtration, allowing us to probe the recyclability of
the prepared frameworks. Prior to examining the gas delivery
capacity, the selected frameworks underwent a comprehensive
analysis using single-crystal and powder X-ray diffraction (SC-
XRD and PXRD, respectively), thermogravimetric analysis (TGA),
attenuated total reflection-Fourier transform infrared (ATR-FTIR)
spectroscopy, diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS), diffuse reflectance (DR) and energy-
dispersive X-ray (EDX) spectroscopies, inductively coupled

plasma mass spectrometry (ICP-MS), and theoretical calculations.

Despite high-temperature activation (up to 250 °C) and reactive
gas exposure, we were able to study the coordination of a reactive
gas (NO) to the metal sites of the MOF through SC-XRD for the
first time (Figure 1). Throughout the studies, the framework
integrity was carefully monitored crystallographically and
spectroscopically.

X-ray crystal structures
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Figure 1. (top) Crystallographically-resolved changes node
coordination environment of Co2(DOBDC) upon exposure to NO gas, displaying
a stepwise replacement of methanol molecules (solvent) with NO. (bottom left)
X-ray crystal structure of Coz2(NO)2(DOBDC) with coordinated NO molecules.

The light blue, dark blue, gray, red, and white spheres represent cobalt, nitrogen,

carbon, oxygen, and hydrogen atoms, respectively. (bottom right) Secondary
building unit (SBU) of Coz2(NO)2(DOBDC) as well as the Co-NO (1.994(4) A)
and average N-O (1.077(6) A) distances and the Co-N-O (123.1(4)°) angle are
highlighted.

Results and Discussion

Herein we explore two concepts: (1) utilizing the framework
for delivery of reactive and lethal gases, such as CO and NO, for

2
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performing organic transformations in solution and (2) testing the
dual role of MOFs as a catalyst and a gas carrier. To the best of
our knowledge, these two concepts have not been applied for
carbon monoxide and nitric oxide gases as reagents. We used
previous reports on the binding of CO (or NO) gases to the
unsaturated metal sites and gas release kinetics in biologically
relevant processes as a basis for our studies.?4434%50 The initial
selection of three MOFs was performed based on their structural
and thermal stability, relatively high gas adsorption capacity, and
reversible gas binding capability. Both Mg,(DOBDC) and
Co,(DOBDC) (H,DOBDC = 2,5-dioxido-1,4-benzenedicarboxylic
acid) are isostructural (rhombohedral, a = b = 26.02(1) A and ¢ =
6.721(4) A for Cox(DOBDC); structural features are shown in
Figure 1).8451-53 According to our analysis, the Mg- and Co-
containing MOFs are thermally stable up to 250 °C and 180 °C
under vacuum, respectively (Figure S2). Their exceptional
thermal stability facilitates and simplifies their activation
procedures.43551 At the same time, these MOFs also possess
relatively high CO adsorption capacities of 4.58 mmol/g (for
Mg2(DOBDC)) and 5.95 mmol/g (Cox(DOBDC) at 1.2 bar (298 K),
respectively.?¥ For gaining a better understanding and comparing
the frameworks used in these studies, we estimated the binding
energy of CO (and NO) to the metal nodes using density
functional theory (DFT) calculations (Figure 2 and Table S2).
Notably, some of the binding energies were estimated before;
however, comparison of the frameworks (selected in this work)
with each other requires the calculations to be performed for all
MOFs using the same density functional and basis set. After
considering three commonly used density functionals, i.e.,
B3LYP-D3, MO6-2X, and wB97X-D, B3LYP-D3 was employed
for most of the calculations. A detailed description of the
computational aspects is provided in the supporting information
(S1).5+-%81 The binding energies were estimated to be 40.3 kJ/mol
and 39.7 kJ/mol for CO bound to the metal center in Mg(DOBDC)
and Co,(DOBDC), and the corresponding Mg—-CO and Co—CO
bond lengths were estimated to be 2.54 and 2.27 A, respectively
(Figure 2 and Table S2).
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Figure 2. Calculated binding energy of CO and NO to the metal nodes (red) and
metal-NO and metal-CO bond lengths (blue) in MOFs chosen for this work.
Binding energies were calculated using the B3LYP-D3 density functional paired
with the 6-31+G** basis and corrected with ZPE, and bond lengths were
computed at the B3LYP/6-31G* level.

This article is protected by copyright. All rights reserved

Ad 60BETTZOZ 31Le/200T OT/I0P/LIOY"AB| 1" Afeuql1pU1|UO//SANY W01} PAPEOIUMOQ ‘2T 'Z20C ‘ELLETZST

t

[l

11\ ‘UOIIBULLIOJU] [eJ1UYOS | PUY OIILBIOS JO 01O

/eauo AriqiT auuuog

r

UO1}PU0D pue swie | a3 39S *[£202/60

8UBD|1 7 SUOWILLIOD BAIIER1D 3|qedt|dde ay Aq pautenob ake sapiie YO ‘9sn Jo sa|ni 10} Ariqiauluo 8|1 uo (suou!puoo-pue—SLum/Luoa'Am!N\'AJeJq!puuuouséuq) St



Preparation of M,(DOBDC) (M = Mg and Co) frameworks
was performed by heating the corresponding M(NO3), salts and
H4,DOBDC in a DMF/ethanol/water mixture at 125 °C for 20 hours
(Mg(NOs3)2) or at 100 °C for 24 hours (Co(NOs3),), see the Sl for
more details.*51 We demonstrated reversible room temperature
binding of CO to Co,(DOBDC) metal sites using DRIFTS for the
first time (Figure 3). The DRIFTS spectra of Cox(DOBDC) in the
presence of CO revealed a growth in the C-O stretching
frequency at 2156 cm?, that is higher than that of non-
coordinated CO (2143 cm™),58 and is in line with previous reports
indicating no significant m-backdonation.4+%% Moreover, the
observed findings are in agreement with literature reports (2164
cm™).B4 As a next step, we tested the reversibility of CO binding.
For that, we recorded the DRIFTS spectra during intensive
purging of the CO@Co,(DOBDC) sample with nitrogen for 150
minutes. Indeed, a decrease in the C—O band intensity (2156 cm~
1) over time was detected (Figure 3, see more details in the SI),
confirming reversible binding of carbon monoxide to the MOF
metal sites. Such reversible binding capacity was crucial for our
studies since CO should not only coordinate to the metal center,
but also be released during the organic reactions. Notably, our
investigations of the Mg,(DOBDC) system is in line with a
previous report.?4
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Figure 3. The ATR-FTIR spectrum of CO@Co2(DOBDC) (red). The top inset
shows DRIFTS spectra of Co2(DOBDC) (red) collected at room temperature in
the presence of carbon monoxide. The bottom inset demonstrates changes in
the DRIFT spectra (% differential reflection (AR)) of CO@Co2(DOBDC) (blue)
upon intensive sample purging with nitrogen. A schematic representation of the
CO coordination and dissociation processes is provided. The light blue, gray,
and red spheres represent cobalt, carbon, and oxygen atoms, respectively.
Hydrogen atoms are omitted for clarity.

As test reactions with CO gas, we chose to synthesize
thalidomide and nordazepam precursors (valuable
pharmaceuticals)?3 as a proof-of-principle that the developed
approach could be used for synthesizing commodity chemicals.
Initially, we carried out the aminocarbonylation reaction by using
Mg2(DOBDC) as a cargo vehicle for CO delivery (Figure 4). For
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that, Mg,(DOBDC), was first activated at 250 °C for 3 hours under
dynamic vacuum, then exposed to CO at 77 K (a more detailed
procedure can be found in the SI), and the produced
CO@Mg,(DOBDC) sample was stored at room temperature
under a CO atmosphere. Preservation of Mg,(DOBDC)
crystallinity after CO exposure was evaluated by PXRD,
confirming the integrity of the Mg,(DOBDC) framework (Figure 4).
After performing several control experiments in the absence of
carbon monoxide or in the presence of Mg,(DOBDC) (instead of
CO@Mg,(DOBDC), see more details in the SlI), the prepared
CO@Mg,(DOBDC) framework was used as a CO source in the
aminocarbonylation reaction.

Mg,(DOBDC)

aminocarbonylation
NH CO@MQZ DOBDC

Pd(dba),, Xantphos,
DMAP, DIPEA,

-t ;O
anisole, 100 °C, 21 h

carbonylative Suzuki-Miyaura coupling
HO
NH, HO-B_@ H:N O

I -
©/ CO@Mg,(DOBDC),

cl PdCl,, K,COs, cl

anisole, 120 °C,17 h
l Mg;(DOBDC) after
A carbonylative Suzuki-Miyaura coupling
A\ A NN

Mg,(DOBDC) after
aminocarbonylation reaction

experimental
CO@Mg,(DOBDC)

experimental
Mg,(DOBDC)

simulated
Mg,(DOBDC)
L A
I I I I I 1
5 10 15 20 25 30
20, deg

Figure 4. (top) Examples of organic reactions explored in the current work using
CO@Mg2(DOBDC) as a gaseous reagent delivery vehicle. (bottom) PXRD
patterns of Mg2(DOBDC): simulated (black), as-synthesized (red), experimental
after CO exposure (blue), isolated after utilization in the aminocarbonylation
reaction (green), and isolated after utilization in the carbonylative Suzuki-
Miyaura coupling reaction (purple).

For that, 2-bromo-N-(2,6-dioxopiperidin-3-yl)benzamide, 4-
dimethylaminopyridine (DMAP), 4,5-bis(diphenylphospheno)-9,9-
dimethyl xanthene (Xantphos), and
bis(dibenzylideneacetone)palladium (Pd(dba),) were added to
the prepared CO@Mg,(DOBDC) framework in a Schlenk flask
under positive nitrogen pressure (Figure 5). Anhydrous anisole
and N,N-diisopropylethylamine (DIPEA) were added to the flask,
followed by heating at 100 °C for 21 hours, resulting in the
formation of thalidomide in 56% vyield (Figures S3 and S4). As a
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control experiment, we carried out the same reaction under
identical reaction conditions but instead of CO@Mg,(DOBDC),
we used CO gas. Remarkably, the acquired vyield using
CO@Mg,(DOBDC) (56%) was practically identical to the one
obtained under the same reaction conditions but with CO gas
(58%). Product conversion was controlled through the number of
moles of CO added to the mixture (i.e., mass of CO@framework).
Figure 5 contains *H NMR spectra of the crude reaction mixtures
from the aminocarbonylation reaction using 3.53 equivalents of
CO@Mg,(DOBDC) (ca. 3.68 equivalents of CO) and 1.38
equivalents of CO@Mg2(DOBDC) (ca. 1.44 equivalent of CO) as
reagents. The *H NMR spectrum of the isolated reaction mixture,
carried out with 1.38 equivalents of CO@Mg,(DOBDC),
contained prominent resonances at 6 = 10.87 ppm corresponding
to the starting material, 2-bromo-N-(2,6-dioxopiperidin-3-
yl)benzamide, and a resonance at 6 = 11.15 ppm, corresponding
to the product, thalidomide (Figure 5). In contrast, performing the
reaction with 3.53 equivalents of CO@Mg,(DOBDC) led to almost
100% conversion. Therefore, loading a sufficient amount of CO
into the MOF is an important parameter to consider when
performing these reactions (see the Sl for more details). The
control experiment utilizing N,@Mg(DOBDC) instead of
CO@Mgz(DOBDC) led to no product formation.
CO@Mg,(DOBDC)

:K} p @ ; Oﬁj
NH HN
O’&§N
Pd(dba),, Xantphos,

DMAP, DIPEA, O

anisole, 100 °C, 21 h
n

N,@Mg,(DOBDC)

1.38 eq.
CO@Mgz(DOBDC)

— N

3.53 eq.
CO@Mg,(DOBDC)

I
1.3 1.2 11.1 1.0 10.9 10.8

10.7 ppm
H,O DMSO
I
I T T T T T T T T T T 1
10.00 7.00 4.00 ppm

Figure 5. (top) Reaction scheme for the aminocarbonylation reaction using
CO@Mg2(DOBDC). (middle) *H NMR spectra collected of crude products
obtained from the control reaction using N2@Mg2(DOBDC) (red), using 1.38
equivalents of CO@Mgz(DOBDC) (blue), and using 3.53 equivalents of
CO@Mg2(DOBDC) (black). (bottom) *H NMR spectrum of the product,
thalidomide, prepared from the reaction using CO@Mg2(DOBDC). The peaks
corresponding to the starting material (w) and the product (e) are labeled.

As a next step, we evaluated the crystallinity of Mg,(DOBDC) after
CO delivery and exposure to the reaction conditions (Figure 4).
The MOF was first thoroughly washed with ethyl acetate and
methanol using a Soxhlet apparatus to ensure the removal of any
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Figure 6. (top) Examples of organic reactions explored in the current work using
Co2(DOBDC) as a gaseous reagent delivery vehicle. (bottom) PXRD patterns
of Co2(DOBDC): simulated (black), as-synthesized (red), experimental after CO
exposure (blue), isolated after utilization in the aminocarbonylation reaction
(green), isolated after its use in the carbonylative Suzuki-Miyaura coupling
reaction (purple), experimental Co2(DOBDC) after NO exposure (orange), and
isolated after utilization in the aminocarbonylation reaction with different
conditions: without air and water (yellow), with air (pink), with water (maroon),
and with air and water (olive).

residual components from the reaction mixture. As shown in
Figure 4, the collected PXRD pattern demonstrated preservation
of framework crystallinity and integrity after the reaction and the
extensive washing procedure.
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As another framework for CO delivery, we explored
Co,(DOBDC) (Figure 6).[343551.53.601 Dye to a larger CO absorption
capacity (5.95 mmol/g at 1.2 bar (298 K))B4 and similar CO
binding capability (binding energy = 39.7 kJ/mol, based on DFT
calculations; Figure 2 and Table S2) in comparison with
Mg2(DOBDC), we hypothesized that CO@Co,(DOBDC) could be
an even more attractive candidate for practical applications. For
instance, the ATR-FTIR spectrum of CO@Co,(DOBDC), stored
in a sealed ampule for one week at room temperature,
demonstrated preservation of the C-O stretching frequency at
2160 cm™, corresponding to CO bound to the framework metal
sites, indicating that CO can be stored within Co,(DOBDC)
(Figure S5). We then used CO@Co,(DOBDC) as a source of CO
to perform an aminocarbonylation reaction of 2-bromo-N-(2,6-
dioxopiperidin-3-yl)benzamide, using similar conditions to the
same reaction with CO@Mg2(DOBDC) (see the Sl for more
details), resulting in the preparation of thalidomide with 67% yield
(Figure 6). After being used as the CO delivery vessel, the MOF
was separated by filtration and thoroughly washed with ethyl
acetate and methanol using a Soxhlet apparatus to ensure the
removal of any residual components from the reaction mixture.
The collected PXRD pattern of the washed MOF (Figure 6)
demonstrated preservation of framework crystallinity and integrity
after the reaction and subsequent extensive washing procedure.
Due to the observed remarkable framework stability, we also
explored the possibility to recycle the used Co,(DOBDC) for a
second time under the same experimental conditions. As a result,
we observed formation of the product without sacrificing the yield
(more details can be found in the Sl). The recovered Co-
containing MOF still demonstrated crystallinity and preservation
of its integrity, providing a pathway for its reusability in multiple
cycles (Figure S6). Thus, both Mg,(DOBDC) and Co,(DOBDC)
can be utilized as a safe vessel for CO delivery without
compromising the product yield.

A second reaction that was probed using DOBDC-based
MOFs as CO carriers was a carbonylative Suzuki-Miyaura
coupling reaction for the synthesis of 2-amino-5-
chlorobenzophenonel® (Figures 4 and 6). The CO@M,(DOBDC)
(M = Mg or Co) samples prepared for CO delivery were
synthesized using the same procedure as described above. To
carry out this reaction, phenylboronic acid, 4-chloro-2-iodoaniline,
potassium carbonate, and palladium(ll) chloride (PdCl,) were
added to CO@M(DOBDC) (M = Mg or Co) in a Schlenk flask
under positive nitrogen pressure. After the addition of anhydrous
anisole as the solvent, the reaction mixture was heated in a
Schlenk flask at 120 °C for 17 hours, resulting in the formation of
2-amino-5-chlorobenzophenone  utilizing CO@Co,(DOBDC)
(45% yield) and CO@Mg.(DOBDC) (49% yield). To explore the
concept of MOF recyclability after CO delivery, the MOF was first
thoroughly washed with ethyl acetate and methanol using a
Soxhlet apparatus to remove any residual compounds. The
PXRD patterns of the washed MOFs show that the crystallinity
and integrity of the frameworks were preserved (Figure 6). The
isolated yield using the CO@MOFs instead of CO was relatively
low in comparison with CO gas (75%) and literature reports
utilizing CO generators (62%).5!

For a framework with a higher CO binding energy (81.2
kJ/mol) in comparison with M,(DOBDC) MOFs (M = Mg or Co),
we chose Rh3(BTC), (H;BTC = 1,3,5-benzenetricarboxylic acid)
to efficiently adsorb CO, based on reports by the Fischer
group.6%62 Notably, Rh3(BTC), can also act as a catalyst in
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hydrogenation and ethylene dimerization reactions.[%63 The
Rh3(BTC), framework was prepared using a reported
procedure,’®? and the carbonylative Suzuki-Miyaura coupling
reaction was carried out under the same experimental conditions
employed for CO@Mg2(DOBDC) and CO@Co,(DOBDC) (vide
supra), but using CO@Rh3(BTC), as the CO carrier. As expected,
the use of Rh3(BTC), for CO delivery resulted in the formation of
2-amino-5-chlorobenzophenone with 22% yield, but the isolated
MOF after the reaction did not maintain its integrity according to
PXRD analysis (Figure S7). Notably, we detected product
formation using CO@Rh3(BTC),, even in the absence of the
catalyst (PdCly), under the same experimental conditions used in
the case of My(DOBDC) (M = Mg and Co). One possible
hypothesis for such behavior is that the Rh3(BTC), framework
degraded and resulted in the formation of metal particles that
could catalyze the Suzuki—Miyaura coupling reaction. To test this
hypothesis, we prepared a more robust heterometallic
isostructural analog, Cuz3sRhoe(BTC),, using a literature
procedure,’® that could maintain its crystallinity after the reaction
(Figure  S8). Indeed, PXRD analysis revealed that
Cuz38Rhoe2(BTC), could be isolated after the reaction and
retained its structural integrity (Figure S8). As expected, due to
framework stability (and the absence of decomposition products),
no product formation was observed using
CO@Cuz3sRho62(BTC)z; however, the use of
CO@Cu,3sRho62(BTC), in the presence of the PdCI, catalyst
resulted in the formation of the product. A detailed synthetic
procedure and characterization of Cu,3sRho62(BTC): is described
in the SI. To further elaborate on the possible dual role of a MOF
performing as a gas carrier and catalyst, we prepared the robust
Co,(DOBDC) framework (that preserved its integrity under the
reaction conditions as shown above) containing impregnated Pd
nanoparticles to carry out the Suzuki—-Miyaura coupling reaction
(Figure 7). We hypothesized that Co,(DOBDC) would act as a CO
carrier, as shown above, while the Pd particles could catalyze the
formation of 2-amino-5-chlorobenzophenone. Pd nanoparticle
impregnation within the framework matrix was performed using a
literature procedure.l®s As shown in Figure 7, elemental mapping
via EDX spectroscopy indicated Pd-particle dispersion, and the
EDX data indicated the presence of Pd species with an atomic
percentage of 4.4% (Figure S9), which is in agreement with the
results obtained from the ICP-MS data (4.0%). Moreover, PXRD
analysis demonstrated the structural integrity of the framework
after Pd impregnation (Figure 7). The synthesis of 2-amino-5-
chlorobenzophenone with CO@Pd-Co,(DOBDC) was carried out
under the same experimental conditions as described above;
phenylboronic acid, 4-chloro-2-iodoaniline, and potassium
carbonate were added to CO@Pd-Co,(DOBDC) in a Schlenk
flask under positive nitrogen pressure. After the addition of
anhydrous anisole as the solvent, the reaction mixture was heated
in a Schlenk flask at 120 °C for 17 hours, but without the presence
of the PdCI; catalyst. The observed yield (42%) was similar to that
of the reaction that used PdCl, as a catalyst and
CO@Co,(DOBDC) (45% yield) as a source of CO. The control
experiment in which only CO@Co,(DOBDC) was used (without
the presence of any Pd-containing species) did not demonstrate
the formation of the desired product. After the reaction, the used
Pd-containing MOF was collected via gravity filtration, and the
PXRD analysis of Pd-Cox(DOBDC) demonstrated that the
isolated framework maintained its crystallinity after being exposed
to the reaction conditions (Figure 7). Thus, these studies

This article is protected by copyright. All rights reserved

JU| IIUYDS L PUY OLIUBI0S JO 3O AQ BOBETTZOZ 9U/Z00T OT/I0P/LIOY AB| M Akeuq 1 putjuo//SANY WO} pAPEOIUMOQ ‘ZT ‘ZZ0C ‘€LLETZST

V]

UOIIPUOD PUe SWe | 8u) 8es Lt,cuclbulﬁa uo Arigr au”uog”/\r U(IJ !j'-UJO

8UBD|1 7 SUOWILLIOD BAIIER1D 3|qedt|dde ay Aq pautenob ake sapiie YO ‘9sn Jo sa|ni 10} Ariqiauluo 8|1 uo (suou!puoo-pue—SLuJal/Luoa%m!N\'AJQJq!puuuouséuq) St



showcase that the CO@Pd-Co,(DOBDC) framework can serve
as a catalyst and reagent carrier without losing its integrity.
carbonylative Suzuki-Miyaura coupling

HQ
NH, 3 <> H,N O
B 2
= J O
CO@Pd-Coy(DOBDC)
Cl K,COs, Cl

anisole, 120 °C, 17 h
Pd-Co,(DOBDC) after reaction

J Aexperimental CO@Pd-Co,(DOBDC)

A Aconncd A

experimental Pd-Co,(DOBDC)

simulated Co,(DOBDC)

I I I T 1
10 20 30 40
26, deg

EDX mapping of Pd-Co,(DOBDC)

Figure 7. (top) Reaction scheme for carbonylative Suzuki-Miyaura coupling
using CO@Pd-Co2(DOBDC) as a source of CO and as a catalyst. (middle)
PXRD patterns of: simulated Co2(DOBDC) (black), experimental Pd-
Co2(DOBDC) (red), experimental Pd-Co2(DOBDC) after CO exposure (blue),
experimental Pd-Coz(DOBDC) isolated after utilization in the carbonylative
Suzuki-Miyaura coupling reaction (green). (bottom) EDX elemental mapping
analysis: SEM image of Pd-Co2(DOBDC) and the corresponding elemental
mapping for: Co, Pd, and Co and Pd.

Nitric oxide was chosen as another example of a reactive
and lethal gasl”®5%9 for adsorption in a MOF matrix and
subsequent utilization as a reagent in organic reactions. Due to
the reported structural stability and NO reversible adsorption
capacity (6 mmol/g at 1 bar, 298 K),[*"] Co,(DOBDC) was chosen
to deliver nitric oxide for carrying out the aromatization reaction of
diethyl 4-ethyl-2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate
(EDDD, Figure 6). The NO@Co,(DOBDC) sample was prepared
by introducing NO gas at room temperature to the activated
Co,(DOBDC) sample, and subsequent coordination of NO
molecules to the cobalt metal sites was monitored
crystallographically and spectroscopically (Figures 1, 6, 8, and
S10; Table S1). According to our single-crystal X-ray studies
(Figure 1), the metal sites in the as-synthesized MOF were initially
occupied by methanol molecules that were partially replaced by
NO in the single crystals of pre-activated Co,(DOBDC) (150 °C
for 24 hours). The presence of residual methanol molecules

6
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coordinated to the metal sites was a critical drawback since it
could complicate efficient NO delivery to the selected organic

100
ATR-FTIR
=7 DRIFTS &Tﬁ
80
R
o
704 <
® 60
g :
g 1850 1810 1770 1730
£ 100 T T T T T T
& ATR-FTIR
S 90+
DRIFTS
80
8
o & l +H20l—N0 F
60 +H,0
3700 3300 2900 2500
50 T T T T T T
3650 3150 2650 2150 1650 1150 650

wavenumber, cm™’

Figure 8. ATR-FTIR spectra of NO@Co2(DOBDC) before (blue) and after (red)
exposure to water vapor. The insets show DRIFT spectra (% differential
reflection (AR)) of Co2(DOBDC) during NO exposure (blue) and
NO@Co2(DOBDC) during water vapor exposure (red). The light blue, dark blue,
and red spheres represent cobalt, nitrogen, and oxygen atoms, respectively.
Hydrogen atoms are omitted for clarity.

reactions, and therefore, we increased the MOF activation
temperature from 150 °C to 180 °C. The more thorough MOF
activation at 180 °C for 4 hours, followed by NO exposure,
resulted in exclusive occupation of the metal sites by NO
molecules, confirmed through SC-XRD studies (Figures 1 and
S10; Table S1) and spectroscopic analysis (Figures 8 and S12).
Notably, it is the first time that single-crystal X-ray data
demonstrated direct coordination of NO molecules to the cobalt
centers of the Co(DOBDC) framework. These findings were
essential to narrow down suitable reaction conditions for efficient
NO delivery using a porous matrix.

The single-crystal X-ray analysis revealed that NO bound to
the MOF metal nodes were crystallographically disordered over
three orientations with Co—N-O angles of 131.2(12)°, 123.2(4)°,
and 119.2(7)° with an average value of 123.1(4)° (Figure S10).
Similar Co—-N-O angles in the range of 119.0-126.3° were also
found in crystal structures of cobalt-containing organometallic
complexes (Figure S13).'0-74 Spectroscopic analysis using
DRIFTS revealed a 78 cm™-shift in the N-O stretching frequency
to 1798 cm™! upon metal coordination in Co,(DOBDC) compared
to that of non-coordinated NO (1876 cm™),["®l which is in line with
literature reports monitoring NO coordination in cobalt-based
organometallic complexes and in an isostructural MOF,
Fe,(DOBDC).B%70 DRIFTS studies were used for investigating
NO@Co,(DOBDC) for the first time (Figure 8) to demonstrate that
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NO coordinated to the metal centers can be efficiently released
and replaced with water molecules. Figures 8 and S11 show the
disappearance of the 1798 cm™ stretching frequency
corresponding to coordinated NO molecules and the
simultaneous growth of a broad band at 3421 cm™ corresponding
to the presence of coordinated water molecules to the metal
site.l’47 Coordination of NO to the metal site is also associated
with a visible color change of the material from brown (parent
MOF) to black. This visible change corresponds to changes in the
DR spectrum of Co,(DOBDC) in the visible region after exposure
to NO gas from two electronic transitions with Amax = 580 and 720
nm to three electronic transitions with Amax = 520, 600, and 700
nm (Figure S12).13676 This change in electronic transitions is likely
related to d-d transitions, according to several literature
reports.6781 Crystallinity of Co,(DOBDC) was monitored by
PXRD to evaluate framework integrity after NO treatment. As
clearly shown in Figure 6, Co,(DOBDC) still preserved its integrity
after nitric oxide exposure.

As a model reaction for probing Co,(DOBDC) as a nitric
oxide cargo vehicle, we performed an aromatization reaction of
EDDD (Figure 6). Initially, as a control experiment, we carried out
EDDD aromatization using nitric oxide gas.[®-% As reported in
the literature, 8.9 introduction of trace amounts of oxygen into the
system can significantly accelerate the reaction and decrease the
reaction time from several hours to minutes. We applied this
strategy by using atmospheric air as a readily available source of
oxygen. To perform the reaction, EDDD was added to a Schlenk
flask followed by its evacuation before NO (6 mL) and air (12 mL,
ca. 2.5 mL oxygen) were introduced into the system. After the
addition of the gaseous reagents, solvent was injected into the
reaction mixture (more details in the SlI) and the reaction was
carried out at room temperature for 20 minutes. As a result, the
conversion and yield for the formation of EDPD (EDPD = diethyl
4-ethyl-2,6-dimethylpyridine-3,5-dicarboxylate) using NO gas
were found to be 100% and 97%, respectively. Carrying out the
same reaction under anaerobic conditions resulted in a
significantly lower yield and conversion, i.e., 43% and 31%,
respectively, that is in line with literature reports emphasizing the
importance of the presence of oxygen.f%° After probing the
reaction conditions for the aromatization reaction using pure NO
gas, we implemented similar conditions to perform this reaction
using NO@Co,(DOBDC) as a source of NO. For that, EDDD was
added to the Schlenk flask containing NO@Co,(DOBDC) under
positive nitrogen pressure, and then the flask was evacuated,
followed by the addition of air (as a source of oxygen). A stepwise
addition was used to prevent pre-exposure of the
NO@Co,(DOBDC) sample to air. As a final step, benzene was
added to the reaction mixture. The reaction was carried out at
room temperature for 20 minutes (more synthetic details can be
found in the SI). However, a relatively low yield of 22% for EDPD
was observed. Notably, the use of pure oxygen instead of air did
not lead to any significant changes in the observed yield. As
expected, carrying out the same reaction under anaerobic
conditions (no oxygen present) led to an even lower yield of 6%.

As shown above by our DRIFTS studies, NO molecules
coordinated to the MOF metal nodes could be replaced by water
molecules (Figures 8 and S11). These findings provoked us to
add water to the reaction mixture under rigorous stirring,
hypothesizing that the presence of water vapor could complete
the release of coordinated NO molecules from the framework
through water-to-nitric oxide exchange. Indeed, after the addition

WILEY-VCH

of water, the gas@MOF sample, immersed in an organic solvent,
changed color from black to orange. According to our DRIFTS
data and literature reports,7 this color change is indicative of the
replacement of nitric oxide by water molecules, that is also
supported experimentally through the observation of increased
pressure inside the reaction flask. Therefore, after combining the
reagents, EDDD and NO@Co,(DOBDC), and adding air and
solvent, we also added 150 pL of water. The reaction was carried
out at room temperature for 20 minutes (as in the case of NO gas
usage; vide supra). Notably, the amount of NO anticipated to be
released from the NO@MOF samples was estimated for each
reaction. The product conversion and reaction yield were found to
be 100% and 88%, respectively, that is in line with values
obtained from using solely nitric oxide gas. Thus, even during a
20 minutes reaction duration, we were able to efficiently deliver
nitric oxide to the reaction using a MOF. As a control experiment,
we also carried out the same reaction in the presence of water but
in the absence of oxygen (i.e., the addition of degassed water).
As expected, it resulted in only 13% product conversion and 6%
yield. Notably, a shortage in the amount of added oxygen (i.e., air)
resulted in only a 70% conversion. Therefore, the presence of
both components, oxygen and water, are critical for optimal
reaction performance. Remarkably, the PXRD analysis
demonstrated that Co,(DOBDC) preserved its crystallinity after
the performed treatments, including water and air addition (Figure
6).

Conclusion

In our studies, we demonstrated that Mg- and Co-based
frameworks can efficiently be used for the delivery of reactive and
toxic gaseous reagents such as nitric oxide and carbon monoxide
to organic reactions, while maintaining their structural integrity.
On the examples of aminocarbonylation, carbonylative
Suzuki—Miyaura coupling, and aromatization reactions, we
probed MOFs as a cargo vehicle for reactive gases and its
catalytic capabilities. We showed that, for instance, the Co-based
MOF can combine functions as a gas carrier and a catalyst and
be applied to carry out the carbonylative Suzuki-Miyaura coupling
reaction. To the best of our knowledge, reactive (and toxic) gas
delivery, especially in combination with MOF catalytic
performance, were applied for the first time for exploring product
formation in organic reactions. We demonstrated that in
aminocarbonylation and aromatization reactions, product yields
obtained from reactions using gas@MOF solid samples as
reagents are comparable with yields obtained from reactions
utilizing reactive carbon monoxide and nitric oxide gases. On the
example of the aminocarbonylation reaction, we established that
the Co,(DOBDC) framework, isolated from the reaction mixture
through gravity filtration, could be efficiently recycled for a second
round of organic transformations, without sacrificing the product
yield. The presented results also contain the first DRIFTS studies
demonstrating CO adsorption and desorption, NO adsorption,
and NO-to-water replacement in Co(DOBDC). In addition, the
geometry of NO molecules coordinated to the MOF metal centers
was resolved through single-crystal X-ray diffraction for the first
time. The innovative approaches utilized in this work portend a
pathway for the development of multifunctional MOF-based
reagent-catalyst cargo vehicles for reactive reagents as an
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alternative to the use of pure toxic gases or gas generators.6-
48,77]
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