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A novel series of UiO-66 structures with linker-induced defects was synthesized and fully characterized.
By using a linker functionalized with a free, dangling alkylamine that replaces the ordinary carboxylate
coordinating group, up to 40% of the linkers incorporated within the UiO-66 framework were defect
sites. The resulting UiO-66 with linker-induced defects was then demonstrated to be a highly active
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heterogeneous catalyst. When applied to three-component, solvent-free cycloadditions of epoxides with
aromatic amines and CO, at ambient pressure, a diverse range of bioactive oxazolidinone compounds
were isolated in significantly high yields (>90%) with quantitative conversions and regioselectivity. Finally,
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Introduction

It is becoming increasingly clear that the economics behind
reducing CO, emissions from the atmosphere is not favorable
enough to implement solutions that quickly solve the global
climate change problem.' As a result, significant efforts have
turned toward advancing the chemical utilization of CO, as a
C1 building block for producing fine chemicals with added
economic value.” Although this approach is in itself quite chal-
lenging, given that CO, is a thermodynamically stable mole-
cule, there are important classes of compounds that have the
potential to use CO, as a building block in their production.®
One such class is oxazolidinones; five-membered hetero-
cyclic compounds that have found application as antibiotics
(e.g. tedizolid, posizolid, linezolid, and radezolid, among
others) due to their activity against a large spectrum of Gram-
positive bacteria.® Conventional synthesis of oxazolidinones
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the catalyst was proven recyclable over 5 consecutive reactions without loss of performance.

dictates the use of either poisonous phosgenes or toxic isocya-
nates as the source of the oxazolidinone’s carbonyl carbon.’
Due to the hazardous nature of these starting materials, CO,
and/or cyclic organic carbonates (derived from CO, cyclo-
addition with epoxides) have been explored as alternative
sources for the carbonyl carbon when pursuing other more
benign synthetic routes such as, the dehydration of vicinal
amino alcohols with CO,, the cycloaddition of aziridines to
CO,, aminolysis of cyclic carbonates, and the cyclization of
unsaturated amines with CO,.® However, there remain signifi-
cant drawbacks to these routes as a result of the requisite high
pressures of CO, needed, expensive and complex synthesis of
metal catalysts employed, poor recyclability due to the homo-
geneous nature of the catalysts, and limitations of heteroge-
nous systems with respect to substrate scope.>®

Metal-organic frameworks (MOFs) are an extensive class of
porous, crystalline materials whose backbone architecture can
be precisely controlled on the atomic level for gas capture and
subsequent catalytic conversions.” Premediated incorporation
of defects within the backbone of MOF structures disrupts the
regular, periodic arrangements of atoms throughout its crystal
lattice and allows for the realization of enhanced catalytic pro-
perties due to more easily accessible active sites.® Engineered
or inherently-found defects have contributed to enhanced cata-
Iytic activities of MOFs when applied in Paal-Knorr reactions,
various Brgnsted- and Lewis-acid catalyzed reactions, esterifi-
cation, cyanosilylation, methanolysis, Knoevenagel conden-
sation, oxidation of alkenes, and Michael additions, among
others.’ Such defect sites have also been used to introduce cat-
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alytically active species or, at times, to increase the vacancies
of the linker throughout the structure.'® Regardless of these
successes and/or approaches, there have been very few MOF
catalysts, defect-engineered or not, employed in the synthesis
of important classes of bioactive compounds like oxazolidi-
nones using CO, as a building block."*

The present work describes a general method for introdu-
cing linker-induced defects within a well-known zirconium-
based MOF, UiO-66,">"* that creates two structural advantages
(Fig. 1): (i) formation of vacant coordination sites within the
MOFs’ inorganic secondary building unit (SBU), thereby pro-
moting Zr(iv) as a functional Lewis acid catalytic site;'* and (ii)
judicious incorporation of a linker that is functionalized with
an alkylamine thereby enhancing CO, uptake and, later,
enabling the linker to serve as a co-catalyst to realize the end
oxazolidinone products. Accordingly, through this method, we
herein report a highly active and efficient heterogeneous cata-
lyst for three-component cycloadditions of epoxides with aro-
matic amines and CO, that produce a diverse range of oxazoli-
dinone compounds in significantly high yields with quantitat-
ive conversions and selectivity.

Inorganic SBU Regular Linker Defected Linker

HO._O HO._O
HO™ SO NH,
H,BDC 4-AMBA

Fig. 1 General synthetic strategy for engineering linker-induced
defects within the zirconium-based metal—-organic framework, UiO-66.
As a result of a missing carboxylate coordinating group, there exists a
free, dangling alkylamine. Atom colors: Zr, blue; C, grey; N, green; and
O, red. All H atoms are removed for clarity. H,BDC = 1,4-benzene dicar-
boxylic acid; 4-AMBA = 4-(aminomethyl)benzoic acid; UiO-66-X, where
X is the output mol% ratio of 4-AMBA (X = 10, 20, 30, and 40,
respectively).
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Experimental
Materials and characterization

Chemicals and supplies. 1,4-Benzene dicarboxylic acid
(H,BDC; 98% purity), zirconium tetrachloride (ZrCly; 99.99%
purity), 4-(aminomethyl)benzoic acid (4-AMBA; 97% purity),
methanol (99.9% purity), N,N-dimethylformamide (DMF;
99.8% purity), dichloromethane (99.8% extra dry grade),
aniline (99%) with all the other aromatic amines, and propy-
lene oxide (99%) with all the other epoxides were purchased
from Sigma Aldrich. Nuclear magnetic resonance spectroscopy
(NMR) solvents: chloroform-d (CDCls; 99.9% purity) and
dimethyl sulfoxide-ds (DMSO-ds; 99.9% purity) were purchased
from Cambridge Isotope. All chemicals were used without
further purification. Water used in this work was doubly dis-
tilled and filtered through a Millipore membrane.

Characterization. "H and '>C NMR spectra were recorded on
a Bruker AM-400 spectrometer using TMS as the internal stan-
dard. Powder X-ray diffraction (PXRD) patterns of the samples
were recorded using a Rigaku MiniFlex diffractometer, which
was equipped with Cu Ka radiation. The data were acquired
over the 260 range of 5 and 40°. The Fourier-transform infrared
spectra (FT-IR) spectra were obtained using a Nicolet 6700
Thermo Scientific instrument in the range of 400-4000 cm™",
using KBr pellets. Thermal gravimetric analysis (TGA) was con-
ducted using a TA Instruments Q500 with the sample held in a
platinum pan under airflow. The Brunauer-Emmett-Teller
(BET) surface area of UiO-66 and its analogues were calculated
by measuring a N, isotherm at 77 K on a Micromeritics ASAP
2020 instrument. A liquid nitrogen bath was used for the
measurements at 77 K. CO, sorption isotherms were measured
on an Autosorb iQ2 volumetric gas adsorption analyzer. The
measurement temperatures at 273 and 298 K were controlled
with a water circulator.

Synthesis of UiO-66 and its analogues with linker-induced
defects. For full details of the synthesis of UiO-66 and its ana-
logues with linker-induced defects, please refer to the ESI, sec-
tions S1 and S2.}

General synthesis of oxazolidinones from aromatic amines,
epoxides, and CO,. In a typical reaction, UiO-66 catalyst
(70 mg), epoxide (6.0 mmol), and aromatic amine (2.0 mmol)
were introduced into a 10 mL Schlenk flask. The flask was
equipped with a balloon of CO,, and the reaction mixture was
stirred on a magnetic stirrer at 85 °C for 12 h. Upon com-
pletion of the reaction, the mixture was cooled to room temp-
erature. The catalyst was separated by centrifugation with ethyl
acetate three times. The combined ethyl acetate layer was con-
centrated, and the product was isolated by column chromato-
graphy (ethyl acetate/hexane). The product was characterized
by 'H and "*C NMR spectra and the identities of the oxazolidi-
nones were confirmed by comparison with literature data.

Results & discussion

Crystals of UiO-66 were prepared by adding ZrCl, to a DMF
and acetic acid solution mixture containing dissolved 1,4-
benzene dicarboxylic acid (H,BDC; see ESI, section S11)."* In
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order to produce UiO-66 analogues with linker-induced
defects, 4-(aminomethyl)benzoic acid (4-AMBA) was added in
four different mol% quantities (16, 27, 37, and 45 mol%,
respectively) along with the normal H,BDC linker under con-
ditions similar to those previously used in the synthesis of the
parent UiO-66 (Fig. 1 and ESI, Table S11)."*'®> Powder X-ray
diffraction (PXRD) analysis of the obtained MOFs demon-
strated high crystallinity with diffraction patterns in satisfac-
tory agreement with the diffraction pattern generated from the
single crystal structure of UiO-66 (Fig. 2 and ESI, Fig. S27).
This indicates that the UiO-66 structure remains intact up to
the point of introducing 45 mol% of the defect-inducing
4-AMBA. Beyond this, the material was found to be amorphous
providing sufficient evidence that the structure could not
sustain the number of defects generated. Prior to further ana-
lysis, all of the MOFs were washed, solvent-exchanged, and
activated to ensure that any starting materials or by-products
were removed.

To assess whether both linkers were incorporated within
each structure and, if so, to quantify the degree of incorpor-
ation, digestion "H NMR was carried out by dissolving an acti-
vated sample of each MOF in a solution of NaOD/DMSO-ds.
The digestion NMR spectrum for each sample displayed the
presence of both linkers and the relative ratios were then calcu-
lated by integration of appropriate peaks (ESI, Fig. S3-S7 and
Table S27). Although the input/output ratios of the linkers
were found to be different, they were controllable, as expected,
to a certain degree.'® As a result, the UiO-66 analogues with
linker-induced defects were named UiO-66-X with X represent-
ing the output mol% ratio of 4-AMBA as determined by 'H
NMR digestion (i.e. X = 10, 20, 30, and 40, respectively).
Fourier-transform infrared spectroscopy measurements pro-
vided further support for incorporation of 4-AMBA.
Accordingly, the spectra for UiO-66-10, -20, -30, and -40 each
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Fig. 2 Powder X-ray diffraction patterns for UiO-66 and the UiO-66
analogues with linker-induced defects. These experimental diffraction
patterns are presented in comparison to the diffraction pattern simu-
lated from the crystal structure of UiO-66.
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exhibit a new absorption band centered at ~1670 cm™" and
attributed to a N-H bending frequency, which increased in
intensity as a function of increased incorporation of 4-AMBA
(ESI, Fig. S87). This band is not present in the spectrum of the
parent UiO-66. Aside from this, the absorption bands found in
the rest of the spectra correspond well to each other (e.g. vc—o
= ~1390 cm™" and vo_y; = 3320-3430 cm ™). Finally, chemical
formulation for each MOF was determined by elemental ana-
lysis (ESI, section S17).

The architectural robustness of the UiO-66 analogues with
linker-induced defects were studied through a combination of
thermal gravimetric analysis and N, adsorption isotherms at
77 K. Surprisingly, it was found that there was no loss in
thermal stability in any of the UiO-66 structures as evidenced
by a thermal stability reaching 500 °C for UiO-66-40 (ESI,
Fig. S97). This is likely due to the nature of the strong coordi-
nate-covalent bonds formed between the hard acidic Zr(v) and
the hard basic carboxylate coordinating groups. N, isotherms
at 77 K exhibit a consistent decrease in surface area across the
series starting from 1100 m> g~ for the parent UiO-66 to
600 m”> g~" for UiO-66-40 (ESI, Fig. S107). The trend observed
for the decreasing BET as a function of increasing defects is
due to the increasing presence of dangling alkylamine groups
within the pores of the MOF. Pore size distributions showed
the opposite effect, as expected, by which the pores increased
from 1.1 to 1.5 nm for UiO-66 to UiO-66-40, respectively (ESI,
Fig. S117).

Given the structures of the UiO-66 analogues with linker-
induced defects, it can be reasonably concluded that there
exist two possible active sites for exploitation in catalysis: (i)
Lewis acidic sites originating from Zr(v) in the SBUs; and (ii)
basic sites originating from a free, dangling alkylamine
(-CH,NH,) in 4-AMBA. The dangling alkylamine can act as a
CO, activator by forming carbamate while, in tandem, the oxo-
philic Zr(iv) active sites can activate other substrate molecules
for initiating further reactivity.” Following this line of thinking,
we sought to first assess the series’ adsorption/desorption of
CO, at 273 and 298 K (ESI, Fig. S12-14}). The adsorption
capacities at 1 bar varied, but, more importantly, a sharp
uptake at low pressure, and a slight hysteresis was observed
upon desorption for UiO-66-40 when it was not observed for
UiO-66. Indeed, this provides indication that a stronger
adsorption mechanism is occurring; an indication that was
proven true upon calculation of the isosteric enthalpy of
adsorption (Qsr). The Qsp for UiO-66-40 was high at 86 kJ
mol ™', which signifies that chemisorption is taking place
between the alkylamine and CO,."”

In order to highlight the catalyst potential of this series of
MOFs, we chose a three-component reaction (1,2-epoxyhexane,
aniline, and CO,) as a model. This allowed for the optimiz-
ation of conditions, including optimizing the number of
linker-induced defects needed in the MOF catalyst, and maxi-
mization of conversion to the model oxazolidinone. As shown
in Table 1, the parent UiO-66, without linker-induced defects,
does not lead to any product formation in the presence of CO,
(1 atm) and heating at 85 °C for 12 h. Similarly, there was no
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Table 1 Comparative study of catalysts for the three-component
cycloaddition reaction of CO, with aniline and 1,2-epoxyhexane?

1
t.
co, + R s ] L s N/@
M Free
85°C, 1 i/\)_J

Entry Catalyst yield” (%)
1 UiO-66 N.R.
2 Ui0-66-10 N.R.
3 Ui0-66-20 N.R.
4 Ui0-66-30 42
5 Ui0-66-40 87
“Reaction  conditions: 1,2-epoxyhexane (6.0 mmol), aniline

£2.0 mmol), CO, (1 bar), catalyst (70 mg), solvent-free, 12 h, 85 °C.
Isolated yield calculated with respect to aniline as determined by 'H
NMR spectroscopy. N.R., no reaction.

product formation when using UiO-66-10 and -20 as the cata-
lyst under the prescribed conditions. However, as the incorpor-
ated linker-induced defects were increased from 10 and
20 mol% to 30 and 40 mol%, the conversion also increased
reaching a maximum yield of 87% with UiO-66-40. No starting
material remained present upon completion of the reaction,
thereby affording a quantitative conversion.

To investigate the versatility of this catalyst with respect to
amine-based substrate scope, reactions with various para-sub-
stituted aromatic amines were conducted using the optimized
conditions. As demonstrated in Table 2, aromatic amines with
electron-withdrawing groups, such as -NO,, produced higher
yields (94%) when compared with aromatic amines containing
electron-donating groups (-CHj; yield = 83% and -OCHj; yield
= 80%). Again, quantitative conversion was achieved for all
such reactions. Additionally, we investigated the catalytic
activity towards a sterically hindered amine that is attached to
the nitrogen-rich, heteroaromatic adenine. This substrate
resulted in the production of the corresponding oxazolidinone
in 70% yield (Table 2, entry 7). The relatively lower yield was
attributed to steric (i.e. bulkiness of heteroaromatic amine)
and electronic (i.e. electron-donating nature of the adenine
ring) effects. Interestingly, when using a primary amine-based
substrate, such as benzylamine, the reaction failed to proceed
toward the respective oxazolidinone product.

The diversity in substrate scope was not only limited to aro-
matic amines. Different substituted epoxides were also chosen
to react with aniline and CO, using the optimized conditions
(Table 2, entries 9-14). From these reactions, a general trend
was observed in that all monosubstituted aliphatic and aro-
matic epoxides produce high yields of the corresponding oxa-
zolidinone product (78-90%) with quantitative conversion.
The reaction produced similarly high yields when bulky, di-
substituted epoxides (i.e. cyclohexane oxide) were used as sub-
strates (Table 2, entry 14). It is important to note in each reac-
tion that UiO-66-40 was employed as a catalyst, the only
product isolated was the 5-substituted oxazolidinone. Given
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Table 2 Reaction scope for the three-component cycloaddition of

CO, with aromatic amines and substituted epoxides in the presence of
UiO-66-40 as a heterogeneous catalyst?

[o]

O t. Ui0-66-40 J(
co, + ANH, A oo o s 9T
? R{ R, Solvent Free )\/N R,
8°C,12h  R;

Entry Aromatic amine Epoxide Product Yield® (%)
1 2 { 87
o= AL Ao
2 0 ¢ 94
om—@—nuz M OJ(N Ouo,

3 0 ¢ 83
HSCO_NHz %v °J<N_< >—cH,
4 . ¢ 80
HQCO_Q_NHZ M V\)Q:Q/N{ >—0cH3
5 2 ¢ 91
CIONHZ ‘/—\/\/ O/QN{ }m
6 2 ¢ 81
HSQNHZ M 0/(N4< >7SH
7 NH2 [o] o HN'SN 70
N A )=
N\)N\:[ N/> M \/\/?\/N S N
3 NH, o] _ _
- NP
9 2 ¢ 90
W N O
10 @NH O Vi 89
2 A o
-0
11 @_NH ° Vi 87
2 %O\/\ o @
~°
12 Q A : va 78
I SRR s )
B (O, Ao L 5
& CKVUQ
14 @ v 73
W Do o
“Reaction conditions: epoxide (6.0 mmol), aromatic amine

(2.0 mmol), CO, (1 bar), UiO-66-40 catalyst (70 mg), solvent-free, 12 h,
85 °C. PIsolated yield calculated with respect to aromatic amine as
determined by "H NMR spectroscopy.

that there was no evidence of any 4-substituted oxazolidinone
products being formed, it can be concluded that the catalyst is
100% regioselective. This is likely due to steric hindrance
between the aromatic amines, epoxide side chains, and the
internal pore environment of the UiO-66-40 catalyst.

From a mechanistic standpoint, we believe that both active
sites are critical for the reaction’s success (Fig. 3). The SBU of
UiO-66 has six Lewis acidic Zr(v) active sites and, from diges-
tion "H NMR data, 0.64 4-AMBA linkers per BDC>~ linker are
also present (ESI, Fig. S7 and Table S27)."*'® Accordingly, the
free alkylamines act as activators of CO, by forming carba-
mates upon adsorption. At the same time, the epoxide sub-
strates coordinate to the Zr(iv) sites to form intermediate 1.
This adduct undergoes a nucleophilic attack by the carbamate
that results in the ring opening of the epoxide substrate to

This journal is © the Partner Organisations 2020
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Fig. 3 Proposed mechanism for the synthesis of oxazolidinones from a three-component reaction catalyzed by UiO-66-40. Atom colors: Zr, blue;

C, grey; and O, red. All H atoms omitted for clarity.

form intermediate 2. This then cyclizes to form the oxo-anion
intermediate 3, which detaches from UiO-66-40 and forms the
corresponding cyclic organic carbonate (intermediate 4).
Meanwhile, intermediate 1 also undergoes a nucleophilic
addition reaction with the aromatic amine to form a f3-amino
alcohol (intermediate 6). The intermediates 4 and 6 react with
each other in the presence of the free, basic alkylamine active
sites to produce the corresponding oxazolidinone products
with 1,2-diol as the byproduct." It is noted that the intermedi-
ates 4 and 6 were separately synthesized to confirm their struc-
tures by "H NMR. Additionally, these intermediates 4 and 6
were reacted in order to demonstrate that they could in fact
form the corresponding oxazolidinone (ESI, section S57). This
plausible mechanism for UiO-66-40 reveals a synergistic effect
between two engineered catalytically active sites for promoting
the three-component reaction.

Recyclability is an important parameter for assessing the
industrial relevance of a given heterogeneous catalyst. UiO-66-
40 was applied to the model reaction, from which, upon com-
pletion of the first reaction, the catalyst was easily separated
via centrifugation, washed with methanol three times, and re-
activated by drying at 100 °C. The catalyst was then reused in
five consecutive reactions following the same process.
Interestingly, there was no loss in catalytic activity or perform-
ance even after the fifth reaction (ESI, Fig. S431). Furthermore,
the structure of UiO-66-40 remained intact throughout as evi-
denced by PXRD analysis (ESI, Fig. S447).

Conclusions

In conclusion, for the first time, the successful engineering of
a heterogeneous MOF catalyst to incorporate dual active sites
is reported for CO, fixation in the synthesis of oxazolidinones

This journal is © the Partner Organisations 2020

at high yields. Importantly, the active sites are proposed to
work synergistically and are effective for a wide range of aro-
matic amine and epoxide substrates over multiple cycles.
Ongoing work is focused on definitively understanding the
nature of the defect sites within UiO-66-40 that promote the
material’s exceptional catalytic behaviour.
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