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ABSTRACT: The Lewis acidity of metal-organic frameworks
(MOFs) has attracted much research interest in recent years. We
report here the development of two quantitative methods for de-
termining the Lewis acidity of MOFs—based on electron para-
magnetic resonance (EPR) spectroscopy of MOF-bound superox-
ide (O, ") and fluorescence spectroscopy of MOF-bound N-
methylacridone (NMA)—and a simple strategy that significantly
enhances MOF Lewis acidity through ligand perfluorination. Two
new perfluorinated MOFs, Zre-fBDC and Zrg-fBPDC, where
H,fBDC is 2,3,5,6-tetrafluoro-1,4-benzenedicarboxylic acid and
H,fBPDC is 2,2°,3,3°,5,5°,6,6’-octafluoro-4,4’-
biphenyldicarboxylic acid, were shown to be significantly more
Lewis acidic than non-substituted UiO-66 and UiO-67 as well as
the nitrated MOFs Zrg-BDC-NO, and Zrg-BPDC-(NO,),. Zrg-
fBDC was shown to be a highly active single-site solid Lewis acid
catalyst for Diels-Alder and arene C-H iodination reactions. Thus,
this work establishes the important role of ligand perfluorination
in enhancing MOF Lewis acidity and the potential of designing
highly Lewis acidic MOFs for fine chemical synthesis.

INTRODUCTION

Metal-organic frameworks (MOFs) have emerged as a novel class
of single-site solid catalysts in the past few years.''® MOFs are
typically endowed with catalytic activity either through covalent
incorporation of catalytically active species into the organic lig-
ands or the inorganic nodes'”'® or through entrapment of metal
nanoparticles,”>?! enzymes®, or inorganic clusters in the chan-
nels.”* One class of MOF catalysts distinguishes itself from
other catalysts by using the inorganic nodes as single-site catalytic
centers. The metal centers in these MOFs feature unique elec-
tronic properties and steric environments that are not accessible to
conventional homogeneous or heterogeneous catalytic species.”™
%" 1In this context, early demonstrations of MOF catalysis took
advantage of Lewis acidity of the metal-connecting points, **%°
but these MOFs are relatively unstable and do not possess high
catalytic activities. The advent of highly stable MOFs based on
early metals of d° electronic configurations®**! brought about
porous solid catalysts with enhanced Lewis acidity for a number
of catalytic reactions such as isomerization, **** hydrolysis,** and
dehydration®> among others.***

Despite recent progress,*®*® existing MOFs exhibit significant-
ly lower Lewis acidity than homogeneous systems such as
Sc(OTH);. In contrast to homogeneous systems, where Lewis acid-
ity at the active sites can be precisely measured, no techniques are
currently available to quantitatively assess Lewis acidity of MOF

catalysts due, in part, to the insolubility and structural complexity
of MOFs. Although notable efforts have been made to use reac-
tion kinetics to probe Lewis acidity, the reaction rates are convo-
luted with intrinsic Lewis acidity, diffusion rates of sub-
strates/products through the MOF channels and in solution, and
partition of substrates/products between MOF channels.** ™
The objectives of this work are to develop quantitative methods to
determine the Lewis acidity of MOFs and to discover effective
strategies to enhance their Lewis acidity. Significant enhancement
of Lewis acidity of MOFs can afford porous solid catalysts with
much larger pores and channels than zeolites for fine chemical
synthesis.
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Figure 1. Framework structures and bridging ligands of two se-
ries of MOFs isostructural to UiO-66 and UiO-67 with defect
Zrs04(0OH),4 nodes studied in this work. Electron-deficient nitrated
and perfluorinated bridging ligands increase Lewis acidity of Zr
centers within defect nodes.
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We report here the development of two general methods for
determining Lewis acidity of MOFs. The first method probes
Lewis acidity through the coordination of in situ generated super-
oxide which displays diagnostic electron paramagnetic resonance
(EPR) features. The second method probes the Lewis acidity
through the binding of a fluorescent dye with strongly coordina-
tive electron lone pairs.* We prepared a series of UiQ MOFs
featuring defect ZrsO,(OH), inorganic nodes with missing linkers

and unsaturated coordination around Zr active sites. **>> Applica-

j OH 4 2100, 8H,0 —tw
r0Cl,-
HO ; SR

Zr-fBPDC (with m

sing linker defects)

tion of EPR and fluorescence methods to a variety of Lewis acidic
MOFs, especially the MOFs with defect Zr¢O4(OH), nodes, has
unveiled a strong correlation between dicarboxylate electron den-
sity and ZrsO4(OH), Lewis acidity. Based on this insight, we have
significantly enhanced the Lewis acidity of Zr-MOFs using per-
fluorinated bridging ligands to afford porous solid catalysts for
challenging transformations typically effected by strongly Lewis
acidic homogeneous catalysts (Figure 1).

Zr Active sites in Zrg-fBDC

Zr Active sites in Zrg-fBPDC

Figure 2. Synthesis of defect Zrg-fBDC (a) and Zrs-fBPDC (b) from ZrOCl,-8H,0 and perfluorinated linkers. The missing organic linkers
give rise to unsaturated coordination around the Zrg nodes. The coordination environments of the Zr active sites are approximately Zr(uis-

0),(13-OH),(L);(OH,) in these two MOFs (L is fBDC or fBPDC).

RESULTS AND DISCUSSION

Synthesis and Characterization of Perfluorinated MOFs. We
have synthesized two perfluorinated UiO-MOFs, Zre-fBDC and
Zr-fBPDC, by replacing 1,4-benzenedicarboxylate (BDC) in Zrs-
BDC (UiO-66) and 4,4’ -biphenyldicarboxylate (BPDC) ligands in
Zrs-BPDC (Ui0-67) with 2,3,5,6-tetrafluoro-1,4-
benzenedicarboxylate (fBDC) and 2,2°,3,3°,5,5°,6,6’-octafluoro-
4,4’-biphenyldicarboxylate (fBPDC) ligands, respectively (Figure
2). Zrg-tBDC was synthesized in 86% yield by heating a mixture
of ZrOCl,-8H,0 and H,fBDC in acidic tetrahydrofuran (THF) at
80 °C. Powder X-ray diffraction (PXRD) studies indicated that
Zrs-fBDC is isostructural to UiO-66 (Figure S6, SI). The porosity
of Zre-fBDC was confirmed by N, sorption isotherms, which
displayed a Brunauer-Emmett-Teller (BET) surface area of 1021
m%g. DFT fitting of the N, sorption isotherms of Zre-fBDC gave
pore sizes of ~6 and ~8 A that are attributable to the tetrahedral
and octahedral cages of the UiO structure, respectively (Figure
S$7, SI), in addition to a larger pore at ~12 A due to the missing
fBDC ligands. The surface area of Zrs-fBDC is lower than that of
UiO-66 due to the increased formula weight in the perfluorinated
MOF (1875 Da for Zrs-fBDC vs 1664 Da for UiO-66). Unlike
previously reported perfluorinated MOFs,**® Zre-fBDC features
high thermal stability with a decomposition temperature of 380 °C
as measured by thermal gravimetric analysis (TGA, Figure S8,
SI). A combination of '’F NMR and ICP-MS techniques showed
the number of missing linkers to be 1.33 per Zrs node (Figure S5,
SI). Based on this information, the formula of Zrs-fBDC is calcu-
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lated to be Zrg(u3-0)4(13-OH)4(fBDC), 67[(OH)(OHy)l266. The
defect density of Zrg-fBDC is slightly larger than that of defect
UiO-66, which was reported to be 0.7 missing linkers per Zrg
node, presumably due to the relatively weaker coordination
strength of the fBDC ligand to the Zrg node.®' The structure of
Zrs-fBDC was unaltered after desolvation and catalysis based on
the retention of the Zrs-fBDC PXRD patterns.

Zrg-fBPDC, a UiO-67 analogue of Zrg-fBDC with larger chan-
nels, was prepared similarly. The H,fBPDC linker was synthe-
sized by CuCl,-mediated oxidative aryl-aryl coupling of the me-
thyl tetrafluorobenzoate organozinc reagent followed by ester
hydrolysis (Figure S1, SI). Zr-fBPDC was synthesized in 90%
yield by heating a mixture of ZrOCl,-8H,0 and H,fBPDC in acid-
ic THF at 80 °C. The PXRD pattern of Zrs-fBPDC matched well
with the simulated pattern for UiO-67, indicating their isostruc-
tural nature (Figure S11, SI). Compared to Zrs-fBDC, Zre-fBPDC
has a larger BET surface area of 1148 m?%g while maintaining
high thermal stability with a decomposition temperature of 310 °C
as measured by TGA (Figure S12-13, SI). Zre-fBPDC displayed
two types of pores at ~12 and ~15 A, corresponding to the tet-
rahedral and octahedral cages, respectively, and a larger pore
at ~22 A due to the missing fBPDC ligands. The number of
missing linkers per Zrs node was determined by '’F NMR and
ICP-MS to be 1.73 per Zrs node, giving the formula Zrg(ps-
0)4(13-OH)4(fBPDC)4 57[(OH)(OHy)]3 46 for Zrg-fBPDC (Figure
S10, SI).
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Synthesis and Characterization of Nitrated MOF's
Zrg-BDC-NO, and Zrg-BPDC-(NO,), were synthesized to com-
pare their Lewis acidity with those of perfluorinated MOFs. Zr4-
BDC-NO, was prepared from H,BDC-NO, and ZrOCl,-8H,0 in
acidified DMF. PXRD studies indicated its isostructural nature
with UiO-66. N, sorption isotherms of Zrg-BDC-NO, afforded a
BET surface area of 960 m%g and pore diameters of ~6, ~8, and
~12 A (Figure $18, SI). The similar porosity of Zre-BDC-NO, and
Zrs-fBDC makes them a good pair to study the impact of Lewis
acidity on catalytic performance without the complication of
varying diffusion kinetics through MOF channels. The number of
missing linkers was determined by "H NMR and ICP-MS to be
0.94 per Zrg node, thus giving Zr-BDC-NO, the formula Zrg(pi3-
0)4(u3-OH)4«(BDC-NO»)s o[ (OH)(OH,)]; g3 (Figure S16, SI). The
defect density of Zre-BDC-NO, is essentially the same as that of
Zr6—fBDC.

Zrg-BPDC-(NO,), with larger channels was synthesized in 85%
yield by heating a mixture of H,BPDC-(NO,), and ZrOCl,-8H,0
in acidified THF at 80 °C. The H,BPDC-(NO,), ligand was syn-
thesized in high yield using the Pd-catalyzed Suzuki-Miyaura
cross-coupling reaction followed by ester hydrolysis (Figure S4,
SI). Zrg-BPDC-(NQO,), is isostructural to UiO-67 based on the

similarity of their PXRD patterns (Figure S21, SI). The porosity
of The Zrs-BPDC-(NO,), was confirmed by N, sorption iso-
therms, affording a BET surface area of 1205 m*/g and pore di-
ameters of ~12, ~15, and ~22 A (Figure $22, SI).

Probing Lewis acidity by superoxide EPR spectra

Spectroscopic measurements of MOFs, such as UV-vis, fluores-
cence and EPR measurements, have been challenging as the sig-
nals tend to be weak and noisy owing to poor dispersibility of and
strong scattering by MOFs. One solution to this problem is to
utilize probes that have high sensitivity toward photon excitations.
We have chosen superoxide (O,”) and N-methylacridone (NMA)
as two sensitive probes to assess the Lewis acidity of MOFs. Su-
peroxide ions display strong EPR signals and NMA is a highly
emissive fluorescent dye. More importantly, their signals are sen-
sitive to the Lewis acidity of binding metal ions. These probes
were pioneered by Fukuzumi and coworkers for studying Lewis
acidity of soluble metal salts.® In this work, we show for the first
time that EPR of MOF-bound superoxide and fluorescence of
MOF-bound NMA provide sensitive indicators for the Lewis
acidity of MOFs.
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Figure 3. (a) Proposed mechanism for the superoxide binding to the defect Zr sites in Zrs-fBDC. (b) Zr(O,") EPR spectra of Zrs-BDC (black), Zre-BDC-
NO; (red), and Zre-fBDC (blue). (c) Zr(O,") EPR spectra of Zre-BPDC(black), Zrg-BPDC-(NO>), (red), and Zre-fBPDC (blue). (d) DFT optimized superox-

ide binding mode on Zre-fBDC-O,".

Superoxide ions (O,”) can be generated in situ by the 1 € re-
duction of O, using the dimeric 1-benzyl-1,4-dihydronicotinamide
[(BNA),] as a photoreductant. The photo-generated O, is very
small and easily diffuses through the MOF channel before
quenching. Additionally, O,” is very electron-rich and has a
strong binding affinity to Lewis acids such as the defect Zr sites
in UiO-MOFs. O,” binds to Zr active sites by displacing the
weakly coordinating H,O molecule to form the EPR-active
Zr(0,") species (Figure 3a). Lewis acid coordination significantly
changes the EPR signature of O,". The rhombic g-tensor of the
EPR spectrum, most evidently the g,, component, is diagnostic of
the binding strength between O,” and the Lewis acid.%> This effect
is due to coordination of the electron pair in the highest doubly
occupied molecular orbital (HOMO) of the O,” ©* orbitals, which
increases the energy splitting (AE) between the HOMO and the
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singly occupied molecular orbital (SOMO) of the O, n* orbitals.
The AE is related to the g,, value following the Kinzig-Cohen
equation.®® Metal centers with stronger Lewis acidity should split
the w* orbitals to a greater extent, thus giving larger AE values.
The EPR spectra of superoxide ions bound to a variety of UiO
MOFs were measured on a Bruker Elexsys 500 X-band EPR
spectrometer at 100 K. A clear trend was observed for the meas-
ured g,, values. UiO MOFs grown from more electron-deficient
dicarboxylates, namely those with electron-withdrawing groups,
showed smaller g,, values for the anisotropic EPR spectra, indi-
cating larger AE values. Zr-BDC produced a g,, value of 2.0344,
which corresponds to a AE of 0.8735 eV. This AE is the smallest
value in the UiO-66 MOF series in this study. The Zre-BDC-NO,
MOF, which was previously reported to catalyze (+)-citronellal
isomerization,*? showed a smaller g,, value of 2.0330, which cor-

3
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responds to a larger AE of 0.9114 eV. Impressively, Zrg-fBDC
exhibited a g,, of 2.0324 and a AE of 0.9304 eV, making it the
most Lewis acidic MOF in the UiO-66 series.

To validate the trend observed for the UiO-66 series, two new
MOFs of UiO-67 topology were prepared. Zrg-BPDC showed a
g,, of 2.0343 and a AE of 0.8743 eV, similar to that of Zrs-BDC.
Zrg-BPDC-(NO,), gave a g,, of 2.0334 and a AE of 0.9014 eV.
The perfluorinated MOF, Zr¢-fBPDC, is much more Lewis acidic
with a g,, of 2.0326 and a AE of 0.9246 eV. These experiments
prove that perfluorination is an effective way to enhance Lewis
acidity of UiO-MOFs with defect ZrsO4(OH), nodes.

Density Functional Theory (DFT) Calculations of Superoxide
Binding on Zr Active Sites

(a)
E/eV ’é
A o =
SOMO1
HOMOT
(b)
2.90
fBPDC
285} Q-
e BDC-NO, -7 DC
UJD o . -@
g 2801 e
_ -~ BPDC{NO,),
BDC .-~
275 # R?=0.953
BPDC
2.70 L s s
0.88 0.90 0.92

AEEPR

Figure 4. (a) Molecular orbital diagram for Zr(O,") in the model
structure. The HOMO-SOMO gap for Zrs-BDC-0, ", indicated by
the dotted line, is 2.74 eV. (b) The linear relationship between AE
values calculated by DFT, AEpgr, and AE values measured by
EPR, AEgpg, with an adjusted R? of 0.953.

Density functional theory (DFT) calculations were carried out to
gain insight into the coordination mode and electronic structure of
0O," bound to Zrs nodes. To reduce the computational expense,
only the three ligands that were directly connected to the Zr(O,")
species were allowed to fully relax. The corresponding linkers
and clusters were optimized at the MO6 level of theory.** All oth-
er dicarboxylate ligands were replaced with acetates and held
fixed.(Section 5.1, SI) The optimized structures for the models of
all six MOFs showed a side-on binding mode of the O, on the
Zrg node (Figure 3d). The side-on coordination is analogous to the
one generally proposed for superoxide ions bound to a zirconia
(Zr0Oy) surface.®® For the Zre-BDC-0," model structure, the O-O
distance at the Zr(O,") site is 1.301 A, longer than the O-O dis-
tance in a free O,” species (1.28 A). This is presumably due to the
weakening of the O-O bond by the coordination to Zr centers.
Interestingly, the Zr-O bond distances in Zre-BDC-(0,") are
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2.193 and 2.231 A, with a small degree of binding asymmetry.
This effect was tentatively rationalized through electronic struc-
ture analysis of the m* orbital, which displayed significant anti-
symmetric repulsive interactions between the carboxylate electron
lone pair and the superoxide m* electrons, thus leading to the
elongation of one of the Zr-O bonds (Figure S33, SI). Comparison
of the Zr(O,”) bond distances in the Zrs-BDC and Zrs-fBDC
models offered insight into the binding strength of O," to different
Zr centers. Indeed, the Zr-O distances in Zrg-fBDC are 2.18 and
2.21 A, shorter than those in Zrg-BDC (2.19 and 2.23 A). This
computational result verified that electron withdrawing groups on
the organic linker increase the Lewis acidity of Zr sites in defect
UiO-MOFs, as indicated by the higher Zr(O,") binding strength.

The enhancement of MOF Lewis acidity by installing electron
withdrawing groups on the linker was also verified by DFT
through calculation of AE values. The molecular orbital diagram
of a Zr(O,") fragment in the Zrg-BDC model structure was ana-
lyzed by biorthogonalization (Figure S32). We have clearly ob-
served that the bonding orbitals for the O," significantly over-
lap with the Zr*" orbitals. This observation is indicative of strong
binding of O,” onto the Zr center, and not simply electrostatic
attachment. The SOMO and HOMO molecular orbital eigenval-
ues were calculated using restricted open shell calculations (Fig-
ure 4a). The energy gap between the HOMO and SOMO is corre-
lated to the AE measured from EPR analysis. We have observed
that the HOMO-SOMO energy gaps increase in the following
order: Zre-BDC = Zrs-BPDC < Zrg-BDC-NO, < Zrs-BPDC-
(NO,),; < Zrg-fBPDC < Zrg-fBDC (Figure 4; Figure S34-38, SI).
A linear relationship between the calculated AEpgr with the EPR
measured AE was observed with an adjusted R? of 0.953 (Figure
4b). Thus, DFT calculations support the proposal that electron-
withdrawing groups on the MOF ligand significantly increase the
binding strength of O,” on the MOF node.

DFT calculations were also used to elucidate the impact of de-
fect density on MOF Lewis acidity. For Zrg-fBDC, two additional
models for superoxide-bound MOF nodes, one with two missing
carboxylates (Zrg-fBDC-2def- O,”) and another with three miss-
ing carboxylates (Zrs-fBDC-2def- O,”), were optimized and ana-
lyzed for SOMO-HOMO gaps (Section 5.3, SI). The superoxide
moieties in the doubly or triply defected models adopt identical
coordination modes as the singly defected model and produced
identical SOMO-HOMO gaps of 2.84 eV (Figure S39-42, SI).
The inclusion of more defects, unlike the exchange of carbox-
ylates, does not alter the primary coordination environment
around Lewis acidic Zr centers.

Probing Lewis acidity by NMA fluorescence

Although O," is an accurate indicator of MOF Lewis acidity, the
experimental procedures for superoxide generation and EPR
measurement are lengthy and tedious. Therefore, we have also
used NMA fluorescence to probe Lewis acidity of MOFs. NMA is
a commercially-available fluorescent dye, which features lone
pairs that can effectively bind to vacant metal sites in MOFs. The
fluorescence maxima (A, of NMA shifts significantly upon
binding to metal centers. These shifts are indicative of the binding
affinity of the probe to the metals and thus can be used as a meas-
ure of Lewis acidity. A large excess of Lewis acids is typically
used with respect to NMA to avoid the emission of non-
coordinated NMA molecules. The fluorescence spectra of NMA
coordinated to three different UiO-66 MOFs are shown in Figure
S5c-d. In the case of Zre-BDC and Zrg-BDC-NO,, the A, of
NMA changed dramatically from 433.0 nm to 466.4 nm and
469.0 nm, respectively, upon coordination of the dye to defect Zr
sites. Zrg-fBDC shifted the NMA emission wavelength the most,
with a A, of 470.6 nm. The same trend was observed for the
three UiO-67 MOFs, where the Zrg-fBPDC shifted the NMA

4
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emission wavelength the most, with a A, of 469.6 nm. We also

orbital, which is proposed to be responsible for the NMA coordi-

1 found that the A, of Zr-bound NMA was linearly related to the nation to Zr (Figure S43, SI).
2 AE measured from the EPR method, with an adjusted R-squared To CX&IUde the possibility that the Brgnsted acidic p;-OH (pKa
3 value of 0.954. A fitted empirical relationship (Figure Se) be- ~ 3.52)” might have caused the shift in the NMA emission, a
4 tween the A, and AE was obtained and used to calculate the sel.‘ies of Br(zms.ted acids‘ (trif.]uoroaceFic acid, benzoic acid, acetic
5 NMA fluorescence-derived AE values (AExya) for every MOF. acid, and 4-agun0b§n201c amd) covering the pKa range of -0.25 ~
6 The AEnya values were compared with the EPR-measured AE 4.86 were mixed w1th NMA in MeCN.to measure ﬂuoresqen.ce.
7 values to check the reliability of the fluorescence method. The None of the four acids caused any shift in the NMA emission
Amaxs ABxara and AE for each of the six different MOFs are sum- sp;fctrq, 1ndlcat1t{11g Br(zmsted.acnl(lis are not‘ requns1ble for the
8 marized in Table 1. The AExya consistently reproduces the EPR- shifts in NMA uf)rescence in the UiO series (Figure S27, SI).
9 e . . . For weak Lewis acids that have AE values less than 0.5 eV, NMA
measured AE, indicating that the fluorescence dye is a convenient . . .
10 probe for assessing Lewis acidity in MOFs cannot coordinate to the metal centers effectively thus leading to
. . . .. 49 .
11 The coordination mode and electronic structure of NMA bound ah%?“ﬁg; hlf\t/lglFesrm SZI(:IIK%%VTGIT%%?S' & T;VO fiommﬁ.nf Levﬁs
12 to the Zrg node was also studied by DFT. The optimized structure aNCIi/IIAC fl S - Zn ine th _Z, o lzp qyeMnooFs 51 tlg the
13 showed that the carbonyl group (instead of the aryl or nitrogen) is uorescence, 1n icating the Zn,0 node 1n 7 ane the
14 coordinated to the vacant site of the Zrg node, adopting a side-on Cu, node in HKUST-1 have AE values less than 0.5 eV (Figure
coordination mode. Molecular orbital calculations of the NMA 829, SD.
15 fluorescent dye revealed the electronic structure of the HOMO
16
17
(a)
18 0

= \
19 EX: 413 nm n}g O EX: 413.0 nm
20 EM: 433 nm N
Q /D Zref8DC E
F = o/

—_

25 Me EM: 470.6 nm
26 (c) (d)
27 = z
& 2 fBDC
(7l ()
28 E £ a70 | BPDC-(NO,), _ P
29 < c oi-6
© o E o - fBPDC
30 = 2 < BDC _--
= E 5 o.-- BDCNO,
31 3 K < e | °
32 N ZrBDC N Zr-fBPDC BPDC
€ Z-BDENG, £ 2r -BPDC-NO,
33 = e £ S pDC A (nM) = 78.14 x AE,, (eV) + 397.73
34 = ¢ = ¢ R =0.954
35 420 @0 460 480 500 520 420 440 460 480 500 520 468'86 e 250 5 B
36 Wavelength (nm) Wavelength (nm) AE, eV
37 Figure 5. (a) The coordination of NMA dye to the Zr defect sites in Zrs-fBDC, leading to a dramatic shift in the emission maxima. (b) DFT optimized coor-
38 dination mode of NMA on the Zrs node of Zrs-BDC. (c) Fluorescence spectra of NMA binding to Zrg-BDC (black), Zre-BDC-NO; (red), and Zrs-fBDC
39 (blue) in MeCN at 298 K. (d) Fluorescence spectra of NMA binding to Zre-BPDC (black), Zre-BPDC-(NO,), (red), and Zrs-fBPDC (blue) in MeCN at 298
40 K. (e) Linear relationship between the EPR measured AEgpr and the DFT calculated AEpgr.

synthesis of six-member ring structures with high regioselectivity

41 . . ivity,®-7 i i
Table 1. List of the fluorescence maxima (A, calculated and stereoselectivity. However, the reaction generally requires

42 s high temperatures and long reaction times when performed with-
43 SA%ZI:;’; from NMA Anas, and AEgpr measured from Zr-(0,7) EPR out the addition of an acid catalyst. Unlike classical Lewis acidic
44 P - AE metal complexes, MOF catalysts benefit from having uniform
45 MOFs Amax (M) \;\IMA AEgpg (eV) active sites which can lead to better reaction selectivity. The solid

(V) nature of MOFs offers additional advantages, including easy sepa-
46 ZrgBDC 466.4 0.8788 0.8735 ration from reaction mixtures and catalyst reusability. For the
47 Zrg-BDC-NO, 469.0 0.9121 09114 cyclization of 1,4-benzoquinone with 2,3-dimethylbuta-1,3-diene,
48 Zrs-fBDC 470.6 0.9326 0.9304 only 4% yield of product was observed in the absence of catalyst
49 Zre-BPDC 465.5 0.8673 0.8743 at 25 °C after 2 h (entry 1, Table 2). In the presence of Zrs-BDC,
50 érﬁ'?BPll?)CC'(NO2)2 iggg 83%3 83(2) }é which has been shown to be active for ethanol dehydration at 250

To- . . .

51 °C,* the product yield increased to 14% under the same reaction
conditions (entry 2, Table 2). Zr&-BDC-NO,, which is reported to

52 . . . be active for (+)-citronellal isomerization at 100 °C, increased the
53 Perﬂuorlna.ted MOF-Cgtalyzed Diels-Alder Reactions L reaction yield to 25% at the same reaction condition (entry 3,
54 The S,YmheS‘S, of p erﬂuerngtgd Zr-MQFs and. the chara}cterlzathn Table 2). Under the same reaction conditions, Zre-fBDC afforded
55 of thel? prorr.ur}e.m Lewis 2.101d1ty inspired the .mvestlgatlon of their the cycloaddition product in 78% yield. Elongation of the reaction
56 thalytlc act1v1t1§s. We first tested perfluorinated Zr MOFs for time from 2 h to 8 h further increased the yield to 98%. Consider-
57 D 1els—Alqer reactions. . . ing Zrg-fBDC has a higher density of defect sites, additional con-
The D 1el§—Alder reactl(?n is of great synth§tlc value .to the or- trol experiments were performed by increasing the catalyst load-
58 ganic chemistry community and has been widely applied to the
59
5
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ing of Zrg-BDC and Zrg-BDC-NO, to the same loading of defect
sites as Zrg-fBDC. However, Zrg-fBDC still afforded the product
at much higher yield than Zrg-BDC and Zrg-BDC-NO, in these
experiments (Table S5, SI). The reaction is proposed to be initiat-
ed by the coordination of the lone pair electrons of the quinones
to the Zr centers. This coordination is expected to lower the ener-
gy of the LUMO orbital to enhance the overlap with the HOMO
orbital of the dienes. The coordination of quinones to Zr is pro-
posed to be analogous to the coordination of NMA to Zr, since
they both contain electron-rich carbonyl groups.

Table 2. Catalyst evaluation and substrate scope of Zrs-fBDC
catalyzed Diels-Alder reactions.”

o 4
]i, . 5mol%Zr-MOFs ~7| O
! R —
A X 25°C,CHCL
Product Catalyst Time Yield
1 o No catalyst 2h 4 %
2 Zre-BDC 2h 14 %
3 Zre-BDC-NO,  2h 25 %
4 Zrs-fBDC 2h 78 %
5 Zrs-fBDC 8h 98 %
Ho
6 A Zr-fBDC 12h 94 %
o}
7 :@?\ Zt,-fBDC 24h 99 %
cl

Ho
8 2 Zr-fBDC 30h 95%
Cl

[e)
9 Zrs-fBDC 48 h 84 %
Me

Ho
A Zr-fBDC 48h  T4%
Me

“ Reaction conditions: dienophile (1 equiv., 1 mmol), diene (1.2
equiv.), Zr MOFs (5 mol%, 0.05 mmol), CH,Cl, (3.0 mL), 25 °C.
Reaction yields were determined from '"H NMR using mesitylene
as an internal standard.

The MOF-catalyzed Diels-Alder reaction displayed a broad
substrate scope (entry 5-10, Table 2). Cyclohexa-1,3-diene, a less
reactive diene than cyclopentadiene or 2,3-dimethylbuta-1,3-
diene, was cyclized with 1,4-benzoquinone in 94% yield in 12h in
the presence of 5 mol% Zre-fBDC.”' Quinone substrates contain-
ing electron-donating groups, such as the 2-methyl-1,4-
benzoquinone, are generally less reactive in Diels-Alder reactions
due to their much higher LUMO energy. The presence of a me-
thyl group also greatly increases the steric hindrance of the qui-
none substrate. Impressively, in the presence of 5 mol% Zrg-
fBDC, 2-methyl-1,4-benzoquinone efficiently reacted with cyclo-
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hexa-1,3-diene and 2,3-dimethylbuta-1,3-diene at 25 °C to afford
cycloaddition products in 74% and 84% yields, respectively.
Moreover, Zrg-fBDC was reused for at least three runs without
significant loss of catalytic activity for the cyclization of 2,3-
dimethylbuta-1,3-diene with 2-chloro-1,4-benzoquinone (Figure
S44, SI).

Perfluorinated MOF-Catalyzed Arene C-H Iodination Reac-
tions

Aryl iodides are very useful building blocks in organic synthesis.
The C-I bonds of arenes readily undergo cross-coupling reactions
and nucleophilic substitutions.”””® There are multiple synthetic
methods to access these compounds, including the Sandmeyer
reaction, halide exchange reactions, and electrophilic substitu-
tions. The most straightforward method is the direct C-H io-
dination using iodine or N-iodosuccinimide (NIS).”*”> Many acid
catalysts have been developed to perform such reactions, notably
the BF;-H,O system reported by Olah and co-workers which
could iodinate very challenging electron-deficient arenes.”® For
electron-rich arenes, however, many catalysts suffer from poor
regioselectvity, leading to the formation of multi-iodinated prod-
ucts.”” Zrg-fBDC was tested for the iodination of anisole at 25°C
using MeCN as the solvent. These conditions afforded exclusively
the mono-idodination product in 96% yield after 30 h. Other arene
substrates, such as 2-methoxynaphthalene, aniline, and N-
methylaniline, were also iodinated in high yields with excellent
regioselectivity (entry 5-8, Table 3).

Table 3. Catalyst evaluation and substrate scope of Zrs-fBDC
catalyzed C-H iodination reactions.”

r,’?‘l X R 4mol%Zr-MOFs -7~
1 —_— L
Seu NS NIS b AR

25°C,MeCN

Product Catalyst Time Yield

No catalyst 12h 10 %

1
S I
2 Z1-BDC 12h 16 %
o OMe ' ‘
3 OO 7r-BDC-NO,  12h 28 %

4 Zrs-fBDC 12h 85 %
5 I Zr-fBDC 18h 81 %
6 Meo/©/ Zrs-fBDC 30h 96 %
[
7 /©/ Zr-fBDC 2h 95 %
HN

Zrs-fBDC 2h 93 %

|
8 M /©/
e\N

H

“ Reaction conditions: arenes (1 equiv., 0.5 mmol), N-
iodosuccinimide (1.1 equiv.), Zr MOFs (4 mol%, 0.02 mmol),
MeCN (1.5 mL), 25 °C. Reaction yields were determined from 'H
NMR using mesitylene as an internal standard.

The catalytic performance of Zrg-fBDC was compared to other
MOFs to show the importance of ligand perfluorination. At iden-
tical reaction conditions and catalyst loading, Zre-BDC and Zrs-
BDC-NO; only iodinated 2-methoxynaphthalene in 16% and 28%
yield, respectively, while Zrg-fBDC gave 85% yield of the 3-
iodinated product. Even when the catalyst loadings of Zrs-BDC
and Zrg-BDC-NO, were increased to the same loading of defect

6
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sites as Zrg-fBDC, the yields of product were still much lower
than that of Zrg-fBDC (Table S6, SI). Other Lewis acidic MOF
catalysts, e.g., MOF-5 and HKUST-1, also displayed much lower
catalytic performance than Zrg-fBDC (Table S8). Impressively,
Zrg-fBDC could be recycled at least 6 times without a significant
drop in catalytic activity, illustrating the robustness of the solid
Lewis acid catalyst (Figure S47, SI).

CONCLUSION

We developed two general methods for quantifying the Lewis
acidity of MOFs by measuring the changes in superoxide EPR
signals and shifts of NMA fluorescence peaks upon their coordi-
nation to MOFs. We prepared a series of UiO-MOFs featuring
defect ZrgO4(OH), nodes with missing linkers and unsaturated
coordination around Zr active sites. The application of the EPR
and fluorescence methods to a variety of MOFs unveiled a strong
correlation between dicarboxylate electron density and
Zrs04(OH), Lewis acidity, leading to the discovery of significant-
ly enhanced Lewis acidity within Zr-MOFs containing perfluori-
nated bridging ligands. The new perfluorinated MOFs, Zrg-fBDC
and Zre-fBPDC, are significantly more Lewis acidic than non-
substituted UiO-66 and UiO-67 as well as the nitrated MOFs Zrg-
BDC-NO, and Zrg-BPDC-(NO,),. Zrs-fBDC was shown to be a
highly active Lewis acid catalyst for Diels-Alder and arene C-H
iodination reactions. This work, thus, establishes the important
role of ligand perfluorination in enhancing MOF Lewis acidity
and the potential of designing new, highly Lewis acidic MOFs as
single-site porous solid catalysts for fine chemical synthesis.
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