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in the node coordination environment and solvent

Rungmai Limvorapitux,” Haoyuan Chen,b Matthew L. Mendonca,b Mengtan Liu,® Randall Q.

Benzoic acid modulators that “cap” the Zrg-oxo-hydroxo cluster nodes in UiO-66 metal-organic frameworks can be

removed to increase the number of “open” sites (i.e., those that are terminated with [p;-OH + p;-OH,]) up to 5 per node,

enabling the “decapped” materials to exhibit enhanced catalytic activity in the oxidation of methyl phenyl sulfide.

Computational modeling reveals that the labile Zr-u;-OH groups on these open sites are likely converted into Zr-p;-OOH

species that are active in oxidizing the sulfide as well as its sulfoxide product. In solvents such as CH3CN and CH,Cl,, the

sulfoxide product can additionally replace the aquo ligands of the Zr-p;-OH, moieties to increase the concentration of the

sulfoxide adjacent to the active Zr-p;-OOH species, resulting in overoxidation to the sulfone. However, the use of CH;0H,

a solvent that can compete with the sulfoxide and suppress this binding mode, can retard the overoxidation and lead to

higher selectivities for the sulfoxide product.

Introduction

Zrg-oxo-hydroxo clusters (Zrg(ps-0)a(M3-OH)4(OOCR)y), which
can be stabilized by up to 12 carboxylate groups,l"r’ have long
been used as building blocks for organic-inorganic hybrid
materials®” and molecular magnets,s’ % as well as in (:atalysis.10
When the carboxylate ligands are multitopic linkers, the Zre-
oxo-hydroxo clusters can be connected together to form a
broad range of metal-organic frameworks (MOFs),™ such as
the UiO,lz'14 PCN,IS"17 and NUY® ¥ families, among many
others.”**  Within the UiO MOFs, UiO-66 (linker = 1,4-
benzenedicarboxylate, BDC) was found to be catalytically
active for the oxidation of sulfides®®?’ and for Lewis-acid-
catalyzed reactions such as Friedel-Crafts benzoylation,28 aldol
condensation,zg hydrolysis,3°‘ 3 transesterification,32 and ring
opening.aa‘ 3 While the catalytically active species in these
reactions were assumed to be derived from the coordinatively
unsaturated sites on the Zrg-oxo-hydroxo nodes of the MOF,ZS'
27,3437 their nature remains ambiguous, particularly for sulfide
oxidation where the unsaturated sites, as precatalysts, must
be converted into the oxidation-active species.

In the oxidative desulfurization of fuels, where UiO-66 has
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been studied as a catalyst for the second processing stage38
(H,0,-induced oxidation of the sulfide, Scheme 1), samples
that are less-crystalline or have more defects®® ** %7 are often
more active. While this has been attributed to the increased
presence of coordinatively unsaturated node sites™?” and
linker deficiencies,“’ %, 27 previous studies employed widely
different MOF preparationsZ4’ %627 that could manifest into
large variations on the observed catalytic activities.>>™*' To this
end, we were interested in the possibility of modulating the
catalytic activity of UiO-66 in sulfide oxidation using only
materials derived from a single preparation. We hypothesized
that increasing the number of missing—linker42 sites on the Zrg-
oxo-hydroxo nodes of UiO-66, as well as the accessibility of
these sites, should lead to enhancements in catalytic activities.
In combination with computational modeling and kinetic
studies, this structure-function relationship study will allow us
to establish the chemical identity of the active catalyst species
in the UiO-66-catalyzed sulfide oxidation and propose a
reasonable mechanism for the two steps of Scheme 1.

75 oxidation 2 oxidation
9 N\ /O
R‘/S\Rz H0, R R2 H20, R‘S\RZ
UiO-66 UiO-66

Scheme 1 The UiO-66-catalyzed oxidation of sulfide with H,0, oxidant.

Missing-linker sites on the Zrg-oxo-hydroxo nodes of UiO-
66 MOFs are well-known to be capped with modulator-type
carboxylate ligands during synthesis.43 However, the capping
is not perfect and the modulator can be lost or removed
during modification (Scheme 2).34’ 37 Under these scenarios,
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the missing-linker sites are assumed to be terminated with a
combination of [Zr-p;-OH + Zr—pl—OHz]M'46 (or [Zr-py-Cl + Zr-py-
OH,/neutral solvent]”” *). Such “open” sites are much more
coordinatively labile than the chelating carboxylate-capped
sites and can become active sites in catalysis.43
report the post-synthesis transformation of a single UiO-66
sample into a family of three UiO-66 materials with the
number of open sites readily tuned from ~1 to 5 per node,
These
materials were tested for sulfide oxidation in the presence of
H,0, (Scheme 1), where the MOF with more open sites indeed
resulted in higher reaction rates for both sulfide and sulfoxide

Herein, we

while preserving the parent particle morphology.

selectivity for the sulfoxide in CH30H, but in CH3CN and CH,Cl,
the selectivity drops rapidly with increasing conversion.

Computational modeling provided support for a Zr-pu;-OOH
active species, generated from a p;-OH site that is capable of
oxidizing sulfide to sulfoxide and further oxidation to the
sulfone.  Together, the experimental and computational
results suggested a model where the sulfoxide product can
bind to a Zr site adjacent to the active Zr-p;-OOH species in
CH3;CN and CH,Cl,, leading to overoxidation. However, this
effect is minimized in CH3;OH, which can interact strongly with
the open sites on the nodes, reduce sulfoxide binding, and
thus maintain good sulfoxide selectivity.

oxidation. Reactions in different solvents showed a high
OH
8N HCl //\/ ‘\\/ “Open" site
n-butanol, 100 °C, 24 h \\ z 19// A
/o
ZrCly LN *-. o7
* IS S o
o = 0 decap-Ui0-66 \ 7, © _Ha0p \ 7
) o :/ NS :;/
HO f on DMF, 120 °C, 24 h ’Z HZO -\\\)’/
=\ P H, sz H
W BzOH-UiO-66 /0/ \\Qi\
ol _-
H 8N HCI R ,/:3/ %

Zi
DMF, 100 °C, 24 h \\/er-_;?
Mo

HCOOH-UiO-66

Scheme 2. The synthesis of the three isomorphic UiO-66 materials used in this work (left panel) and a proposal for the conversion of a Zr-p;-OH species in the open sites into

active Zr-p;-OOH species (right panel). For simplicity, only one Zrg-oxo-hydroxo node of each UiO-66 sample is shown here.

Results and discussion

Synthesis and characterization of the UiO-66 derivatives

As a prototypical MOF, crystalline UiO-66 nanoparticles have
been synthesized under many different conditions, particularly
with acid modulators®” %" that change the number of missing
BDC linkers maintaining  well-defined  crystal
morphologies. With benzoic acid (BzOH) modulators,
the degree of missing-linker sites on the UiO-66 nodes can
readily be tuned, up to ~4 missing-linker sites (or two BDC
linkers) per node.”? These missing-linker sites are presumably
capped with the monocarboxylate anions of the acid
modulators, which can then be decapped to yield [p;-OH + py-
OHZ]M'46 open sites. By using a large excess of benzoic acid
modulator (BzOH/BDC = "33)49 (Scheme 2), we synthesized a
parent BzOH-UiO-66 material with ~3 BzOH-capped, 0.3 formic
acid (HCOOH)-capped (see further discussion below), and ~1
open sites per node (Table 1, entry 2). To increase the number
of open sites on the nodes, this BZOH-UiO-66 was treated with
HCl,q in the presence of n-butanol to remove BzOH, resulting
in decap-Ui0-66, which had the same BDC linker/node
composition as the parent material but with 4.6 times as many
open sites (Table 1, entry 3).

while
49, 51, 52

This journal is © The Royal Society of Chemistry 20xx

Table 1. Composition of the three UiO-66 MOF derivatives and the Zrg-oxo-hydroxo
cluster used in this work.

Entry Number per node’ Maximum

MOF number of

BDC BzOH  HCOOH g

open sites
1 “Ideal” Ui0-66" 6 0 0 0
2 BzOH-UiO-66 3.9 2.9 0.3° 1.0
3 decap-UiO-66 3.7 0 0 4.6
4 HCOOH-UiO-66 3.7 0 3.9 0.7

5 Isolated Zrg-oxo-

8.7 0 3.3

hydroxo cluster

“The “ideal” UiO-66 structure is defined as a structure with the formula
Zrg04(0OH)4(BDC)g, that has exactly 6 BDC linkers/node (i.e., no missing linker and
no capping ligand; ESI,* Table S1). “Determined from *H NMR analyses of
solutions of the digested MOFs. ‘Derived from the hydrolysis of DMF
during the MOF synthesis. “Calculated by comparing to the “ideal” UiO-66
structure.

When the parent BzOH-UiO-66 was subjected to the same
HCl,, treatment but in the presence of DMF, we obtained a
HCOOH-Ui0-66 material with 3.9 HCOOH-capped and 0.7 open
sites per node (Table 1, entry 4). Presumably, the HCOOH
ligands came from the high-temperature acid-catalyzed
hydrolysis of DMF* and readily bound to the nodes of UiO-66
to replace the BzOH capping Iigands.so’ > The PXRD patterns
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(ESI,t Fig. S6), BET areas (ESI,* Table S1), and SEM images
(ESI, T Fig. S8) for decap-UiO-66 and HCOOH-UiO-66 are very
similar to those of the parent BzOH-UiO-66 MOF, confirming
that the crystallinity, porosity, and morphology are preserved
after both modifications. Together with the parent BzOH-UiO-
66, these materials form a family of isomorphic MOFs with a
relatively broad range of open sites (1-5) per node for us to
explore in sulfide oxidation catalysis.

Selection of reaction system

As organic sulfides can be overoxidized to sulfone in the
presence of excess H,0, we used only a stoichiometric
amount of H,0, oxidant in our catalysis to limit this
possibility.s‘l'56 We also chose methyl phenyl sulfide as a
substrate that is known to give both sulfoxide and sulfone
product557’ 8 during the oxidation, allowing us to delineate the
activity and selectivity profiles of our catalysts. While
dibenzothiophene and its derivatives have been previously
used in UiO-66-catalyzed sulfide oxidation experiments,“’27
sulfoxide products were not observed, presumably because
they readily undergo oxidation to the sulfone.” Lastly, we
employ CH30H, CH5CN, and CH,Cl, as solvents in our study to
explore the differences between a solvent that is capable of
hydrogen-bond-donating (i.e., CH;0H) and those that cannot
(i.e., CH3CN, and CH,Cl,). As CH;OH has been shown to bind
well to the Zrg-oxo-hydroxo nodes of UiO-66 through an
extensive network of hydrogen bonds,32' *“ we hypothesize
that it may provide an additional “knob” for tuning the
reactivity of these nodes.

Activity of the catalysts and computational study

As expected, our three UiO-66 derivatives and the isolated Zrg-
oxo-hydroxo cluster® (capped with benzoate ligands, as a
positive controlm) were all catalytically active for the oxidation
of sulfide in CH3OH (Fig. 1a). The negative control experiments
(i.e., without catalyst or in the presence of bulk ZrO,) did not
show any significant product formation, consistent with
previous reports (Fig. 1a).24 Notably, decap-UiO-66, the
material with the highest number of open sites on the nodes,
has better activity than the other two UiO-66 materials (Fig.
1a, cf the reaction profiles for decap-UiO-66 vs. BzOH-UiO-66
and HCOOH-Ui0-66). As Zr-p;-OH moieties in a Zr'v—containing
zeolite®® have been reported to form a combination of Zr-p;-
OOH and Zr(nz—Oz) active species in the presence of H,0,, it is
reasonable to expect that the Zr-p;-OH groups on the open
sites of our UiO-66 derivatives could similarly be converted to
these groups. The resulting catalytically active species would
then promote the oxidation of methyl phenyl sulfide to the
corresponding sulfoxide (1% oxidation) and eventually to the
sulfone (2nd oxidation), which is observed as a second product
in the sulfide oxidation (Fig. 1b).

Our DFT calculations, carried out with a single Zrg-oxo-
hydroxo cluster possessing one open site [p;-OH + p;-OH,,
support the idea that the Zr-p;-OH pre-catalyst moieties on the
Zrg-oxo-hydroxo nodes are preferentially transformed into
active Zr-p;-OOH intermediates in the presence of HZOZ.62 As

This journal is © The Royal Society of Chemistry 20xx
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shown in Fig 2, the free energy barrier for this activation is 74
kJ/mol (blue profile), consistent with a reaction that can take
place at room temperature. The DFT calculations additionally
confirm that these Zr-u;-OOH active species can catalyze the
oxidation of sulfide to subsequent
overoxidation to sulfone. The free-energy profile of the
catalyzed reaction in Fig. 2 (blue profile) shows that the Zre-
oxo-hydroxo node catalyst reduces the barriers for both stages

sulfoxide and the

of oxidation compared to the uncatalyzed reaction (black
profile).

: o
~ + H,O Catalyst \+ ~
272 TCRH,0H, 1t
(a)
40
s 30!
X < Isolated Zrg cluster
& ¢ decap-UiO-66
.% 20 o A p .
g $?7a A BzOH-UiO-66
5 o % 4 A HCOOH-UiO-66
O 10 o A
8 4 o , + 210,
0 % x i X X ’} ¥ % ¥ % x No catalyst
0 20 40 60 80 100
(b) Time (min)
100
S
o 80
© A A
g 60 QX ook < Isolated Zrg cluster
E decap-UiO-66
> 40 A BzOH-UiO-66
= HCOOH-Ui0-66
S 20
2
0
0 10 20 30 40

Conversion (%)

Fig. 1. The conversion (a) and selectivity (b) profiles in the catalytic oxidation of
methyl phenyl sulfide in CH;OH using H,0, as the oxidant. All reactions were
carried out with a 100:100:1 molar ratio of sulfide:H,0,:Zrg-oxo-hydroxo clusters.
See ESI,T Fig. $12-S14 for catalysis data that extend up to 9 h.

Similar to the sulfide-oxidation activity trend, decap-UiO-
66 also has the best activity for sulfoxide oxidation among the
three MOF catalysts, as shown in Fig. 3. However, while the
observed rates for decap-UiO-66 in both sulfide and sulfoxide
oxidations are noticeably larger than those for BzOH-UiO-66
(Table 2), they are not proportional to the number of open
sites that we have engineered into these materials (Table 1).
Thus, it appears that the MOF steric environment places
restrictions on the magnitude of the differences in rates
among these materials. This is not surprising, as UiO-66 has
relatively small pore apertures (~“6 A for the “ideal”®
structure)12 that restrict access for the large sulfide substrate
The
observed rates are, therefore, influenced by both the number

to the open sites around the Zrg-oxo-hydroxo node.

of open sites and differences in steric crowding at the node
among BzOH-UiO-66, HCOOH-Ui0-66, and decap-UiO-66.

J. Name., 2013, 00, 1-3 | 3
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Fig. 2
cluster possessing one [i1-OH + p;-OH,] open site as a model for an “uncapped” node of UiO-66 (blue). To reduce system size in our node model, the capping acid modulator is
HCOOH and all benzene rings in the BDC linker are replaced with hydrogen atoms. The system is essentially a (Zrg(p3-0)4(p3-OH)4(OOCH)11) node. Free energies were calculated at

The computed free energy profiles for the catalytic oxidation of methyl phenyl sulfide using H,0, as the oxidant without catalyst (black) and with a Zrs-oxo-hydroxo

300 K and are reported in ki/mol. Results were calculated using the PCM solvation model for CH;OH for both the uncatalyzed and the catalyzed reactions. In the current figure,
only a few selected hydrogen bonds are shown for the transition states to reduce the complexity in the drawings. The reader should note that the simplified depictions of isolated
H1-OH and p;-OH; sites are only used in this scheme for clarity. Hydrogen bonds do exist between adjacent p;-OH and p;-OH, sites, as well as with H-bond-capable solvent
molecules; thus, isolated p;-species are probably unlikely, as discussed in later sections. For detailed illustrations of the hydrogen-bonded species, see ESI,t Fig. S24 as well as
the structures shown in Section S9.

9 9,0 oxidation of sulfoxide is actually faster than the oxidation of
@’S\ o, _Satabst ©/S\ sulfide. It is thus possible that the sulfoxide product may have
CHOH. rt additional interactions with the open sites, which would
70 increase its oxidation rate beyond the relative 2" oxidation
60 - - rate given by the free-energy profile shown in Fig. 2.
< 50 - o © o decap-Ui0O-66 Supporting this hypothesis is the640verall faster oxidation of
S a0 b g o A BzOH-UiO-66 sulfide catalyzed by BzOH-UiO-66"" in CH;CN and CH,Cl, (Fig.
g 30 4 6 2 o 2 A A ' HCOOH-UIO-66 4a), along with lower sulfoxide selectivities (Fig. 4b), in
S 20 . g ° N x No catalyst comparison to those in CH;OH. As shown in Fig. 4b, sulfoxide
e i 4 selectivities quickly dropped to 10-15% at 20% conversion, and
10 - % : % £ # % % diminished to almost zero at 30% conversion, suggesting that
0 x X \ % x T \ sulfoxide oxidation in the UiO-66 system is not solely governed

0 20 40 60 80 100

Time (min) by the free-energy landscape shown in Fig. 2.

Table 2
CH30H, starting directly with each individual substrate.

Fig. 3 Initial rates for the MOF-catalyzed oxidations of sulfide and sulfoxide in

sulfoxide in CH30H using H,0; as the oxidant. All reactions were carried out with
a 100:100:1 molar ratio of methyl phenyl sulfoxide:H,0,:Zrs-oxo-hydroxo node.

The conversion profile in the catalytic oxidation of methyl phenyl

Initial rate (x 107 M/s)

Catalyst 2 ’
X - . Sulfide oxidati Sulfoxide oxidati
The free energy profiles in Fig. 2 also predict that the 2" - ufice oxidation ultoxide oxidation
oxidation in the Zrg-oxo-hydroxo-catalyzed reaction in CH;0H B20H-Ui0-66 83203 16813
N hicher barri 6 ) yh 7 oid ¥z 102 vs 67 kI 3 | HCOOH-Ui0-66 7.5+1.0 26.4+1.2
as a higher barrier than the oxidation ( vs /mol, decap-Ui0-66 14731 353435

respectively), indicating a slower sulfoxide oxidation step and
thus a high sulfoxide/sulfone ratio. This appears to be
consistent with the experimental data in CH3;OH solvent,
where high sulfoxide selectivities were observed (Fig. 1b).

“Calculated by linearly fitting the conversion profile of methyl phenyl sulfide
below the 20% level. “Calculated by linearly fitting the conversion profile of
methyl phenyl sulfoxide below the 20% level.

However, when the initial rates for the direct oxidation of
sulfoxide (i.e., starting with methyl phenyl sulfoxide as the
reactant) were measured, the results (Table 2) suggest that the

This journal is © The Royal Society of Chemistry 20xx

The low sulfoxide selectivity in CH3CN and CH,Cl, can be
explained by a scenario where the sulfoxide product can
associate with the active site and be oxidized more readily

J. Name., 2013, 00, 1-3 | 4
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than the sulfide, which does not bind to the node. Such a
mechanism can be realized in our system if the sulfoxide
replaces the OH, ligand at the Zr-p;-OH, site®” % of the Zrg-
*“  The resulting Zr-p,-0=S(CHs)Ph
“intermediate” would serve to increase the local concentration
of the sulfoxide next to the active Zr-u,-OOH catalytic species
and lead to faster sulfoxide oxidation (Scheme 3). In CH3;0H,
the labile OH, ligand at the Zr-p;-OH, site would be replaced
by CH3;OH and the Zr-p;-O=S(CH3)Ph intermediate is less likely
to form. In other words, the local concentration of sulfoxide
near the active Zr-p;-OOH site in CH3;0H will be lower than
those in CH3;CN and CH,Cl, and the free-energy profile in
CH3OH solvent is expected to be quite similar to that shown in
Fig. 2 with the Zr-p;-OH, moiety being replaced by Zr-p;-
O(CH3)H species. In such a scenario, the reaction flux would be
favored toward the direct reaction of Zr-p;-OOH with the
sulfide, which has a lower reaction barrier, resulting in higher
sulfoxide selectivities.

32,
oxo-hydroxo nodes.

(o] o 0
I N
S\ i S\ S\
+ H.O BzOH-Ui0-66 "
2Y2
Solvent, rt
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50
40 CH,Cl,
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[ o
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3 o s 4
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Fig. 4 The conversion (a) and selectivity (b) profiles in the catalytic oxidation of
methyl phenyl sulfide using H,0, as the oxidant and BzOH-UiO-66 as the catalyst in
three different solvents. All reactions were carried out with a 100:100:1 molar ratio of
methyl phenyl sulfide:H,0,:Zrs-oxo-hydroxo node.

Indeed, DFT calculations showed that the O atom of the
methyl phenyl sulfoxide product can readily bind to the Zr site
adjacent to the Zr-p;-OH pre-catalyst species to form a stable
[Zr-p;-OH + Zr-p;-0O=S(CH3)Ph] product intermediate (Fig. 5)
that is only about 4.6 kJ/mol higher in energy than the [Zr-p;-
OH + Zr-p,-OH,] starting species shown in Fig. 2 (Table 3, cf
entries 3 and 2). In contrast, the analogous complex between
methyl phenyl sulfide and the node could not be found

This journal is © The Royal Society of Chemistry 20xx
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computationally despite an exhaustive search, presumably due
to the weaker Zr-S interaction (in comparison to Zr-O binding).
For comparison, the CH;OH-solvated [Zr-p;-OH + Zr-py-
O(CH3)H] species, which should predominate in CH;OH, is very
similar in binding energy to the [Zr-pu;-OH + Zr-p;-OH,] open
site precatalyst, suggesting that it can compete effectively
against the formation of the aforementioned [Zr-p;-OH + Zr-
U;-O=S(CH3)Ph] product intermediate (Table 3, cf entries 3 vs.
1 and 2) and prevent overoxidation. As both CH;CN and CH,Cl,
have much weaker interactions with the node than methyl
phenyl sulfoxide (Table 3, cf entries 5 and 6 vs. 3), the [Zr-pu;-
OH + Zr-p;-0O=S(CH3)Ph] product
dominate, leading to lower sulfoxide selectivity. We note with

intermediate would
interest that because sulfoxide has a similar AGy,q value to
that of CH;0H (Table 3, cf entries 1 and 3), it can compete
effectively for binding to the node, leading to a higher
observed rate for sulfoxide oxidation in CH3;OH solvent than
sulfide (Table 2), which does not bind.

&
s
“ <
, r /O HH

7.
QY
" \\Zr,o,H

.

i
7>
A

\F/

Fig. 5 Optimized structure of the [Zr-u;-OH + Zr-py-O=S(CHs)Ph] product
intermediate. White, grey, red, yellow, and cyan spheres represent H, C, O, S,
and Zr atoms, respectively.

Table3 Computed binding free energies at 298 K and equilibrium binding constants
of different solvents and reactants to the Zrg-oxo-hydroxo node.

Entry Solvent/Substrate AGping (kJ/mol) Kpind
1 CH30H 345 1.1x10°
2 H,0 31.2 3.0x10°
3 Methyl phenyl sulfoxide -26.6 4.6x10"
4 Methyl phenyl sulfone -8.8 3.5x10"
5 CHsCN +8.5 3.2x10™
6 CH,Cl, +21.3 1.9x10™

Inhibition by CH;OH and the possibility of forming H-bonding
networks at the Zrg-oxo-hydroxo nodes

As mentioned earlier, the rate of sulfide oxidation in
CH3OH is slower than in CH3CN and CH,CI, (Fig. 4a), and this
indicates an inhibitory effect by CH;OH. Complementary to
the free-energy landscape shown in Fig. 2, such an effect can
be partially attributed to the ability of CH30H to interact with
the Zr-p;-OH moiety via hydrogen bonding, thus competing
with H,0, for interactions with the node and preventing the
formation of the Zr-u;-OOH active catalyst (Scheme 3). In
addition, the slower rate in CH;0H may also be a consequence
of a more extensive hydrogen-bonding network, where 2-4

J. Name., 2013, 00, 1-3 | 5
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CH30H molecules interact with both sites in the [Zr-p;-OH + Zr-
K1-OH,] combination (Scheme 3), as proposed by Caratelli et

pathways would not exist in CH;CN and CH,Cl, as these aprotic
solvents do not have H-bond-donating capability.

32, 65 . 66
al and recently reviewed by Schubert. Both of these
ths/ S—Ph /
N \ 7 Ph—8 S—Ph
o O(H)CH3 . OOH  O(H)CH, S=Pn ooH ¢ Ph—s o o
of 8., ] ooH | .8.) ¢ [ o R
zr M zr PUR— TS S Zr _ e ze — SO
~o” e o CH30H o7 "OOH ~o
Inhibition by product 7 Inhibition by product
o ~
CH3OH H H,0 Less sulfone
07 OH, / -0~ OH, OOH  OH,
360—\2‘r O ‘,Lr CH3OH Hoo\‘ M\\B,,“ ‘ ;“”S”"'z
\O/ a— Zr\o/Zr E—— r\o/ r
H20,
More sulfone
CH3OH J HCH3CN or CHyCl N
- \
S—Ph

\ /

SPn oon ¢

o | B

— ez

-— ~o~

hydrogen-bonded network structures proposed by Caratelli et al.

increase local concentration of product

Scheme 3. Proposed interactions of the open sites on the nodes of UiO-66 MOFs with different solvents and substrates. In CH;CN and CH,Cl, (bottom right quadrant), the [Zr-p;-

OH + Zr-p;-0=S(CHs)Ph] product intermediate can form and produce more sulfone. In CH30H, the reaction can be slowed down due to formation of several CH;0H-solvated

species (left side; the species shown in the bottom left were proposed by Caratelli et a

32,65
l.

) that “siphon off” the Zr-p;-OOH active species. In addition, [Zr-p;-OH + Zr-p;-O(CH3)H]

species would predominate in the reaction mixture, reducing the formation of sulfone. Finally, as more product is made, product inhibition may occur (top left and top right) in

polar solvents and under low-oxidant conditions such as chosen for this study.

Together, our experimental and computational data
support the hypothesis that sulfoxide coordination to the Zr
site adjacent to the Zr-p;-OOH species can play an important
role in CH3;CN and CH,Cl,, resulting in more overoxidation and
lower sulfoxide selectivity. They also partly explain why
sulfone was always obtained as the major product when the
UiO-66-catalyzed oxidations of thiophene and its derivatives
conducted in CH3CN and under high-oxidant
227 |n addition to the sulfoxides of thiophenic
substrates being more easily converted to sulfone than our
methyl phenyl sulfide substrate,” the higher probability for
the formation of sulfoxide-node complexes in CH3;CN would
also promote overoxidation, especially in the presence of

were
conditions.

excess oxidant.

We note in passing that the high stability of the [Zr-p;-OH +
Zr-p;-0O=S(CH3)Ph] product intermediate (Table 3, entry 3) may
make it tempting to imagine a Langmuir-Hinshelwood-type
mechanism where the bound sulfoxide (Fig. 5) can interact
with the adjacent active Zr-p;-OOH site for conversion to the
sulfone. However, our DFT -calculations show that the
formation of a direct Zr-u;-OOHeS(O)PhMe complex has a
much higher barrier (166 kJ/mol, ESI, T Fig. S23). Incorporation
of H,0, into the precatalyst can lower this barrier (to 147
kJ/mol, ESI,T Fig. S23) through the formation of a hydrogen-
bonded Zr-OHe(H,0,)*S(O)PhMeeZr intermediate. However,
this is still quite high when compared to the direct barrier for
sulfoxide oxidation (Fig. 2), preventing it from playing a
significant role. As such, we suspect that a Langmuir-
Hinshelwood-type mechanism is unlikely.

This journal is © The Royal Society of Chemistry 20xx

Recyclability of BZOH-UiO-66 and decap-UiO-66

Both BzOH-UiO-66 and decap-UiO-66 can be recovered and
re-used for several cycles under our chosen reaction
conditions. Not surprisingly, their selectivity profiles (ESI, T Fig.
S17 and S19), do not vary significantly over five cycles. Slight
decreases in the initial rates of product formation were
observed after the 4™ cycle (ESI,* Fig. S16 and S18), due to
either small amounts of catalyst losses during the recovery
process and/or a slight catalyst degradation. The latter is
supported by PXRD data (ESI, ¥ Fig. S20 and S21), which
indicate that the crystallinities of the catalyst slightly degraded
after the first 4 cycles.

The selectivity profiles for both catalysts under repeated
recycling closely matched those shown in Fig. 1 and agreed
with our proposed mechanistic scheme. Specifically, the
selectivity for the decap-UiO-66 catalyst slightly drops over the
allotted reaction time and that for the BzOH-UiO-66 catalyst
remains relatively constant. The former catalyst, having more
open sites, is more active and can achieve faster conversion of
the sulfide to produce sulfoxide, which in turn would lead to
an observable decrease in sulfoxide selectivity. This can easily
be understood when one considers that the rate of sulfoxide
oxidation is ~2x faster than that for sulfide oxidation (Table 2):
as more sulfoxide is produced, the sulfoxide/sulfide ratio
increases and the sulfoxide oxidation will become more
dominant, leading to a reduction in the sulfoxide selectivity.

Conclusions

J. Name., 2013, 00, 1-3 | 6
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In summary, we reported the post-synthesis modifications of
BzOH-Ui0O-66 to increase the number of open precatalyst sites
(i.e., those that are terminated with [Zr-p;-OH + Zr-p;-OH,]),
achieving a maximum number of up to 5 per node. We
observed higher catalytic activities in both sulfide and
sulfoxide oxidation with the catalysts possessing higher
numbers of open sites. Computational modeling reveals that
the labile Zr-p;-OH groups on the open sites are likely to be
converted into Zr-p;-OO0OH species that are active in oxidizing
the sulfide as well as its sulfoxide product. Notably, reactions
carried out in CH3OH solvent can lead to higher selectivities for
the sulfoxide product while overoxidation to sulfone
predominates in CH3CN and CH,Cl, solvents.
and computational evaluations support a model where the
sulfoxide product can bind to a site adjacent to the active
catalyst species in these latter solvents, resulting in higher
degrees of overoxidation through increased local
concentration. Such an effect is minimized in CH;0H solvent,
which can interact more strongly with the open sites on the
nodes than sulfoxide does and thus maintain good sulfoxide
selectivity.

Together, our combined experimental and computational
study shows that monocarboxylate-capped missing-linker
defects on the Zrg-oxo-hydroxo node of UiO-66 MOFs can be
converted into unsaturated coordination sites that serve as
good catalysts. Given the recent surge of interests in the
“defect engineering” of MOFs,23’ 37,43, 45,30, 6771 thege insights
may enable researchers to design MOF materials with well-
defined defects that can be utilized for a broad range of
applications.

Kinetic studies
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