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Abstract: A metal-organic framework (MOF)-based catalyst,
chromium hydroxide/MIL-101(Cr), was prepared by a one-pot
synthesis method. The combination of chromium hydroxide
particles on and within Lewis acidic MIL-101 accomplishes
highly selective conversion of glucose to fructose in the
presence of ethanol, matching the performance of optimized
Sn-containing Lewis acidic zeolites. Differently from zeolites,
NMR spectroscopy studies with isotopically labeled molecules
demonstrate that isomerization of glucose to fructose on this
catalyst, proceeds predominantly via a proton transfer mech-
anism.

M etal-organic frameworks (MOFs) are a class of crystal-
line materials with high surface areas and well-defined pore
systems that hold promise for uses as adsorbents and
membranes.'” The ability to tune their composition also
provides opportunities in heterogeneous catalysis, especially
when bifunctional catalysts are desirable, such as in the
catalysis of tandem reactions.”?"! One such reaction is the
isomerization of glucose to fructose in the presence of
alcohols.””"! First proposed by Saravanamurugan et al.,””
it has been shown to be a high-yield route to fructose and
a promising alternative to aqueous routes. For instance, when
glucose isomerization to fructose is combined with fructose
ketalization, increased fructose yields beyond the equilibrium
levels are achievable and the obtained fructoside is readily
hydrolyzed to fructose upon addition of water (Scheme 1).
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Scheme 1. Conversion of glucose to fructose in ethanol and water through

sequential reactions.
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MOF catalysts have been explored for glucose isomer-
ization in water and recently their performance has
approached that of the best zeolite catalysts (Sn-Beta).?'=!
Although a MOF-derived catalyst has been explored for
glucose isomerization in alcohol, its performance was below
that obtained by zeolite catalysts, such as Sn-SPP.** Herein,
we demonstrate that a chromium hydroxide/MIL-101 catalyst
can isomerize glucose to fructose at glucose conversion and
fructose yield comparable to those obtained by optimized
zeolite catalysts. We also show that the isomerization
mechanism is predominantly by proton-transfer as in base-
catalyzed isomerization, possibly due to chromium hydroxide,
while the ketalization reaction is catalyzed by MIL-101. To
our knowledge, this work is the first demonstration of a base-
like, proton-transfer dominated, high yield catalytic route for
fructose by glucose isomerization.

We observed that by increasing the amount of the amino
acid glycine (GLY) in a MIL-101 synthesis mixture, increased
amounts of co-precipitated Cr(OH); nanoparticles were
obtained. Figures 1 A-C show the results obtained from
syntheses with composition (molar ratio): 1.0Cr: 0.8tereph-
thalic acid (BDC): 265H,0: x GLY, where x=1.6, 1.3, and
1.0. We also determined that the Cr(OH); particles formed
after the nucleation and initial crystal growth of MIL-101, and
that in the absence of BDC linkers, nearly carbon-free
particles are obtained which we call Cr(OH);-[GLY] (Fig-
ure 1 E, Figure S1D and Table S1 in the Supporting Informa-
tion). The crystal structure of Cr(OH)j; is not precisely
known and a comparison of Cr(OH);-[GLY] with the
typical XRD of Cr(OH); provided in Figure 1E
indicates that Cr(OH);-[GLY] is a nanocrystalline
material with distinct structure from Cr(OH); made
by precipitation at room temperature.’”) When using
the composition 1.0Cr: 0.8 BDC: 265H,0: 0.8 GLY,
we obtained MIL-101 crystals with Cr(OH); particles
attached to and embedded in their periphery (Fig-
ure 1D). These Cr(OH); particles could not be
separated by repeated sonication and washing. This Cr-
(OH)s/MIL-101(Cr) material is denoted from now on as MIL-
101-[GLY]. We also prepared, for reference, three other Cr-
MIL-101 catalysts: MIL-101-HF, MIL-101 and MIL-101-nano
(Figure S1 and additional details for the materials synthesis
can be found in the Supporting Information). XRD data of
MIL-101-[GLY] show the characteristic reflections of MIL-
101 along with reflection attributed to Cr(OH); (Figure 1E
and Figure S1D). The broad Bragg reflections of the XRD
pattern could be attributed to the small particle size. TEM
images show that the particle size of MIL-101-[GLY] is
around 80 nm, which is smaller than that of the MIL-101

Angew. Chem. Int. Ed. 2018, 57, 4926 —4930


http://dx.doi.org/10.1002/ange.201712818
http://dx.doi.org/10.1002/anie.201712818
http://orcid.org/0000-0001-5610-3525
https://doi.org/10.1002/anie.201712818

1000m-

E =
Simulated MIL-101 ==V=00 -hano
. 2500 4 —Physical mixture
MIL-101-nano 3 |
:i e g 2000
2 =
~
& MIL-101-[GLY] x2 & 1500+
- 2
= 10004
e Cr(OH),-[GLY] x5 ]
: ; 500 A
00-016-0817 Chromium Hydroxide
. I o

10 20 30 40 00 02 04 06 08 10
2 Theta/degree P/Pq

Figure 1. TEM images of materials prepared using
1.0Cr:0.8BDC:265 H,0:xGLY with x=1.6 (A), 1.3 (B), 1.0 (C), and
0.8 (D); XRD patterns (E) of simulated MIL-101, MIL-101-nano, MIL-
101-[GLY], Cr(OH)-[GLY], and Cr(OH); from JCPDS card No. 00-016-
0817; Ar sorption isotherms (F) of MIL-101-nano, MIL-101-[GLY], and
a physical mixture of 83 wt% MIL-101-nano and 17 wt% Cr(OH);-
[GLY].

synthesized without glycine. The argon adsorption isotherm
of the MIL-101-[GLY] shows two uptake steps around P/P,=
0.1 and P/Py=0.2, which indicate the existence of two
different windows in the framework, and the pore size
distribution reflects two kinds of pore sizes centered at 2.2
and 2.9 nm.* Its BET equivalent surface area is lower than
that of the nano-sized MIL-101 (MIL-101-nano) (2609 m*g "
versus 3661 m*g ") due to the presence of Cr(OH);. The
surface area (2970m?g™') of a physical mixture (ratio
determined by Cr content calibration with MIL-101-[GLY],
Table S1) of MIL-101-nano (83 wt%) and Cr(OH);-[GLY]
(17 wt%) is comparable to that of the MIL-101-[GLY]
(Figure 1F). IR spectra of deuterated acetonitrile adsorbed
on MIL-101-[GLY] exhibit two bands at 2260 and 2311 cm™'
(Figure S2). The band at 2260 cm™ can be assigned to the
physisorbed deuterated acetonitrile and the band at
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2311 cm ! arises from the deuterated acetonitrile adsorption
on Lewis acid sites.”*”) With increasing temperature, the
band at 2260 cm ' vanished while the band at 2311 cm™*
remained unchanged indicating that the MIL-101-[GLY]
shows strong Lewis acidity.

MIL-101-[GLY] was used as the catalyst for glucose
isomerization/fructose ketalization in ethanol followed by
fructoside hydrolysis in water (Scheme 1) and its performance
was compared to that of several other MIL-101 materials. In
the first step of this approach (first introduced in Ref. [27]),
glucose is isomerized to fructose and fructose reacts with
ethanol to give a mixture of fructose and ethyl fructoside.
Then, water is added and hydrolysis of the fructoside yields
fructose. Table 1 shows glucose conversion and product yield
from different MOF catalysts. The fructose yields on MIL-
101-HF, MIL-101 and MIL-101-nano are 20.2%, 24.3 % and
24.9 %, respectively, after 24 h reactions at 100°C. Remark-
ably, 59.3 % yield of fructose was obtained by using MIL-101-
[GLY] at the same conditions.

Table 1: Glucose isomerization catalyzed by MOFs.F!

Conv. [%]® Product yield [%]  Ref.
FRU  MAN HMF

Entry Catalyst

1 MIL-101-HF 33.6 202 3.6 0.8 This
work
2 MIL-101 39.4 243 43 1.0 This
work
3 MIL-101-nano 46.2 249 5 1.2 This
work
4 MIL-101-[GLY] 76.5 59.3 29 1.4 This
work
5 Cr(OH),[GLY] 438 243 32 1.1 This
work
6 Physical mixture®  60.4 37.4 4. 1.2 This
work
7 NU-1000 derived ~ 52.5 234 - —  Ref [34]
oxide
8 MIL-101-SO;H in 22 216 - - Ref. [31]
water
UiO-66 in water 31 ca. 22 - ca. 6 Ref.[32]
10 Sn-Beta in water 59 32 9 - Ref. [33]

[a] Reaction conditions: 1 wt % glucose (0.036 g) in ethanol (3.564 g) at
100°C for 24 h, 0.013 wt% (based on Cr) catalyst. After quenching the
reactor, 4.8 g of deionized water was added to perform the hydrolysis at
100°C for 24 h. [b] Glucose conversion. [c] FRU: fructose; MAN:
mannose; HMF: 5-hydroxymethylfurfural. [d] 83 wt% MIL-101-nano and
17 wt9% Cr(OH),-[GLY].

Figure 2 shows the structure (as revealed by ADF-STEM)
and corresponding isomerization performance of MIL-101-
[GLY], MIL-101-nano and Cr(OH);-[GLY] catalysts. The
ADF-STEM images of MIL-101-[GLY] match well with the
corresponding atomic structure models when viewed along
different directions (Figure S3). The bright contrast features
(Figure 2A,B) in the images are Cr(OH); nanoparticles
grown both on and inside the outer parts of MIL-101 crystals.
In the presence of MIL-101-[GLY], about 60% yield of
fructose was obtained at 76.5 % glucose conversion after 24 h
of reaction (Figure2C). The profile of fructose yield vs.
glucose conversion on MIL-101-[GLY] is very similar to that
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Figure 2. High-resolution ADF-STEM images and glucose (GLU) iso-
merization to fructose (FRU) profiles for A)-C) MIL-101-[GLY], D)-
F) MIL-101-nano, and G)-I) Cr(OH);-[GLY]. Reaction conditions:

1 wt% glucose (0.036 g) in ethanol (3.564 g) at 100°C, 0.013 wt%
(based on Cr) catalyst. After quenching the reactor, 4.8 g of deionized
water was added to perform the hydrolysis at 100°C for 24 h. Scale
bars are 100 nm for (A, D), 20 nm (B, E), 10 nm (G) and 2 nm (H).

from optimized Sn-containing zeolites (Figure S4A). In 24 h,
we obtained 1.2, 0.91, and 0.71 ggycose/Eeatayst Using MIL-101-
[GLY], Sn-MWW, and Sn-SPP, respectively. No further
glucose conversion and fructose production was observed
once the catalyst was removed from the reaction media
(Figure S5). The recycling of MIL-101-[GLY] shows an initial
loss in activity after the first cycle followed by minor losses up
to four cycles. Fructose selectivity remains stable (Fig-
ure S4B). The XRD patterns (Figure S6A) and TEM images
(Figure S6C) of the reused catalyst, after the 4th run,
are very similar to those of the fresh catalyst.
Moreover, the structure of the MIL-101 crystal and
Cr(OH); are intact as confirmed by ADF-STEM

(Figure S7). These results indicate that MIL-101- A

[GLY] microstructure is stable under the reaction
conditions. The loss of activity could be attributed to
irreversible adsorption of reaction byproducts that
partially block the pores. Consistently, Figure S6B
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XRD pattern of Cr(OH);-GLY does not fully agree with that
of other Cr(OH); materials exhibiting an extra broad peak
centered at approximately 17°.% This broad XRD peak could
be due to the approximately 5.2 A spacing between Cr(OH),
layers determined by ADF-STEM (Figure S8). Further
studies are required to fully elucidate the structure of
Cr(OH); made in the presence of glycine. Cr(OH);-[GLY]
provided similar low yield of fructose (Figure 21) as MIL-101-
nano. The glucose conversion and fructose yield only slightly
increased when the physical mixture of MIL-101-nano
(83wt%) and Cr(OH);-[GLY] (17 wt%) was used as the
catalyst (Table 1, entry 6).

The NMR experiments with isotopically labeled glucose
that are described next revealed a predominantly proton-
transfer mechanism for isomerization attributable to Cr(OH);
with MIL-101 contributing mainly to Lewis acid catalyzed
ketalization and to a lesser extent of Lewis acid catalyzed
isomerization.

The glucose isomerization mechanism on MIL-101-[GLY]
was studied by determining the isotopic identity at the C1
position of the produced fructose with *C NMR spectroscopy
(Scheme S1). The reactions were performed in CD;0D with
[*C1, 'H2]-glucose (glucose with "C enrichment at Cl
position and natural abundance hydrogen at C2 position,
denoted as G1 in Scheme S1) or in CH;OH with [*C1,*H2]-
glucose (glucose with “C enrichment at C1 position and
deuterium enrichment at C2 position, denoted as G2 in
Scheme S1). NMR spectra of hydrolyzed products from G1
and G2 are shown in Figures 3 A, B, respectively. Figure 3 A
shows one strong resonance (Singlet 1) at 63.84 ppm, which is
ascribed to C1 of the [C1,'H1]-fructose (B-pyranose config-
uration), and a triplet (Triplet II) at 63.73 ppm, 63.51 ppm,
and 63.29 ppm that results from “C1-D J coupling of the
['*C1,2H1]-fructose (B-pyranose configuration).’**! Consid-
ering that the nuclear Overhauser effect (NOE) leads to the
enhancement of signals from H-bearing carbons, relative to
D-bearing carbon atoms, the pronounced presence of the

pyranose i i i pyranose
H-(—ot  D-C—ot H/D—{—on
I i Ly L
| | | Cc
S S S i
S D i
H H—Cl—OH H—t‘i—‘oﬂ H-(|:-——0H
CHy0H CH:0H Cryon

10,

shows a small decrease in the Ar-sorption isotherms

corroborating this hypothesis. B
The MIL-101-nano, which was synthesized with

the addition of benzoic acid as modulator shows

a typical morphology of MIL-101 crystal and has

ppm 645 &4 63.5 63 625 62 615 61

pPm 645 64 63.5 63 62.5 62 615 61
124
10 D

S I L

dod o

a similar size as the MIL-101-[GLY] (Figure 2D,E).
However, only 24.9 % yield of fructose was obtained
at 46.2% glucose conversion after 24 h of reaction
(Figure 2F) when it was used as the catalyst. Nano-
sized Cr(OH);-[GLY], prepared with the same pro-
cedure as that of the MIL-101-[GLY] but without the
addition of BDC, is composed of thin layers (Fig-
ure 2G,H and Figure S8). As mentioned earlier, the
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Figure 3. >C NMR spectra of hydrolyzed products (fructose region) obtained
after reactions of A) p-[*C1;'H2]-glucose (G1) in CD;0D. B) p-[*C1;?H2]-glucose
(G2) in CH;OH on MIL-101-[GLY]. Inverse gated coupled quantitative *C NMR
of hydrolyzed products (fructose region) obtained after reactions of C) unlabeled
glucose in CD,0D and D) p-[’H2]-glucose in C,H;OH on MIL-101-[GLY]. Inset:
chemical structures of fructose |—III with the C atoms that give rise to the
signals [—IIl marked in red.
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triplet indicates considerable presence of [*C1,?H1]-fructose
(fructose shown as formula IT in Figure 3) along with
[“C1,'H1]-fructose  (fructose shown as formulal in
Figure 3); suggesting that glucose G1 in CD;OD was iso-
merized to fructose in two different ways over MIL-101-
[GLY]: 1,2-intramolecular hydride shift to give fructose I and
proton transfer mechanisms to give fructose II. Glucose
isomerization proceeds primarily via the 1,2-intramolecular
hydride shift mechanism on Lewis acid sites like in Sn-
containing zeolites (Figure S9A)“**! and the proton transfer
mechanism proceeds over base catalyst like Na-ETS-4 (Fig-
ure S9C).[4344

These results were further confirmed by the “C-NMR
spectra of fructose, which were produced from G2 in CH;O0H
(See Figure 3B, and compare with Figure S9B and Fig-
ure S9D). Here, the triplet is again associated with fructose II
but this time corresponds to fructose made by 1,2-intra-
molecular hydride shift. Moreover, if the two paths were
contributing equally, the spectrum of Figure 3B should have
been the same as that of Figure 3 A. This is not the case, and
we can infer that the proton transfer mechanism is the
dominant path when MIL-101-[GLY] was used as the catalyst
for glucose isomerization. All the reference MIL-101 materi-
als (MIL-101-HF, MIL-101 and MIL-101-nano) show behav-
ior similar to the pure Lewis acid catalysts, while Cr(OH);-
[GLY] behaves like a base catalyst: fructose produced via
proton transfer is the dominant product with only trace
amount of fructose formed via the hydride shift mechanism
(Figure S10).1!

Inverse gated coupled quantitative "“C-NMR, which
suppresses the NOE, was used to further assess the contri-
bution to fructose yield by the two different paths. The
integral of Singlet I, which arises from C1 signal of the non-
deuterated fructose was quantitated using the integral of
Singlet IIT from the C6 signal of both the non-deuterated
fructose and “H1-fructose (one deuterium at C1 position). If
glucose isomerization to fructose proceeds solely via 1,2-
intramolecular hydride shift of unlabeled glucose or proton
transfer of [2H2]-glucose (glucose with deuterium enrichment
at C2 position) in unlabeled alcohol, only non-deuterated
fructose would be obtained and the integral of C6 and C1
should be identical.*! Figure 3 C shows the NMR spectrum of
the hydrolyzed products from the reaction which was
conducted in CD;OD with unlabeled glucose on MIL-101-
[GLY]. It was found that the integral of Singlet I from C1 of
non-deuterated fructose, which corresponds to fructose that
was produced via 1,2-intramolecular hydride shift was
approximately 20% of that of Singlet III (all integrals in
Figure 3 C were normalized using the integral of Singlet I, and
the integral of Singlet III was corrected by the integral at
63.73 ppm due to its overlap with the peak at 63.29 ppm,
whose integral is the same as that of the peak at 63.73 ppm as
indicated by Figures 3A,B). Figure 3D shows the NMR
spectrum of the hydrolyzed products from the reaction, which
was done in ethanol starting from [?H2]-glucose (glucose with
deuterium enrichment at C2 position). The integral of
Singlet I from the C1 of non-deuterated fructose which was
formed via proton transfer was approximately 80 % of that of
Singlet IIT (the integral of SingletIIT in Figure 3D was
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normalized using the integral of Singlet I). These results
demonstrate that approximately 80% of the produced
fructose was formed on base-like sites via the proton transfer
mechanism and the rest of the fructose was produced on
Lewis acid sites of MIL-101 via the hydride shift mechanism.

We propose that the MIL-101-[GLY] catalyst converts
glucose into ethanol via a synergistic way and the proximity of
chromium hydroxide and Lewis acidic MIL-101 plays a vital
role. Specifically, glucose is isomerized to fructose mainly on
chromium hydroxide; then the produced fructose is trans-
formed to ethyl fructoside over Lewis acid sites. Therefore,
chromium hydroxide and the Lewis acid sites should be close
enough to efficiently catalyze the consecutive reactions of
glucose isomerization and fructose ketalization. Based on the
proton-transfer dominated isomerization, it appears that
chromium hydroxide acts as a base catalyst. Further studies
including IR spectroscopy of adsorbed CO, on MIL-101-
[GLY] should be performed in the future to elucidate the type
and strength of these sites.*!

In conclusion, an efficient and reusable MOF-based
catalyst containing Lewis acid and base-like chromium
hydroxide sites for glucose isomerization in ethanol was
synthesized by adding glycine in MIL-101 synthesis. A
product distribution of 23.5% glucose, 59.3% fructose, and
2.9% mannose can be obtained over this catalyst, matching
the fructose yields achievable by optimized Sn-containing
Lewis acidic zeolites.
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