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The formose reaction is a unique chemical reaction for the preparation of saccharides from formal-
dehyde, a single carbon compound. We applied zeolite materials as heterogeneous catalysts to the
formose reaction. The simple addition of Linde type A zeolite containing calcium ions (Ca-LTA) to an
aqueous solution of formaldehyde and glycolaldehyde produced saccharides at room temperature. A
quantitative analysis performed by high-performance liquid chromatography revealed that triose, tetrose,
pentose, and hexose saccharides were produced with few byproducts. Ca-LTA was recovered from the
reaction mixture by filtration, and the retrieved zeolite was found to be reusable under the same con-
ditions. The catalytic activity of Ca-LTA was higher than those of conventional calcium catalysts and other
solid materials such as silica, alumina, and hydroxyapatite. Several other types of zeolites with different
crystal structures and alkali/alkali-earth metal ions also showed catalytic activity for saccharide formation.
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Based on the analytical results obtained by infrared spectroscopy, temperature-programmed desorption
profiles and NMR measurements, we propose a reaction mechanism in which C-C bond formation is
promoted by the mild basicity of the oxygen atoms and acidity on the metal ions of the aluminosilicate

rsc.li/dalton on the zeolite surfaces with low SiO,/AlL,Oz ratios.

ducts by the oligomerization of formaldehyde (C1) under basic
conditions: C5 and C6 saccharides, sugar alcohols, and inter-
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Saccharides are important biomolecules, serving as a main
energy source and a key component in nature with multiple
roles in biological processes. Commercially available sacchar-
ides are produced from agricultural products such as sugarcane
and sugar beets. With climate change causing global warming,
if there is no improvement in the natural environment, agricul-
tural yields will decrease in the near future. Additionally, con-
sumption of sugars is increasing along with the global popu-
lation. While sugar-derived biofuels are expected to be utilized
as an alternative energy source to fossil fuels, these changes
also lead to concern about food supply shortage. For sustain-
able development, it may be necessary to establish the artificial
production of saccharides via non-agricultural approaches.’
However, the chemical synthesis of saccharides is still challen-
ging. The formose reaction, reported by Butlerow in 1861, is
well-known as a series of chemical reactions that produce
various saccharides from formaldehyde, a C1 compound.”™
The formose reaction produces a mixture of the following pro-
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mediate products such as glycolaldehyde (C2), glyceraldehyde
(C3.14), dihydroxyacetone (C3y), aldotetrose (C4,14), and ketote-
trose (C4ye) (Scheme 1). These intermediate products are
formed by a cascade reaction consisting of the aldol reaction,
reverse-aldol reaction, and Lobry de Bruyn-van Ekenstein trans-
formation as proposed by Breslow in 1959.°

Avariety of inorganic salts, containing Ca**, Mg>*, and Ba**
ions, have been applied as homogeneous catalysts for the

Scheme 1 Saccharide formation from formaldehyde and glycolalde-
hyde by the formose reaction.

This journal is © The Royal Society of Chemistry 2024
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formose reaction.® The active catalysts transform C1 to sac-
charides with linear structures, while a large number of bypro-
ducts other than linear saccharides are simultaneously pro-
duced. C-C bond formations at secondary carbons of sub-
strates give a variety of branched saccharides. Two molecules
of C1 are disproportionated to formic acid and methanol in
the Cannizzaro reaction under basic conditions.””® Other in-
organic salts and metal oxides such as TIOH, CrO;, CdO, and
Pb(OH), also exhibit catalytic activities;>*°™*' however, they
present a crucial risk of inducing water pollution due to their
biological toxicity.

Heterogeneous catalysts have been employed to express
reactivity and selectivity originating at specific sites on the
solid surface. The easy removability of heterogeneous catalysts
from reaction solutions has attracted attention from the point
of view of green chemistry."*** For example, apatite, a group
of phosphate minerals, was applied to the formose reaction as
a solid catalyst.">'® Saccharide formation using carbonate
apatite was achieved in a heterogeneous system under basic
conditions. In another case, Okamoto and Usami reported a
one-pot pentose formation from C1 and C2 starting materials
using hydroxyapatite (HAP) as a catalyst.'”'® The reaction pro-
ceeded in the presence of HAP without pH control. However,
pentose formation with HAP required a high reaction tempera-
ture, 80 °C, and a quantitative discussion of reaction efficiency
was difficult due to the presence of various byproducts.

Zeolites are among the most functional heterogeneous cata-
lysts with high surface areas and uniformly nano-sized pores
for molecular diffusion.’®? Aluminosilicates are the main
crystalline components in the zeolite framework, showing high
thermal stability. The acidity and basicity attributed to the alu-
minosilicate are known to function as active sites in acid/base
reactions, and some zeolites have been reported to exhibit
catalytic activity for C-C coupling based on the aldol reaction.
Tetrose formation was achieved using C2 or C3 compounds
with Lewis acidic zeolites, which promoted enolization of the
substrates.'>**>* There is a large number of reports with
regard to acidic and/or basic zeolites for the aldol reaction,
although the use of catalysts for the formose reaction has been
limited. The formose reaction for saccharide production using
zeolites in the previous reports required high temperature,?
alkaline media,** or gamma-ray irradiation.”® However, a
zeolite has been used as a solid support for a thiazolium cata-
lyst, which promoted the formose reaction in an organic
solvent.*® The Cannizzaro reaction and the decomposition of
products and catalysts under such harsh conditions decreased
the reaction efficiency for forming saccharides. Therefore,
optimization of reaction conditions and clarifying the reaction
process on the surface of zeolites are important in order to
improve their catalytic activity for the formose reaction.

In this study, we report a sustainable formose reaction using
a Linde type A zeolite having calcium cations (Ca-LTA) in
aqueous media at room temperature without the addition of a
secondary alkali source. Ca-LTA exhibited catalytic activity to
form triose (C3), tetrose (C4), pentose (C5), and hexose (C6)
from C1 and C2 starting materials with high conversion and
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production yield, indicating that few byproducts were found.
Addition of C2 as a starting material can shorten the specific
induction period for the reaction to proceed. The catalyst was
easily recovered by filtration from the reaction mixture and
reused as a catalyst for the formose reaction under the same
conditions. The catalytic activity of Ca-LTA was higher than
those of conventional catalysts such as calcium inorganic salts,
silica, alumina, and hydroxyapatite under the present con-
ditions. Other types of zeolites with alkali/alkali-earth metal
cations having different crystal structures also showed catalytic
activity for saccharide production. High catalytic performance
was characteristic of zeolites with low silica alumina ratios. The
proposed reaction mechanism on the active site, based on the
analytical results obtained by infrared (IR) spectra, temperature-
programmed desorption (TPD) profiles and NMR studies,
suggested that C-C bond formation was promoted by the mild
acidity and basicity of the aluminosilicate on the solid surface.

Experimental section
Materials

All chemicals were purchased and used as received. Zeolites
were obtained from Fujifilm Wako Pure Chemical Corporation
and Tosoh Corporation. Linde type A zeolites are denoted with
the code LTA, which contain potassium (K-LTA), sodium (Na-
LTA), and calcium (Ca-LTA) as cations with pore diameters of 3,
4, and 5 A, respectively. Faujasite zeolites are represented as
type X (FAU-X) and Y (FAU-Y). Mordenite zeolites used are desig-
nated as the sodium form (Na-MOR) and hydrogen form
(H-MOR). Linde type L, ferielite, MFI-type, and beta type are
denoted as LTL, FER, ZSM-5, and BEA, respectively. The mesh
sizes of these zeolites are 100 (K-LTA, Na-LTA, Ca-LTA, FAU-X,
FAU-Y, Na-MOR, H-MOR, and FER) and 70 (LTL, BEA, and
ZSM-5) mesh. Physical parameters including Brunauer-
Emmett-Teller (BET) surface area (Sggr), pore diameter (D), and
silica alumina ratio (SiO,/Al,03) are summarized in Table S1.}

General procedure for formose reaction using heterogeneous
catalysts

Zeolite catalyst or conventional solid catalyst (300 mg) was added
to an aqueous solution (10 mL) containing 0.15 M formaldehyde
and 0.075 M glycolaldehyde (45 mg, 0.75 mmol). The mixture
was stirred at room temperature for 72 h. Sample aliquots were
collected at regular time intervals and filtered to remove the cata-
lyst. The filtrate was subjected to high-performance liquid
chromatography (HPLC) analysis to monitor the reaction.

General procedure for formose reaction using calcium
inorganic salt catalysts

Ca(OH), (22.2 mg, 0.3 mmol) or Ca(OAc), (56 mg, 0.3 mmol)/
NaOH (0.045 M) was added to an aqueous solution (10 mL)
containing 0.15 M formaldehyde and 0.075 M glycolaldehyde
(45 mg, 0.75 mmol). The mixture was stirred at room tempera-
ture for 72 h. Sample aliquots were collected at regular time
intervals and treated with ion-exchange resin to remove the

Dalton Trans., 2024, 53, 2678-2686 | 2679
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calcium salt. The mixture was filtered to monitor the reaction
by HPLC analysis.

HPLC analysis

To monitor C1, C2, C3 and C4 formation, reverse-phase HPLC
analysis was performed on a JASCO system equipped with a GL
Science Inertsil ODS-3 column (3.0 I.D. x 250 mm) at 40 °C.
Acetonitrile/water (50:50 v/v) was used as the mobile phase
solvent at a flow rate of 0.6 mL min~". Samples (2.4 pL) were
diluted with water (1.18 mL) containing 30% phosphate acid
(30 pL), followed by adding 2 mM 2,4-dinitrophenylhydrazine
(DNPH)-acetonitrile solution (0.4 mL). An aliquot of 10 puL was
injected into the HPLC system. Detection was conducted by
UV/vis absorption at 360 nm.

C5 and C6 saccharides were detected by HPLC analysis
using the arginine derivative method using a Shimadzu Nexera
system equipped with a Shodex Asahipak NH,-50 4E column
(4.6 mm 1.D. x 250 mm). Acetonitrile/water (95 :5 v/v) includ-
ing 3% phosphate acid was used as the mobile phase solvent
with a flow rate of 0.8 mL min~'. The temperature of the
column oven was set at 40 °C. Arginine (29 mM)/boronic acid
(0.4 M) solution containing 0.2 M KOH at a flow rate of 0.5 mL
min~" was used for transformation to the fluorescence deriva-
tives in a chemical reactor bath at 150 °C. The sample
(0.15 mL) was diluted with water (1.35 mL) and an aliquot of
10 pL was injected into the HPLC system. Detection was con-
ducted by fluorescence emission at 430 nm (dex = 320 nm).
Concentrations were determined by calibration curves, which
were obtained from five-point external standards. The reaction
yields and conversions were calculated based on carbon-atom
moles to evaluate the catalytic activity according to the follow-
ing equations:

n x [Cn]
[Clim} +2 X [Czim}

Yield/C-mol% = x 100
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where [C1;,] and [C2j,] are the initial concentrations of C1
and C2, respectively, and [Cr] (n = 3-6) is the concentration of
C3-C6 products observed during formose reactions.

Conversion/C-mol% =
([Clint) + 2 % [C2ine]) — ([C1] 4+ 2 x [C2))
[Clint] +2x [Czint]

X 100

where [C1] and [C2] are concentrations of unreacted C1 and
C2, respectively, during formose reactions.

Results and discussion

Performance for saccharide formation using Ca-LTA as a
heterogeneous catalyst for formose reaction

The formose reaction was performed using Ca-LTA at room
temperature in the presence of C1 and C2. The products were
obtained as an aqueous complex mixture of saccharides.
Separation of the products was prohibitively difficult due to
their structural similarities and variety of stereoisomers. Thus,
the analysis of the products was carried out by HPLC. The
generation of C3,4, C3et, C4alg, and C4ye; in the reaction
mixture was confirmed by reverse-phase HPLC analysis using
the DNPH derivative method (Fig. 1a).”” C1 and C2 starting
materials were consumed by the aldol reaction, and the
amounts of C3 (C3,q and C3y.) and C4 (C4,q and Cdy)
increased with the elapse of reaction time. C5 and
C6 generated in the formose reaction were detected by HPLC
analysis using the arginine derivative method.*® Several
intense peaks observed in the chromatograph of the reaction
mixture after 24 h were assigned to C5yet, C5a1q, and C6yer
(Fig. 1b). A preliminary test using C2 and C3j. as starting
materials with Ca-LTA showed preferable formation of C5y.¢
species, which are ribulose (Ribu) and/or xylulose (Xylu)
(Fig. S17). Ribu and Xylu were not identified separately by this

1 (b) Ribu (Xylu)
T — 3h
——24h
E ——48h
—72h

Intensity / arb. unit

0 10 20 30 40 50 60 70 80 90
Retention time / min

Fig. 1 Chromatograms obtained from formose mixture using Ca-LTA. (a) Reverse-phase HPLC analysis using DNPH derivative method and (b)
normal-phase HPLC analysis using arginine derivative method. Asterisks indicate unidentified peaks.
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Table 1 Catalytic activity of Ca-LTA under several conditions?
Yield/C-mol%

Entry Catalyst Mass/mg Ca content/mmol Temp./°C Conv./C-mol% C3 C4 C5 Cé
1 Ca-LTA 300 1.14 25 75.0 15.6 48.6 5.6 1.8
2 Ca-LTA 100 0.38 25 67.4 20.5 41.2 4.6 1.1
3 Ca-LTA 30 0.11 25 45.7 22.1 21.0 1.8 0.2
4 No catalyst — — 25 16.9 0.04 0 0 0
5 Ca-LTA 300 1.14 5 37.2 20.1 15.8 1.3 0.1
6 Ca-LTA 300 1.14 60 98.5 1.5 14.7 9.1 5.2
“C1=0.15M, C2 = 0.075 M, reaction time = 48 h.
analysis method. The combination of C2 and C3,4 in the pres- 1001 o6
ence of Ca-LTA produced C5,4, of which four epimers were c5
assignable to ribose (Rib), lyxose (Lyx), xylose (Xyl), and arabi- go | ==mC4
nose (Ara) (Fig. S21). These C5 products were observed in the m=C3 ’

-@-conv. I

mixture produced by the formose reaction of C1 and C2 with
Ca-LTA (Fig. 1b), suggesting that C5 production can be
expected from C2 and C3, as shown in Scheme 1. C6. species
observed in the formose mixture were assigned to sorbose
(Sor) and fructose (Fru) (Fig. 1b), which were the main pro-
ducts obtained from C3,4 and C3j. as starting materials
(Fig. S31). Gulose (Gul), glucose (Glc), and galactose (Gal) as
C6aq products were observed in small amounts under the
experimental conditions used.

The reaction conditions in the presence of Ca-LTA were
optimized by changing the catalyst mass and the reaction
temperature (Table 1). The formose reaction using 30 mg of
Ca-LTA showed a lower yield of C3-Cé6 saccharides than 100
and 300 mg amounts of Ca-LTA (entries 1-3). In the absence of
a catalyst, a large amount of C1 and C2 remained intact after
48 h, with almost no C3-C6 saccharide products (entry 4). The
reaction temperature had a significant effect on the yield and
conversion of the formose reaction using Ca-LTA. The formose
reaction performed at 5 °C slowly produced C3-C6 sacchar-
ides, while the high temperature of 60 °C promoted the con-
version of starting materials (C1 and C2) (entries 5 and 6).
However, the products (C3-C6) were consumed and trans-
formed to unidentifiable products at higher temperatures.

The conversion of starting materials and yields of C3-Cé6
products were plotted against reaction time (Fig. 2). The sum
of the yields of C3-C6 gradually increased with reaction time
and reached 71.6% at 48 h. The conversion was 75.0% for
48 h, suggesting that a few branched chain products and/or
byproducts were formed with a yield of 3.4%. The unidentified
peaks at 12, 60, and 65 min of retention time in the HPLC ana-
lysis using the arginine derivative system might correspond to
the branched chain products (Fig. 1b). The detailed structures
of the branched sugars could not be determined by this
method. On the other hand, the Cannizzaro reaction is known
to be an undesired side reaction, yielding sugar alcohols and
sugar acids as byproducts. The presence of sugar acids in the
reaction mixture was confirmed by >C NMR analysis. A charac-
teristic peak for the carbon of a carboxylic acid group was
observed at 171 ppm, whereas formic acid and glycolic acid

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Time course of conversion and yields of C3—-C6 in formose reac-
tion using Ca-LTA. Reaction conditions: C1 = 0.15 M, C2 = 0.075 M, Ca-
LTA = 300 mg, Ca content = 1.14 mmol, H,O = 10 mL, RT.

have their carboxylic acid carbons at 166 and 176 ppm, respect-
ively (Fig. S4t). Therefore, the reaction mixture was likely to
include some kind of sugar acid or a-keto acid with a carbon
chain over 3.

In the conventional formose reaction under alkali con-
ditions at high temperature (40-100 °C), C1 is wastefully con-
sumed and affords formic acid and methanol by the
Cannizzaro reaction, the disproportionation of C1.> Moreover,
the harsh conditions cause fast degradation of saccharide pro-
ducts. Consequently, the conversion of C1 reaches nearly
100% in the conventional formose reaction. On the other
hand, the conversion yield for starting materials (C1 and C2)
increased to 75.0% under our conditions where Ca-LTA was
used without other alkali sources at room temperature. The
contribution of side reactions was only 3.4% at 48 h, while the
production of C3-C6 was saturated (Fig. 2). Since all reaction
steps for the formation of C2-C6 saccharides in the formose
reaction are reversible in the proposed mechanism (Scheme 1),
the overall reaction seems to reach an equilibrium between
substrates (C1 and C2) and products (C3-C6). After 72 h, the
total yield of products slightly decreased, while the conversion
of C1 and C2 kept increasing. These observations implied
that the generation of unidentified products proceeded in the
solution after 48 h.

Dalton Trans., 2024, 53, 2678-2686 | 2681
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Fig. 3 (a) Reusability of Ca-LTA for formose reaction. Reaction conditions: C1 = 0.15 M, C2 = 0.075 M, Ca-LTA = 300 mg, H,O = 10 mL, RT. (b)

Nitrogen adsorption desorption isotherm for Ca-LTA before and after formose reaction.

The continuous increase in C3 and C4 compounds in
Fig. 1a indicated that Ca-LTA promoted the aldol reaction that
produced C3,,4 and C4.. In contrast, the other aldol reactions
that generated C5 and C6 saccharides proceeded more slowly.
These experimental observations were in accordance with
theoretical calculation results. We carried out quantum chemi-
cal calculations employing the density functional theory (DFT)
method®® combined with conformational analysis.* The
results indicated that the aldol reactions producing C5 and C6
saccharides were thermodynamically unfavorable (Fig. S5 and
S61). On the other hand, the concentration of C2 decreased
continuously even though the DFT calculations suggested that

Table 2 Textual parameters of zeolite catalyst before and after formose
reaction

the formation of C2 from C4,4 was thermodynamically favor-
able (Fig. S5bf). These results revealed that Ca-LTA was less
effective in promoting the reverse-aldol reaction to form C2
from C4,4.

Next, the reusability of Ca-LTA was examined by recycling
tests in which the catalyst was recovered by filtration and
reused. The formose reaction by the used Ca-LTA successfully
formed C3-C6 saccharides under identical conditions
(Fig. 3a). The conversion was 81% for the first run after 72 h of
reaction time, but 70% and 49% for the second and third
runs, respectively, showing the conversion gradually decreased
with the number of reuses. Nitrogen adsorption and desorp-
tion isotherms for the recovered Ca-LTA showed a slight
decrease in the surface area and pore volume as shown in
Fig. 3b and Table 2. The crystal structure of LTA was slightly
damaged during the formose reaction, as confirmed by X-ray
diffraction patterns (Fig. 4a). The intensity of the diffraction

Sper/m> g ™" Viplo/em® g7 peak at 7.2° corresponding to the (200) planes of the cubic
o ; . .
Before reaction 435 0.23 structure deceased to 69%. Thermogl:aVl'n?etrlc ané-ilysw (TGA)
After run 1 284 0.14 of the recovered catalyst showed a significant weight loss of
After run 2 238 0.11 5% in the temperature range of 500-600 °C, which might be
1 0 120
|| @
100
-10
before ‘
- after i [0
c o
3 A =-20 Z
€ k= before [ 8 3
o
-~ = pu g
2 5 =
g 2 30 4 8
= S
20
before 40
0
- -50 . -20
0 10 20 30 40 0 200 400 600 800
20 / degree Temperature / °C
Fig. 4 (a) XRD patterns and (b) TG (black) and DTA (red) curves for Ca-LTA before and after formose reaction.
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attributed to the organic compounds on the surface of Ca-LTA
(Fig. 4b). To remove adsorbed residues, the zeolite catalyst
recovered from the reusability test was washed in hot water
using ultrasonics. The resulting eluent contained mainly C1,
confirmed by HPLC analysis (Fig. S7t). These results suggested
that a small amount of reaction substrates or products
remained on the surface of the retrieved catalyst with
partial collapse of the nanoporous structure, which resulted in
a decrease in catalytic activity for subsequent runs using
reused catalyst.

Formose reaction over other homogeneous and heterogeneous
catalysts

Conventionally, calcium inorganic salts such as Ca(OH), and
Ca(OAc), have been applied as catalysts for the formose reac-
tion in basic solution. However, the use of these catalysts gave
C3-C6 products with moderate yields of 48-55% for 0.5 h
under our conditions, while the resulting mixture contained
unidentified products as shown by the difference in conver-
sion and C-mol yields (Fig. 5a). This was thought to be due to
the significant consumption of C1 and C2 in the Cannizzaro
and crossed Cannizzaro reactions under alkali conditions,
resulting in the formation of byproducts. To investigate the
influence of Ca®>" on catalytic activity, a Ca>* supported ion-
exchange resin (Ca-IER) was used in the formose reaction
under the same conditions, which showed no activity for the
formation of C3-C6 saccharides. Thus, calcium salts exhibited
catalytic activity under basic conditions.

The catalytic activity of other solid catalysts was examined.
In the previous report, hydroxyapatite (HAP) as a hetero-
geneous catalyst promoted the formose reaction of C1 and C2
substrates to produce ribose in aqueous solution at 80 °C."7'®
However, HAP showed quite low activity for the formose reac-
tion under ambient temperature (ca. 25 °C), indicating that it
requires a high temperature to activate the coupling reaction
of C1 and C2 (Fig. 5a). Silica, which is composed of a siloxane
network, induced a small amount of products from C1 and C2.
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a-Alumina, which is composed of an aluminum oxide
network, also exhibited low activity for the formose reaction
(Fig. 5a). However, y-alumina was found to be an effective cata-
lyst for the formose reaction with a moderate yield of 37%, but
this was still lower than for of zeolite Ca-LTA (Fig. 5a). These
results suggested that zeolite has specific activity for the
formose reaction, which was higher than pure silica and pure
alumina, indicating that the aluminosilicate structure of
zeolite plays an important role in the reaction promotion.

Various types of zeolites having other crystal structures and
cations were applied to the formose reaction as heterogeneous
catalysts (Fig. 5b). K-LTA and Na-LTA exhibited catalytic activi-
ties similar to Ca-LTA for the reactions. The conversions for
K-LTA and Na-LTA were 80% and 83%, respectively, in the reac-
tion time of 48 h, which were higher than that of Ca-LTA.
However, the production yield of C3-C6 was 67% for K-LTA,
which was lower than that with Ca-LTA. Na-LTA showed a good
activity for the generation of C3-Cé6 with a high yield of 72%,
but the unidentified products including branched chain sac-
charides and byproducts were formed with a yield of 11%.
These results indicated that the difference in the cation in the
framework of LTA affected the catalytic activity. FAU-X gener-
ated C3-C6 products in high yields, similar to that of LTA.
FAU-Y gave a lower reaction yield than FAU-X.

However, the production yields of C3-C6 were 66% for both
K-LTA and Na-LTA, which were lower than that with Ca-LTA,
indicating that the difference in the cation in the framework of
LTA affected the catalytic activity. FAU-X generated C3-C6 pro-
ducts in high yields, similar to that of LTA. FAU-Y gave a lower
reaction yield than FAU-X.

Focusing on the Si/Al ratio for the zeolites shown in
Table S1,} a correlation between the SiO,/Al,O; ratio and cata-
Iytic activity was suggested as follows. LTAs and FAU-X, which
showed high activity for the formose reaction (conversion >
80%), had low SiO,/Al,0; ratios (SiO,/Al,0; < 3). Zeolite cata-
lysts having SiO,/Al,O; ratios between 5-18, such as FAU-Y,
LTL, Na-MOR, and FER, showed moderate activity for the reac-
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Fig. 5 Yield and conversion in formose reaction using (a) conventional catalysts and (b) other types of zeolites. Reaction conditions: C1 = 0.15 M,
C2 = 0.075 M, Ca(OH), = 0.03 M, Ca(OAc), = 0.03 M with NaOH of 0.045 M, other solid catalysts = 300 mg, H,O = 10 mL, RT, 0.5 h (Ca(OH),, and

Ca(OAc),) or 48 h (other catalysts).
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tion with conversion yields ranging from 23-48%. In contrast,
zeolites including silica in high ratios (SiO,/Al,0; = 50-360),
such as BEA, H-MOR, and ZSM-5, showed little activity and
gave smaller amounts of C3 and C4 products. The properties
of these series of zeolites indicated that zeolite catalysts with
low SiO,/Al,O; ratios were effective for promoting the pro-
duction of C3-C6 saccharides at room temperature.

Characterization of catalytic active sites

To clarify the unique activity of the zeolite catalyst for the
formose reaction, the catalytic active sites on the aluminosili-
cate framework were investigated. TPD profiles were measured
by using NH; and CO, as probe molecules to evaluate the
acidity and basicity of Ca-LTA. NH;-TPD showed a desorption
peak in the range of 100-300 °C due to the physisorption of
NH; on the solid surface (Fig. S8at). No characteristic peak
was observed in the high-temperature range around
400-600 °C, indicating that Ca-LTA does not have Brgnsted
acid sites on its surface. The CO,-TPD profile exhibited an
intense signal at 592 °C attributed to CO, adsorption on the
basic sites (Fig. S8bt). These TPD profiles clearly showed that
Ca-LTA has a basic character. IR spectra of Ca-LTA using a pyri-

Lewis and
Bronsted acid
1487 cm'’
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1454 cm™!

Bronsted acid
15?2 cm?
0.18 A |

Pyridine adsorbed

Absorbance

| After heating
-0.02 — T T T )
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Wavenumber / cm!

Fig. 6 FT-IR spectra of Ca-LTA using pyridine as probe molecule.
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dine probe are shown in Fig. 6. No peak arising from Brgnsted
acids was observed around 1560 cm ™", which is in good agree-
ment with the TPD result. On the other hand, characteristic
peaks were observed at 1454 and 1487 cm™ " immediately after
treatment with pyridine, which were attributed to adsorption
on Lewis acidic sites of Ca-LTA. After heating to remove excess
physisorbed pyridine, the peaks remained in this region but
became quite small. This suggested that extremely weak Lewis
acidic sites existed on the surface of Ca-LTA.

In *’Al magic-angle-spinning (MAS) NMR measurements,
the chemical shift reflects the electronic state of Al atoms in
the Ca-LTA zeolite framework.*’™** The *’Al NMR spectrum
showed an intense peak at 54 ppm with spinning side bands
corresponding to tetrahedrally coordinated A" (Fig. 7a). The
lack of octahedrally coordinated Al'' signals around 0 ppm
indicated that extra-framework aluminum species were absent
in Ca-LTA. Thus, Ca-LTA has no Al species that function as
Lewis acidic sites. Another signal observed at 82 ppm was
assigned to Al(OH),”, which may be aluminum raw materials
from the synthesis of Ca-LTA.** ’Al MAS NMR spectra of other
zeolites such as K-LTA, Na-LTA, and FAU-X, which also showed
high activity for the formose reaction, showed a single peak in
the range of 50-60 ppm without peaks around 80 ppm
(Fig. S9t). The spectra suggested that K-LTA, Na-LTA, and
FAU-X have tetrahedral Al" in the framework without Al
(OH),". Despite the absence of Al(OH),, the formose reaction
using these zeolites as catalysts produced C3-C6 saccharides
in high yield. Therefore, these results indicated that Al(OH),~
contamination in Ca-LTA did not affect the catalytic activity of
Ca-LTA for the formose reaction. The *°Si dipolar-decoupling
(DD)-MAS NMR spectrum of Ca-LTA showed two resonance
peaks at —90 and —96 ppm assigned to Si(OSi)(OAl); and Si
(OSi),(OAl),, respectively (Fig. 7b). No silanol signals were
found at lower magnetic field, indicating that the effect of Si-
OH species on the surface of Ca-LTA was negligible during the
catalytic reaction. After the reaction, the recovered Ca-LTA took
the C1 substrate into the pores, as confirmed by TGA (Fig. 4b)
and a washing test (Fig. S7t) of recovered Ca-LTA. To obtain
information about the adsorption mechanism, *’Al MAS and

Al
0._.0
Si” _Si___Al
"oo

Al

T T T

200 150 100 50 0 -50 -100
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Fig. 7 (a) ZAland (b) 2°Si MAS NMR spectra of Ca-LTA. Asterisks indicate spinning side bands.
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Scheme 2 Proposed mechanism for C—C bond formation during formose

*Si DD-MAS NMR spectra of recovered Ca-LTA including
absorbed C1 were measured; however, these spectra were iden-
tical to those of Ca-LTA before the reaction, indicating that
local adsorption of the substrate on the surface had little effect
on the electronic state of the framework (Fig. S107).

Based on these results, a reaction mechanism on Ca-LTA
was proposed as follows. Generally, the aldol reaction in the
formose reaction can be achieved by a base-catalyzed mecha-
nism via an enolate intermediate. Ca-LTA has base and Lewis
acid sites on its surface, as confirmed by the TPD and IR
measurements. The basicity and Lewis acidity of Ca-LTA play
an important role in generation of the enolate from an alde-
hyde having an a-proton. It is generally accepted that the basi-
city of zeolites is due to the electronegativity of the framework
oxygen atom.***® Meanwhile, alkali and alkaline-earth metal
cations perform as Lewis acid sites, according to previous
reports.*** Thus, in our proposed mechanism, the lattice
oxygen of Ca-LTA serves as a Brgnsted base site for deprotona-
tion to form the enolate in combination with the Lewis acidity
of the Ca®" cation in the framework as shown in Scheme 2 (1).
The formed enolate attacks another aldehyde to form a C-C
bond (2), followed by proton transfer from the protonated
lattice oxygen to the alkoxide to form the aldol product (3).
The surface structure of the zeolite then returns to its original
state. This cooperative mechanism between basicity and Lewis
acidity is thought to be accelerated on zeolite surfaces with low
SiO,/Al,O; ratios. Similar mechanisms for the generation of
enolates using Lewis acidic zeolites have been reported in the
literature. The framework oxygen acts as a base to abstract the
a-proton in concert with the Lewis acidity of the zeolites,
which promotes enolization of carbonyl substrates following
C-C coupling in the aldol reaction.'®*>>* Thus, we believe
that our proposed mechanism for C-C formation in the
formose reaction using Ca-LTA is plausible.

Conclusions

We performed the formose reaction using zeolites as hetero-
geneous catalysts in aqueous medium at room temperature.
Formaldehyde and glycolaldehyde were successfully converted
to triose, tetrose, pentose and hexose with high conversion in
the presence of few byproducts, representing a unique reaction
mechanism of an acid-base cooperative system on a solid
surface. These properties are favorable from the viewpoint of

This journal is © The Royal Society of Chemistry 2024
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reaction using Ca-LTA.

green chemistry and would be useful for future industrial
processes.
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