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Abstract: In recent years, great attention has been paid to cascade reactions, which can
improve efficiency and reduce waste production by implementing several consecutive
reactions. Herein, two bifunctional catalysts were successfully prepared by precise control of
the oriented layered double hydroxides (LDHs) growth on graphene oxides (GO) using a
single-drop and co-precipitation method, respectively. The resultant Ru/LDH-GO-P and
Ru/LDH-GO-V composites were characterized by EXAFS, FT-IR, XRD, TG-DTA, BET,
XPS, TEM, CO>-TPD, O,-TPD, etc. The catalytic performance of Ru/LDH-GO-P and
Ru/LDH-GO-V for one-pot oxidation-Knoevenagel condensation reaction showed significant
difference under the same experimental conditions, in which the Ru/LDH-GO-P showed 99%
conversion and 99% selectivity, in marked contrast of 60.7% conversion and 47.9%
selectivity using Ru/LDH-GO-V as catalyst. The large enhancement of the -catalytic
performance using Ru/LDH-GO-P can be attributed to the following reasons: 1) the Co**
centers in RW/LDH-GO-P can promote the formation of surface oxygen vacancies that can
adsorb and activate O to get better performance; 2) the Ru/LDH-GO-P exhibited larger BET
surface and more medium-strong basic active sites than the Ru/LDH-GO-V. Moreover, the
Ru/LDH-GO-P catalyst can be easily recovered from the reaction system and reused for at

least five times without obvious deterioration of its catalytic activity or structural integrity.
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Introduction

In recent years, the cascade reaction systems have attracted wide attention since it can
improve efficiency of chemical processes and reduce the waste production.!!! As a result,
rational design of catalysts with well-defined and spatially isolated multiple active sites plays
a significant role in the optimization of cascade reaction systems. Since many of the
employed homogeneous catalytic systems are known to suffer from separation issues from
the reaction medium,'? research efforts mainly focus on the development of heterogeneous
systems such as UiO-66-Ru,*! NH,-MIL-101," Au@Cu(II)-MOF,®! Tris-LDH-Zna(PWo)y,°!
Pd/COF-TpPa-Py,[”! and Ni3Ga-LDH,"® which have demonstrated good catalytic activity in
one-pot cascade reactions. Although these catalysts were efficient for the cascade reactions,
they are largely restricted by the facts such as the requirement of excessive amounts of
oxygen donor reagents, the addition of soluble base, and the use of high temperature. As
such, the development of effective catalytic systems tailored for cascade reactions under mild
conditions is highly desirable and challenging.

Layered double hydroxides (LDHs) are composed of brucite-like two-dimensional sheets
and interlayer anions with general chemical formula [M**1xM>"x(OH)2]*'[Axn]™-mH20,"!
where M?* and M*" represent di- and trivalent metal cations, A" is the counterion.['”) Due to
fascinating properties that can be finely tuned by appropriate choice of the metal ions and
guest anions,!''! LDHs have been widely used in various fields.!'”) In addition, LDHs can
efficiently catalyze Knoevenagel condensation reactions owing to the presence of abundant
and accessible hydroxyl groups.!'*®! LDH materials ensure immobilization and high
dispersion of metal particles due to its excellent adsorption capacity within the gallery of the
LDH.!" Previously reported examples of LDH-supported catalysts, such as the Ru-LDH,"!
Pd-LDH, "¢ Au-LDH!" showed significantly higher catalytic activity than those immobilized
on other supports.

Graphene oxides (GO) exhibits a two-dimensional honeycomb sp® carbon lattice with
extremely large surface area and fast electron transfer properties due to its high

[18

conductivity.['8) However, the graphene-based materials tend to stack together due to m-n

interactions, largely limiting their application. Thus, GO’s physical and chemical properties

This article is protected by copyright. All rights reserved.
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renders it an excellent support system for the immobilization of catalysts and development of
composite nanomaterials with superior functionality. Immobilization of LDH nanosheets on
the surface of GO, exhibits the following advantages: 1) the presence of the LDH and
interaction with the GO’s nanosheets can decrease the m-m interactions and prevent their
aggregation;!'”) 2) the large specific surface area of GO disperses effectively the LDH’s active
sites.[2%]

In this work, we reported the preparation and characterization of two bifunctional
catalysts Ru/LDH-GO-P and Ru/LDH-GO-V by in-situ synthesis and immobilization of LDH
on GO surface by single-drop method and co-precipitation method, respectively.
Investigation of their catalytic efficiency in one-pot oxidation-Knoevenagel condensation
reaction under the same experimental conditions revealed significant differences between the
two catalytic systems which greatly depends on the morphology of the composite. The
Ru/LDH-GO-P exhibited much better activity and selectivity in the cascade reaction between
cinnamyl alcohol and ethyl cyanoacetate to produce cinnamylidene ethyl cyanoacetate under
mild conditions. Moreover, the heterogeneous catalyst of Ru/LDH-GO-P can be easily
recovered and reused for at least five times without obvious deterioration of their structural

integrity and activity.

Experimental Section

All chemicals were of analytical grade and were used as received without any further
purification. RuClz-3H>O, CoCl>-6H,0, AICl3-6H>O, NaOH, and Na,COs3;, were obtained
from Energy Chemical in Shanghai. Ethyl cyanoacetate (98%), malononitrile (97%),
cinnamyl alcohol (98%) and other alcohols were purchased from Alfa Aesar. Graphite was
purchased from Chengdu Organic Chemicals Co. Ltd, Chinese Academy of Sciences.

Powder XRD patterns were recorded on a Rigaku XRD-6000 diffractometer under the
following conditions: 40 kV, 30 mA, Cuk, radiation (1 = 0.154 nm). FT-IR spectra were
recorded on a Bruker Vector 22 infrared spectrometer using KBr pellets. Diffuse reflectance
Fourier transform infrared (DRIFT) spectra were recorded on a Bruker Tensor 27
spectrometer. Raman measurements were recorded on a Renishaw Raman spectrometer using

a laser excitation wavelength of 532 nm. The N> adsorption-desorption isotherms were
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measured on a Quantachrome Autosorb-1 system at the liquid-nitrogen temperature, and the
samples were degassed at 120 °C for 6 h before the measurements. TG-DTA was performed
on a TGA/DSC 1/1100 SF from Mettler Toledo in flowing N> with a heating rate of 10
°C/min from 33 °C to 900 °C. XPS measurements were performed on a PHI Quantera SXM
using monochromatized Alg, exciting X-radiation. Temperature-programmed desorption
(TPD) was probed by using a PCA-1200 Chemical adsorption apparatus 1100 analyzer
equipped with a thermal conductivity detector (TCD). The 'H-NMR spectra were recorded on
a Bruker AV400 NMR spectrometer at resonance frequency of 400 MHz, and the chemical
shifts were given relative to TMS as the internal reference. The K-edge XANES
measurements were performed at the 1WIB beamline of Beijing Synchrotron Radiation
Facility. Fourier transform EXAFS (FT-EXAFS) shell fitting was carried out with Artemis
Software.

The transition metal stock solution: In a typical experiment, the transition metal stock
solution was prepared by mixing RuCls3-3H>0 (98.05 mg, 0.375 mmol), CoCl>-6H>O (892.24
mg, 3.75 mmol) and AICI3-6H>0 (301.79 mg, 1.25 mmol) in distilled water (25 mL).

The alkali metal stock solution: it was prepared by mixing Na,CO3 (530 mg, 2.5 mmol)
and NaOH (800 mg, 10 mmol) in 50 mL of distilled water.

Synthesis of Ru/LDH-sd: This compound was prepared using single-drop method as
following. The alkali metal stock solution was added dropwise into the transition metal stock
solution with vigorous stirring at room temperature until pH = 10.0. The resulting suspension
was aged at 363 K for 6 h. After that, the solution was filtered and the precipitate was washed
with deionized water (3x 20 mL). The obtained solid sample was dried at 333 K overnight
under vacuum to obtain Ru/CoAl-LDH (Ru/LDH-sd).

Synthesis of Ru/LDH-cp: This compound was prepared using co-precipitation method.
The transition metal stock solution and the alkali metal solution were added dropwise
simultaneously into the 25 mL distilled water with vigorous stirring at room temperature and
the pH of the mixture was controlled to 10.0. Then, the resulting suspension was aged at 363
K for 6 h. After that, the mixture was filtered and the resultant precipitate was washed with
deionized water (3 x 20 mL). The obtained solid was dried at 333 K overnight in a vacuum

oven to obtain Ru/CoAl-LDH (Ru/LDH-cp).
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GO was synthesized and characterized according to previously reported method.?!!

Synthesis of Ru/LDH-GO-P: The transition metal stock solution was added into the GO
suspension and the mixture was sonicated for 30 min, to which the alkali metal stock solution
was added dropwise with vigorous stirring at room temperature until pH = 10.0. The resulting
suspension was aged at 363 K for 6 h, and the mixture was filtered and the precipitate was
washed with deionized water (3 x 20 mL). The obtained solid sample was dried at 333 K
overnight under vacuum, and it was denoted as Ru/LDH-GO-P due to the presence of LDH in
parallel growth on the GO.

Synthesis of Ru/LDH-GO-V: The transition metal stock solution and the alkali metal
solution were added simultaneously dropwise into the GO suspension with vigorous stirring
at room temperature, and the pH of the solution was controlled to 10.0. The resulting
suspension was aged at 363 K for 6 h. After that, the mixture was filtered and the precipitate
was washed with deionized water (3 x 20 mL). The obtained solid was dried at 333 K
overnight in a vacuum, and it was denoted as Ru/LDH-GO-V because the LDH was grown

vertically on GO.

Catalytic test

In a typical One-pot oxidation-Knoevenagel condensation reaction, solid catalyst (100
mg), benzyl alcohol (1 mmol) and toluene (7 mL) were mixed in a 50 mL three-necked flask.
The reaction mixture was kept under stirring at 333 K under Oz bubble (10 mL/min for 2
hours, 0.10 MPa). After the reaction progressed for a desired period of time, ethyl
cyanoacetate (1.5 mmol) was charged into the reaction system rapidly. The mixture was left
at 333 K for an additional time period. The resulting products were extracted with CH>Cl,
and analyzed by gas chromatography equipped with a flame ionization detector (GC-FID).
The yields were calculated by using reference standards. The obtained products (purified by
rotary evaporation and silica gel column chromatography eluted with petroleum ether/EtOAc
= 5:1) were dissolved in CDCl3 and analyzed by '"H NMR spectroscopy. After completion of
the reaction, the catalyst was recovered by centrifugation, washed with acetone, and dried

under 333 K overnight.
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Results and Discussion

Scheme 1. Schematic representation of the Ru/LDH-GO-V and Ru/LDH-GO-P nanocomposites.

As shown in Scheme 1, the Ru/LDH-GO-P nanocomposite was synthesized via single
drop method, while the Ru/LDH-GO-V nanocomposite was prepared using co-precipitation
method. The Ru/LDH-GO-P and Ru/LDH-GO-V revealed rather similar XRD patterns
(Figure 1a). The peaks located at 26 = 12, 24, 35, 39, 60, and 62° can be indexed to the (003),
(006), (009), (015), (110) and (113) reflection of the LDH phase with 3R symmetry,
respectively.?!) The GO present a characteristic (001) diffraction at 20 =11.9°, indicative of

191 which can be attributed to the formation

an interlayer distance of approximately 0.74 nm,
of oxygenated functional groups on the graphite layers. No typical diffraction peak of GO
was observed in the corresponding nanocomposites, which can be attributed to the
superimposed reflections with LDH.[??!

As shown in Figure 1b, Raman spectrum of GO revealed the G band at 1598 cm™ and the
D band at 1342 cm’!, respectively.!”’) The intensity ratio of the D to the G band (/p/Is)
provides the surface defect and the degree of lattice distortion of the graphite layer within the
carbon material. The gradual increase of the Ip/lg ratio from 0.92 for GO, to 0.96 for
Ruw/LDH-GO-V and 1.04 for Ru/LDH-GO-P (Table S1) was indicative of the effective
immobilization of the LDH on the GO surface. The higher Ip/Is value resulted in the

[22] The increased number of defect

conjugated carbon atoms with more structural defects.
sites on the surface of graphene may play an important role in promoting the in-situ
formation and immobilization of LDH on GO, which is important for the inhibition of the

agglomeration of LDH nanosheets during the growth process and consequently the high
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dispersion of Ru active centers.
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Figure 1. a) XRD patterns of GO, Ru/LDH-GO-P, and Ru/LDH-GO-V. b) Raman spectra of GO, Ru/LDH-
GO-P, and Ru/LDH-GO-V. ¢) TEM image of Ru/LDH-GO-P. d) TEM image of Ru/LDH-GO-V.

Interestingly, TEM and SEM images of Rw/LDH-GO-P (Figure lc, S1, S2) exhibited
dramatic difference from those of Ru/LDH-GO-V (Figure 1d, S1, S2). In the case of
Ru/LDH-GO-P, the LDHs grew with ab-planes of the crystallites oriented parallel to GO
(Figure S3), whereas for Ru/LDH-GO-V, the ab-planes can be found to be oriented
perpendicular to GO. Such morphological difference can be assigned to be the different
concentration of LDH nucleation points formed in the synthetic process.>*! In the case of
Ru/LDH-GO-V, high concentration of LDH nucleation points were formed by simultaneous
addition of alkali and transition metal stock solution into the GO dispersion, according to the
co-precipitation method. Thus, the high concentration of LDH led to the growth and
subsequent immobilization of LDH crystallites with their ab-planes aligned perpendicular to
the GO substrate. However, in the case of Ru/LDH-GO-P which was formed using single
drop method, the transition metal stock solution and the GO dispersion were mixed before the
subsequent addition of the alkali solution. As a result, the local concentration of LDH
nucleation points on the surface of GO was much lower than in the case of co-precipitation
method. Low local concentrations promoted slower generation of nucleation points on the
GO surface and the LDH crystallites were oriented with their ab-faces parallel to the GO
film. FT-IR spectrum (Figure S4) of GO itself showed the peaks at 1722, 1624, 1058 cm'
that can be assigned to the C=O stretching bands of COOH groups, the carbon backbone
(C=C/C-C), and the alkoxy (C-O), respectively.[’! In contrast, these bands disappeared in the

This article is protected by copyright. All rights reserved.
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corresponding FT-IR spectrum of Ru/LDH-GO-P and Ru/LDH-GO-V, which was indicative

of partial reduction of the GO during the formation of LDH-GO composite. ¢!

a) 2o b) c)
- ——Ru/LDH-GO-P — 1.5 ——RUu/LDH-rGO-P
W 46 ——RU/LDH-GO-V w 2] ——Ru/LDH-rGO-V
3 3
> 1.2 Ed +
§ . E 1o i 1.04
= 0.8 i x
x
£ R E = 05
5 0.4 5
c S 0.8
0.0
" r . r . . 0.0 - .
7720 7760 7800 7719 7720 7721 7722 0 _2 ) 4 6
J Energy (eV) Energy (eV) Radial distance (A)
) 16 e) f 20
—_ ——Ru/LDH-GO-P — 1.2 ——Ru/LDH-GO-P
w ——Ru/LDH-GO-V w A 2.5 ——Ru/LDH-GO-V
= 1.2{—RuCl; 3 e ' RuCl,
3 RuO; [\ A e 3 T 2.0 . RuO,
S 0.8 | g 0.8 =
N N or 1.54
© © ;‘
E 0.4l EE— E ) = 1.0
o c 0.4 1
c c 0.5 '\ \
0.0 . : . ; . > _ . . 0.0 b \.I A e
22080 22160 22240 22320 22104 22112 22120 0 2 4 6
Energy (eV) Energy (eV) Radial distance (A)

Figure 2. a) Normalized Co K-edge XANES spectra of Ru/LDH-GO-P, and Ru/LDH-GO-V. b) Locally
amplified version of Normalized Co K-edge XANES spectra. ¢) The k*-weighted Fourier transform spectra from
Co K edge EXAFS. d) Normalized Ru K-edge XANES spectra of Ru/LDH-GO-P, Rw/LDH-GO-V, RuCls, and
RuO:. e) Locally amplified version of Normalized Ru K-edge XANES spectra. f) The k*>-weighted Fourier
transform spectra from Ru K edge EXAFS.

Subsequently, we utilized X-ray absorption spectroscopy (XAS) in an effort to elucidate
the chemical state and coordination environment of Co and Ru atoms. The Co K-edge X-ray
absorption near edge structure (XANES) spectra (Figure 2a-2b, S5a) suggested that the
valence state of Co in Ru/LDH-GO-P was higher than that in Ru/LDH-GO-V. The
corresponding Fourier Transformed (FT) k’y(k) functions (Figure 2c) showed that both
Ru/LDH-GO-P and Ruw/LDH-GO-V exhibited two prominent peaks at 1.6 and 2.8 A,
corresponding to the nearest Co—Oon and the neighboring Co-Co coordination, respectively.
The peak intensity for Co—Oon and Co-Co coordination in Ru/LDH-GO-P were significantly
lower than the corresponding peaks in Ru/LDH-GO-V, suggesting that the Ru/LDH-GO-P
possessed more Co and O vacancies than the Ru/LDH-GO-V. As shown in Figure 2e and

S5b, the Ru K-edge for both nanocomposites is close to that of the RuCl; reference,
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suggesting that the oxidation state of Ru remained +3. As can be seen from the EXAFS
spectrum in R space (Figure 2f), the Ru/LDH-GO-P and Ru/LDH-GO-V exhibited a
prominent peak at approximately 1.6 A from the Ru-O shell. No other typical peaks for Ru-
Ru contributions at longer distances (> 2.0 A) were observed, indicating the high dispersion

of isolated Ru** through the Ru/LDH-GO nanosheets.!?”)

100 — RulLDH-GO-P T ——Ru/LDH-GO-P
= 250 —— Ru/LDH-GO-V
17

Exo

Endo

200 400 600 800 " 00 02 04 06 08 10
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Figure 3. a) TG-DTA profile of Ru/LDH-GO-P and Ru/LDH-GO-V. b) The N, adsorption-desorption isotherm
and the pore size distribution (inset picture) of Ru/LDH-GO-P and Ru/LDH-GO-V. ¢) Co 2p XPS spectra for
Ruw/LDH-GO-P, Rw/LDH-GO-V. d) C 1s+Ru 3d XPS spectra for Ru/LDH-GO-P, Ru/LDH-GO-V.

Thermogravimetric and differential thermal analysis (TG-DTA) of Ru/LDH-GO-P and
Ru/LDH-GO-V showed three distinct stages of weight loss upon temperature increase from
30 to 800 °C (Figure 3a). In the case of RuW/LDH-GO-P, the first weight loss of 15.21 % took
place between 30 and 220 °C that can be ascribed to the removal of water molecules absorbed
on the surface and the interlayer space. The second weight loss of 17.33 % between 220 and
440 °C corresponded to the subsequent disintegration of the layered structure. The third
weight loss of 9.29 % between 440 and 630 °C was related to the combustion of the carbon
skeleton. %! In case of Ru/LDH-GO-V, the first two weight losses were similar to the ones
observed in Ru/LDH-GO-V. However, the third weight loss temperature took place at slightly
lower temperatures (between 390 and 560 °C), which was due to the weaker interactions
between the LDH and GO. To further investigate the possibility of a porous structure and to
determine the surface area of the prepared composites, the N2 adsorption-desorption isotherm
and the Barrett-Joyner-Halenda (BJH) pore size distribution plots of Ru/LDH-GO-V,
Ru/LDH-GO-P and GO were calculated (Figure 3b, S6). All samples exhibited typical type

This article is protected by copyright. All rights reserved.
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IV adsorption isotherms and H3 type hysteresis loops at a high relative pressure (P/Po> 0.4),
which indicates the predominant presence of mesopores. Ru/LDH-GO-P showed a peak
centered at approximately 3.8 nm (Figure 3b, inset) and Ru/LDH-GO-V showed a peak
centered at approximately 3.3 nm. The larger surface area of Ru/LDH-GO-P (116.49 m?g™!)
than that of Ru/LDH-GO-V (94.62 m?-g!) may have a profound effect on the adsorption of
0O: and subsequent efficiency during the catalytic processes.

XPS spectra of the Co2p, Ru3d, Cls, Ru3p, Al2p and Ols were presented in Figure 3,
S7. The Co2p core lines of the Ru/LDH-GO-P and Ru/LDH-GO-V (Figure 3c) can be split
into Co2p3n (~781.1 eV) and Co 2pi12 (~797.3 eV) peaks along with two satellite bands
located at 786.6 and 803.4 eV, indicating the existence of high-spin Co*" state in both
cases.!*’! It was worth noting that the binding energies of Co2ps» and Co2pi in Ru/LDH-
GO-P (781.0 and 797.1 eV) are both ~0.3 eV lower than those in Ru/LDH-GO-V (781.3 and
797.4 eV), confirming the enhanced electron density of Co atoms, which is consistent with
the XAFS data. Y The atomic ratios of Co**/Co?" in Ru/LDH-GO-P and Ru/LDH-GO-V
were found to be 0.22 and 0.16, respectively. This result indicated the presence of more Co**
centers in Ru/LDH-GO-P that can promote the formation of surface oxygen vacancies that

(15311 As shown in Figure 3b, deconvolution of both Ru3ds;

can adsorb and activate O..
profiles of Ru/LDH-GO-P and Ru/LDH-GO-V showed the main binding energy peak at

282.1 eV, which can be attributed to Ru(OH)3.?!

Table 1. Performance of different catalysts in the oxidation of cinnamyl alcohol and the subsequent

Knoevenagel condensation with ethyl cyanoacetate. [

CN
XNoH 0, XXg <C02Et Ny O
—_—> e CN
B C

A
Entry Catalyst Conv. A (%) Yield B (%) Yield C (%)

1 Ruw/LDH-GO-P >99 0 99
2 Ruw/LDH-GO-V 60.7 12.8 47.9
3 Ru/LDH-sd 40.9 10.6 30.3
4 Ru/LDH-cp 21.5 7.9 13.6

5t RuCl; 0 0 0

6 GO 0 0 0
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7 RuCl;+LDH-sd+GO 43.5 9.5 36.0
8Ll RuCl3+LDH-cp+GO 22.0 7.5 14.5
9 No catalyst 0 0 0

[al Reaction conditions: catalyst (100 mg), A (1 mmol), ethyl cyanoacetate (1.5 mmol), O,
solvent (7 mL), T=333 K, 3 h. ! RuCl; (19.6 mg), [ GO (10 mg). ¥ RuCl; (19.6 mg),
LDH-sd (80.4 mg), GO (10 mg). ! RuCl; (19.6 mg), LDH-cp (80.4 mg), GO (10 mg)

The catalytic activity of Ru/LDH-GO-P, and Ru/LDH-GO-V in the one-pot tandem
synthesis of cinnamylidene ethyl cyanoacetate (abbreviated as C) from cinnamyl alcohol
(denoted as A) was investigated in toluene under oxygen atmosphere. The results were
summarized in Table 1. The one-pot synthesis of cinnamylidene ethyl cyanoacetate was
realized through the oxidation of cinnamyl alcohol followed by Knoevenagel condensation
with ethyl cyanoacetate. Cinnamyl aldehyde (denoted as B) was produced as an intermediate
in all cases. The cascade reaction proceeded smoothly with 99% conversion and 99%
selectivity of cinnamylidene ethyl cyanoacetate using Ru/LDH-GO-P as catalyst (Table 1,
entry 1). In contrast, Ru/LDH-GO-V did not promote the reaction as efficiently as Ru/LDH-
GO-P with the conversion of 47.9 % (entry 2). Moreover, the control experiments using
Ru/LDH-sd and Ru/LDH-cp as catalysts showed considerably lower conversion of A (entries
3, 4), indicating that the introduction of GO can decrease the n-n interactions and aggregation
of LDH nanosheets and facilitate the dispersion of active sites. Bare GO and RuCls also
showed no activity for the cascade reaction. Finally, the physical mixture of GO and LDH
showed inferior efficiency (entries 6, 7) since both activity and selectivity were considerably
lower than those using Ru/LDH-GO-P as catalyst.

The CO2-TPD measurements were performed in order to obtain information about the
number of basic sites present on the solids. As shown in Figure 4a, the broad peak for CO»
desorption between 100 and 200 °C can be deconvoluted into two contributions in the range
of 100-170 °C and 170-200 °C, which were identified as weak and medium-strong basic
sites, respectively. 3] Moreover, the Ru/LDH-GO-P showed substantially more (weak and
medium-strong) basic sites than Ru/LDH-GO-V, which was consistent with the fact that the
Ru/LDH-GO-P performed more efficiently than the Ru/LDH-GO-V for the above cascade

reaction.
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Figure 4. a) CO,-TPD of Ru/LDH-GO-P and Ru/LDH-GO-V, b) in situ CO,-IR of Rw/LDH-GO-P and
Rw/LDH-GO-V, ¢) O,-TPD of Rw/LDH-GO-P and Ru/LDH-GO-V.

In order to demonstrate further the difference between the basic sites of the two catalysts,
we employed the in-situ CO»-IR technique (Figure 4b). Three species of adsorbed CO> were
detected, which can be assigned to bicarbonates, bidentate carbonates, and monodentate
carbonates (Table S2). This result confirmed the presence of three different types of surface
basic sites. Bicarbonates were formed from the interaction of CO> with OH groups, while
bidentate carbonates and monodentate carbonates can be originated from the interaction of

(30341 The IR spectrum of

CO; with M-O ion pairs and surface O*  ions, respectively.
Ru/LDH-GO-P was noticeably more complex than that of Ru/LDH-GO-V. For Ru/LDH-GO-
P, the characteristic peak of bidentate carbonates at 1618 cm™! indicated the presence of M-O
ion pairs than that in Ru/LDH-GO-V, which was consistent with the CO2-TPD studies. To
examine the mobility of oxygen species, we conducted O2-TPD tests. For both Ru/LDH-GO-
P and Ru/LDH-GO-V, the broad peaks located in the range of 150 and 350 °C were assigned

[30.35] |

to the chemisorbed oxygen O»> and surface-active oxygen species Oz, respectively. n

addition, the peaks in Ru/LDH-GO-P showed higher intensity than that in Ru/LDH-GO-V,

indicating higher abundance of O»>" and O™ species.

Kinetic study of cascade oxidation—Knoevenagel condensation reaction

(a) (b)

120 { —=— Cinnamyl aldehyde 120 { ——Cinnamyl aldehyde
i i ethyl —aC]| ethyl
A100 . e A100- -
= 80 / X 804
o 60 © 60
< 40 £ 40
20 201
0 0
0 30 60 90 120 150 180 0 60 120 180 240 300 360 420
Reaction time (min) Reaction time (min)
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Figure 5. Yields vs reaction time of cinnamyl aldehyde and cinnamylidene ethyl cyanoacetate using a)
Rw/LDH-GO-P and b) Ru/LDH-GO-V as catalysts, respectively.

To describe directly the different reaction pathway between Ru/LDH-GO-P and
Ru/LDH-GO-V, the tandem synthesis of cinnamylidene ethyl cyanoacetate (denoted as C)
from cinnamyl alcohol (denoted as A) was performed at different reaction times. When
Ru/LDH-GO-P was used as catalyst (Figure 5a, S8), the product cinnamyl aldehyde (denoted
as B) yield gradually increased to reach maximum within 120 min. Subsequent addition of
ethyl cyanoacetate into the reaction mixture led to a rapid decrease of the intermediate B,
whereas the yield of C increased rapidly within 30 min. In contrast, when Ru/LDH-GO-V
was applied as catalyst (Figure 5b, S8), the observed increase of B and C was considerably

lower than Ru/LDH-GO-P.

uConv.A mYieldC mYieldB

1004 —— witn
—a— Without
__ 80
g 60
H
8 40
20 /
0 0
1 2 3 4 5 0 30 60 90 120
[ Conv. A [ Yield C [IYield B Reaction time (min)

Figure 6. a) Effect of the solvent on the one-pot oxidation-Knoevenagel condensation reaction by
Ru/LDH-GO-P. b) Recycling test of the Ru/LDH-GO-P catalyst for 5 times. ¢) Hot filtration experiments,
red line: in the presence of Ru/LDH-GO-P; green line: Ru/LDH-GO-P was filtrated at 30min. Reaction
conditions: catalyst (100 mg), A (1 mmol), ethyl cyanoacetate (1.5 mmol), O2, solvent (7 mL), T=333 K, 3
h.

To identify the best solvent medium for the one-pot oxidation-Knoevenagel condensation
reaction, we investigated the effects of a series of solvents on the catalytic efficiency (Figure
6a). The cascade reaction proceeded efficiently with the conversion of A reaching 95% in
DMSO and 93% in DMEF, respectively. If toluene was used, we observed almost complete

conversion of A (99%) and selectivity of C >99%. On the other hand, the catalytic activity
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decreased if water, methanol, ethanol, and acetonitrile were used as solvents in the cascade
reaction. Based on the above screening, we selected toluene as the most appropriate solvent
medium. As shown in Figure 6b, Ru/LDH-GO-P used for the promotion of the cascade
reaction can be easily recovered by filtration and recycled for at least 5 times without obvious
deterioration of its catalytic activity. In addition, the characterization of the recycled catalyst
using powder XRD and FT-IR (Figure S9) confirmed its structural integrity.

To prove whether the cascade reaction followed heterogeneous or homogeneous
pathway, we conducted the following experiment. When the cascade reaction was half-way
through (the conversion reached 53 % after 30 min), the Ru/LDH-GO-P catalyst was filtered
off. And the remaining reaction mixture was kept under the same experimental conditions. As
a result, it showed that no additional conversion of the reactant to the product can be
observed (Figure 6¢). This experiment demonstrates further the efficiency and robustness of

the Ru/LDH-GO-P heterogeneous catalyst.
Comparison with other reported heterogeneous catalysts

CN
NC” T CN CN

Table 2. Performance of different catalysts in the oxidation of cinnamyl alcohol and the subsequent
Knoevenagel condensation with malononitrile.

Entry catalyst oxidant T t Conv. [%] Yield [%] Ref.
1 Ui0-66-Ru(3.6mol % Ru) 0O 373K 32h 94.6 51.2 3
2 CuBr+FL2 TEMPO 313K 13h 66 - 36
3 Au/NH,-UiO-66 TBHP 343K 34h 79 77 37
4 30%HPW/mpg-C3N4 H,O, 363K 4h 97.6 - 38
5 MNP@PIL/W H,O, 363K 7h 99 95 39
6 Ru/LDH-GO-P 0)) 333K 2.5h 98.0 98.0 This work

The one-pot oxidation-Knoevenagel condensation reactions using a variety of substrates
and catalysts reported previously were summarized in Table 2, Table S3 and S4. The
Ru/LDH-GO-P exhibited very good catalytic activity using O2 as oxidant under mild reaction

conditions compared with previously reported catalysts. In addition, the Ru/LDH-GO-P
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showed considerably better catalytic activity compared with other noble metal-based
catalysts, such as UiO-66-Ru and Au/NH>-UiO-66 for cinnamyl alcohol and the subsequent
Knoevenagel condensation with malononitrile reaction (Table 2, entries 1, 3). Also in the case
where the substrate was replaced with benzyl alcohol and malononitrile, Ru/LDH-GO-P still
exhibited superior reactivity compared to other reported catalysts (Table S3, entries 2,7,13,
Table S4, entries 1, 2, 5). The observed physical and chemical properties (activity, stability
and regeneration) renders the Ru/LDH-GO-P composite catalyst an exceptional catalytic

material for the one-pot oxidation-Knoevenagel condensation reaction.

1120,

R
“

YY¥ ole

CN

P Ri

Basic site < 9@ Ru
COOEt

H,0

Scheme 2. Reaction pathway of the one-pot reaction over the Ru/LDH-GO-P catalyst.

Based on the discussed experimental evidence, we proposed a possible pathway for the
one-pot reaction over the Ru/LDH-GO-P catalyst (Scheme 2). At the beginning of the
reaction, the substrate of cinnamyl alcohol interacted primarily with the basic Ru—OH active
sites coupled with elimination of hydroxyl protons from cinnamyl alcohol, leading to the
formation of an alkoxide intermediate.l'® Subsequently, the intermediate formed a highly
reactive metal-alcoholate moiety that was able to eliminate H, forming cinnamaldehyde.
Then, the basic sites of the LDH catalyzed the Knoevenagel condensation of nitriles with
aldehydes to form cinnamylidene ethyl cyanoacetate. The final step involved the rapid
oxidation of the Ru—H species by the molecular O> to form Ru-OH active sites that completed
the catalytic cycle.

In order to evaluate the general applicability and efficiency of the Ru/LDH-GO-P as
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heterogeneous catalyst in one-pot oxidation-Knoevenagel condensation reactions, we
investigated the conversion of various benzyl alcohol derivatives and active methylene
compounds (Table 3). The Rw/LDH-GO-P proved to be effective for a variety of benzyl
alcohols with either an electron-withdrawing or an electron-donating group (entries 5-9).
Herein, p-Cl, p-Br, p-methyl, p-nitro, and p-methoxy substituted benzyl alcohols were
transformed to the desired products with high yields (entries 5-9), although nitro group, Cl,
and Br were strong electron withdrawing groups and methoxy and methyl groups exhibited
electron-donating properties. In addition, malononitrile, which was used as the active
methylene compound in the condensation reactions with benzyl alcohol derivatives, was also
converted to the corresponding condensation products in high yields (entries 2, 4). It should
be noted that malononitrile showed higher reactivity compared to the ethyl cyanoacetate in

the condensation reaction with the carbonyl substrates.

Table 3. One-pot oxidation-Knoevenagel cascade reactions towards different substrates using Ru/LDH-
GO-P as the catalyst.

0O, R
R OOH —— RO 2
NC” R, CN
Entry A R: Time Conv. (%) Yield (%)
N\
1 @M o COOEt 3h 99.5 99.5
NS
2 @M o CN 2.5h 98.0 98.0

3 ©/\°“ COOEt 2h 96.5 96.5
4 ©/\°“ CN 2h 99.0 99.0
OH
5 /©/\ COOEt 2h 95.0 95
Cl
OH
6 /©/\ COOEt 2h 93.9 93.9
Br'
7 )©/\°” COOEt 2h 90.7 90.7
'OH
8 /©/\ COOFt 2h 94.6 94.6
O,N
'OH
9 )@/\ COOEt 2h 92.1 92.1
H;3CO’

Conclusion
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Two new heterogeneous catalysts of Ru/LDH-GO-P and Ru/LDH-GO-V were
successfully synthesized by single-drop method and co-precipitation method, respectively.
Experimental data revealed that in the case of Ru/LDH-GO-P, LDH layers were developed
with their ab-planes parallel to the GO surface, whereas the ab-planes were found to be
oriented perpendicular to GO surface for Ru/LDH-GO-V. XANES studies indicated that the
Ru/LDH-GO-P incorporated more Co and O vacancies than Ru/LDH-GO-V.

By taking the one-pot oxidation-Knoevenagel condensation of cinnamyl alcohol and
ethyl cyanoacetate as a probe reaction, the Ru/LDH-GO-P showed excellent catalytic
performance with the conversion and selectivity >99% for the cascade reactions at 333 K
under Oz atmosphere within 3 h, while the Ru/LDH-GO-V showed 60.7% conversion and
47.9% selectivity under the same experimental condition. The observed dramatic difference
of the catalytic performance can be attributed to the following reasons. Firstly, the Co®"
centers in Ru/LDH-GO-P can promote the formation of surface oxygen vacancies that can
adsorb and activate Oz to get better performance; Secondly, the Ru/LDH-GO-P exhibited
larger BET surface and more medium-strong basic active sites than the Ru/LDH-GO-V.
Moreover, the Ru/LDH-GO-P catalyst exhibited wide-range applicability in a variety of
aromatic alcohols and it can be easily recovered and reused at least five times without
obvious deterioration of its catalytic activity. The observed exceptional robustness and
efficiency render the Ru/LDH-GO-P catalyst an exceptional candidate for industrial

applications in fine-chemical synthesis.
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