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Abstract: The use of ubiquities elements such as iron instead of
expensive precious metals as catalysts is one goal toward realizing
environmentally benign synthetic chemistry. Here, we report that
porous FeO(OH) dispersed on Mg-Al hydrotalcite acts as a
bifunctional heterogeneous catalyst in the one-pot synthesis of 2-
substituted quinoline derivatives through dehydrogenative oxidation-
cyclization reactions. The catalyst was prepared by a simple grafting
method using FeCl; and Mg-Al hydrotalcite. The prepared porous
FeO(OH) possesses a higher surface area than those previously
reported for a-FeO(OH) particles. The one-pot quinoline synthesis
proceeded effectively under non-noble-metal catalysis in air without
requiring additional homogeneous bases or solvents.

Introduction

Quinoline derivatives are important chemical intermediates
in the synthesis of pharmaceuticals.’l A general preparation
method of 2-substituted quinoline is by using the Friedlaender
method, which involves a cyclization reaction between 2-
aminobenzaldehyde and ketones.? Due to the unstable nature of
2-aminobenzaldehyde, one-pot synthesis of 2-substituted
quinolines from 2-aminobenzylalcohol with ketones has been
developed using transition metal-inorganic base mixed catalyst
systems. In 2001, Cho and co-workers reported
RuCl,(=CHPh)(PCys). with. KOH for reaction sequences
containing dehydrogenation of 2-aminobenzylalcohol followed by
cyclization with ketones.® Not only Ru* but also Ni,® Ir,® Cu,” Mn,?
Pd,® and other metals!® have been used to promote the one-pot
synthesis along with additional homogeneous bases.!! The
reports on the catalyst system for one-pot quinoline synthesis is
summarized in Table S4. Recently, dehydrogenation from alcohol
using iron catalysts have received much attention due to the low
toxicity and abundance of Fe.’? Homogeneous and
heterogeneous Fe-catalyzed dehydrogenation systems have
been applied successfully to quinoline synthesis,*34 however, the

use of homogeneous additives, solvents, and atmospheric
remains necessary.

Accumulation of different catalytically active sites on the
same solid surface is an effective procedure that can promote
multiple processes in a one-pot synthesis. For example,
hydrotalcite-supported metal catalysts have been reported as
multifunctional catalysts possessing transition metals and/or base
sites for several one-pot reactions, including the quinoline
synthesis.*®151  For example, Mizuno and co-workers
demonstrated that hydrotalcite-supported Au nanoparticles can
catalyze the one-pot synthesis of flavones through selective
dehydrogenation and carbon-carbon bonds forming reactions that
are promoted by Au and the basic sites, respectively.’® These
results indicate that hydrotalcite is an ideal material as both a
support of transition metal and a solid base and can maintain
and/or enhance the catalytic properties of both.'® Regarding the
combination of hydrotalcite and Fe, Kaneda and co-workers
reported Mg-Al-Fe type hydrotalcite as an efficient catalyst for the
Baeyer-Villiger oxidation of ketones.’” Additionally, hydrotalcite
compounds including Fe species have been frequently used for
reduction, oxidation, and electrochemical reactions such as water
splitting reactions.®1° This beneficial chemistry between Fe and
hydrotalcite encouraged us to investigate the one-pot quinoline
synthesis using hydrotalcite-supported iron catalyst (Fe/Mg-Al
HT) (Scheme 1). Careful spectroscopic analysis implies that the
accumulated Fe species on Mg-Al HT surface was reconstructed
to porous FeO(OH), which showed high performance in quinoline
synthesis. Some of the advantages of our reaction system are the
following: (i) use of a non-noble-metal heterogeneous catalyst, (ii)
no need of additional bases and solvents, and (iii) no atmospheric
control (reaction occurs in air).

©\/\OH Fe/Mg-Al HT @0
—»
NH Air NH

2 2

Fe/Mg-Al HT X

;o NZ R
N

- noble-metal free
- without any additives and solvents

- under Air
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Scheme 1. One-pot quinoline synthesis catalysed by Fe/Mg-Al HT

Results and Discussion

Preparation and Characterization of Catalysts

Mg-Al HT (Mg:AlI=3:1) with a carbonate anion
(Al,Mge(OH)16CO3-4H,0)  was  obtained from  Tomita
Pharmaceutical Co.. Fe/Mg-Al HT was prepared by a simple
impregnation procedure, that is, Mg-Al HT was treated by an
aqueous solution of FeCl; at room temperature. The resulting
slurry was added to sodium hydroxide solutions, filtrated, washed,
and dried under vacuum at room temperature, leading to Fe/Mg-
Al HT. Hydrotalcite-like compounds containing Fe cation in its
brucite layer (Mg-Al-Fe) were synthesized by the co-precipitation
method using MgCl»-6H,0, AICl;-6H,0, and FeCls. Fe, Mg, and
Al contents of Fe/Mg-Al HT and Mg-Al-Fe were determined by ICP
analysis, as summarized in Table 1. The loading amount of Fe of
Fe/Mg-Al HT was easily controlled in the range of 0.10 to 2.28
mmol g*. The samples are referred to as Fe(x)/Mg-Al HT or Mg-
Al-Fe(x), where x is the loading amount of Fe (mmol g?). In
addition, Fe/Mg-Al HT with a high surface area (Fe/Mg-Al HT[HS])
was also prepared by a similar co-precipitation from MgCl, and
AlICl3, followed by the treatment of the obtained solid with an
aqueous FeCls solution.

Fig. 1 shows XRD patterns of the parent Mg-Al HT,
Fe(1.4)/Mg-Al HT, and Mg-Al-Fe(1.9). Both Fe-containing
samples showed the layered structure of hydrotalcite compounds.
No clear signals that could be assigned to iron oxides and
hydroxides was detected. Peak positions of Fe/Mg-Al HT were
almost the same as those of the support Mg-Al HT. Meanwhile,
peak positions of (003) and (006) reflections of Mg-Al-Fe(1.9)
shifted slightly (Table S1, Supplementary Information),
suggesting the incorporation of Fe cations in the hydrotalcite
brucite layer.?°

Fe K-edge XAFS measurements were conducted to
determine the local structure. The features and edge positions of
XANES spectra of Fe/Mg-Al HT and Mg-Al-Fe were close to those
of Fe(lll)203, but differed significantly from those of Fe(ll)O and
Fe foil (Fig. S1, Supplementary Information). The presence of
Fe(lll) species in Fe-containing samples can be suggested. The
Fe 2ps» signal position of Fe/Mg-Al HT was 710.8 eV in XPS
analysis (Figure S10, Supplementary Information). This also
supports the presence of Fe3+. Fe K-edge EXAFS spectra are
shown in Fig. 2. Interestingly, the spectral features of Fe/Mg-Al
HT and Mg-Al-Fe were significantly different. For example, in Mg-
Al-Fe, strong peaks and shoulders at 4.4, 5.2, 5.9, 7.5, and 8.1 A-
! were detected, while no such peaks were observed for Fe/Mg-
Al HT. The EXAFS spectrum of Mg-Al-Fe is assignable to Fe
cation in the brucite layer of Mg-Fe HT-like compounds.'®% We
also prepared the Fe hydroxide-like precipitate from aqueous
FeCl; and NaOH in the absence of the Mg-Al HT support. The
EXAFS spectrum of the Fe hydroxide-like precipitate is shown in
Fig. 2 as a black dotted line. The EXAFS spectrum of Fe/Mg-Al
HT is similar to that of the Fe hydroxide-like precipitate. This
similarity increased with increasing Fe loading on the Mg-Al HT.
Wang and co-workers reported the preparation of an a-FeO(OH)
precursor through a similar procedure by suing an aqueous FeCls;
solution with NaOH treatment.?* Careful XRD analysis of the Fe
hydroxide-like precipitate indicated broad signals at 26=21°, 36°,
and 60°assignable to (110), (130), (111), and (221), (160)
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reflections of a-FeO(OH), respectively (Fig. S2, Supplementary
Information). FT of k®-weighted Fe K-edge EXAFS (FT-EXAFS)
spectrum for Fe-containing samples showed that Fe/Mg-Al HT
catalysts lead to strong signals at 1.5 A (Fig. S3, Supplementary
Information). This signal position is close to that of Fe-O but
different from that of Fe-Cl. Curve-fitting analysis of the signal in
Fe(1.4)/Mg-Al HT by using the Fe-O parameter was conducted as
shown in Table S2, Supplementary Information. The signal for Fe-
O was well fitted with a coordination number (N) of approximately
6 and bond length of 2.01 A. These results indicate that the local
structure of Fe species on Fe/Mg-Al HT surface was similar to that
of a-FeO(OH).

Table 1. Elemental analysis of prepared samples by ICP.

Catalyst Fe Mg Al
(mmol/g) (mmol/g) (mmol/g)

Fe(0.1)/Mg-Al HT 0.10 9.3 3.8
Fe(0.5)/Mg-Al HT 0.50 9.4 3.6
Fe(1.4)/Mg-AlHT 1.42 7.4 2.4
Fe(2.3)/Mg-Al HT 2.28 5.7 1.7
Mg-Al-Fe(1.3) 1.25 8.5 2.6
Mg-Al-Fe(1.9) 1.90 7.8 2.4
Fe(1.5)/Mg-AlHT[HS] 1.52 8.7 2.6

(003)

006
(008) ©12) 69\6\"’\
(015) (018) ee

{b)

(a)

10 20 30 40 50 60 70
26

Figure 1. XRD patterns of (a) Mg-Al HT, (b) Fe(1.4)/Mg-Al HT, and (c) Mg-Al-
Fe(1.9).

K (k) 1 A
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Figure 2. k3-weighted Fe K-edge EXAFS spectra of Fe(2.3)/Mg-Al HT (dark
blue), Fe(1.4)/Mg-Al HT (blue), Fe(0.5)/Mg-Al HT (green), Mg-Al-Fe(1.3) (red),
and Fe hydroxide precipitate (black, dotted).

0.1

0.09 |

0.08 |

0.07 |

1 10 100
Pore size /nm

Figure 3. Pore size distribution of the parent Mg-Al HT (blue), Fe(0.1)/Mg-Al HT
(green), Fe(1.4)/Mg-Al HT (orange), and Fe(2.3)/Mg-Al HT (red).

Table 2. Surface area and pore volume of samples determined by BET

analysis.
Catalyst Surface area Pore volume
(m’g™) (cm®g™)
Mg-Al HT 59 0.65
Fe(0.1)/Mg-Al HT 64 0.69
Fe(1.4)/Mg-Al HT 114 0.40
Fe(2.3)/Mg-Al HT 168 0.26
Mg-Al-Fe(1.3) 131 0.62
Fe(1.5)/Mg-Al HT[HS] 155 0.50

Figure 4. (A) SEM image of Fe(1.4)/Mg-Al HT, EDS mapping results of
elements (B) Al, (C) Mg, and (D) Fe. Scale bar = 10 ym.

FT-EXAFS spectra of both the Fe/Mg-Al HT and Fe
hydroxide-like precipitate show sharp signals at 1.5 and 2.6
A, which can be assigned to Fe-O and Fe-O-Fe, respectively
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(Fig. S4); here, the signal intensity of Fe-O-Fe of Fe/Mg-Al
HT is weaker than that of the Fe hydroxide-like precipitate,
suggesting dispersion of small FeO(OH) clusters on the Mg-
Al HT surface. UV-vis spectra of Fe(1.4)/Mg-Al HT show a
broad band around 300-400 nm and 500 nm, assignable to
oligomeric Fe clusters and aggregated Fe species,
respectively (Fig. S5).*322 Fig. 3 shows the pore size
distribution of the parent Mg-Al HT and Fe/Mg-Al HT with
different Fe loadings. Interestingly, with increasing Fe
loading, pores with a diameter of 1.7 nm increased
significantly, whereas pores with diameters in the range 20-
30 nm derived from hydrotalcite support surface decreased.
The surface area also increased with Fe loading (Table 2).
SEM-EDS analysis of Fe(1.4)/Mg-Al HT indicates dispersion
of Fe species on the Mg-Al HT surface (Fig. 4). These
characterizations imply that the Mg-Al HT surface was
decorated by highly dispersed porous FeO(OH) clusters.
Guo and co-workers reported porous a-FeO(OH) prepared
in alkaline media from a Fe(NOg3); solution with a surface
area of 46 m?g?.22> Meanwhile, as shown in Table 2, the
surface area increased from 58.6 to 114 m?g?! for
Fe(1.4)/Mg-Al HT after Fe loading. Since the parent Mg-Al
HT has a surface area of only 59 m? g, the surface area
derived from the porous FeO(OH) particle attached on the
HT surface can be simply calculated to be 440 m?g using
its Fe content (7.9 wt%). This calculation is based on the
hypothesis of the simple mixture of Mg-Al HT and Fe
compound because of the maintenance of Mg-Al HT
structure and oligomeric/aggregated form of surface Fe
species. Dispersion of porous FeO(OH) particles on the Mg-
Al HT surface maintains their high surface area.

One-pot synthesis of quinolines

Quinoline synthesis from 2-aminobenzyl alcohol (1)
contains two reaction steps: (i) oxidative dehydrogenation of
alcohol to aldehyde and (ii) base-catalyzed cyclization
reaction between 2-aminobenzaldehyde and carbonyl
compounds.?1° The reaction between 1 and acetophenone
(2a) was investigated using HT-supported Fe catalysts at
100 °C under air (Fig. 5). On increasing the Fe loading,
conversion of 1 increased. Regarding 2-phenylquinoline (3a)
productivity, Fe(1.4)/Mg-Al HT showed a slightly higher yield
than that given by Fe(2.3)/Mg-Al HT. These results indicate
that the Fe site accelerates the dehydrogenation of 1, while
the basicity of Mg-Al HT support is not strongly deactivated
by the Fe species on the surface. In the case of Mg-Al-Fe,
both conversion and yield decreased when compared with
Fe(1.4)/Mg-Al HT even with a similar loading of Fe as well as
a surface area (Table 2); this could be due to the accessibility
of the Fe site.

To increase the quinoline vyield, the reaction was
conducted at 150 °C. The results are summarized in Table 3.
A 89% vyield of 3a was obtained with Fe(1.4)/Mg-Al HT after
24 h. Catalytic activity of Fe/Mg-Al HT depends on the
surface area, that is, when Fe(1.5)/Mg-Al HT[HS] was used,
the product vyield slightly increased to 91%. Other
magnesium and aluminum oxide and hydroxide supports did
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not show good performance. For example, the vyield
decreased to 8% when using Fe/Al,O3;. The yield was still
59% even after the addition of 0.25 g of the Mg-Al HT to the
reaction mixture. Not only the dehydrogenation, but also the
base-catalyzed cyclization ability was lower in the case of
other supports. Fe compounds, such as Fe,O3; and FeCls,
were almost inactive for the quinoline production. Other
metal on Mg-Al HT also showed activity for the quinoline
synthesis. HT with Mn and Cu species that previously
reported highly active combinations for the dehydrogenation
of alcohol,?* also showed good performance for the quinoline

production.
OH No A
O |
@)k 3a
2a

Conversion & yield /%

Conversion of 1

©
™
—

o
=
2
=

Figure 5. One-pot synthesis of 3a from 1 and 2a using supported Fe catalysts.
Reaction conditions: 1 (1.0 mmol), 2a (4.8 mmol), catalyst (0.25 g), neat, 100
°C, 24 h, Air.

Table 3. One-pot synthesis of 3a from 1 and 2a using various catalyst 2

OO o e COL

Catalyst 0.25g

neat, A|r, 150°C, 24h

1: 1.0 mmol 2a: 4.8 mmol 3a

Catalyst Conv. of 1 (%)°  Yield of 3a
(%)°

Fe(0.5)/Mg-Al HT 99 79

Fe(1.4)/Mg-Al HT 99 89 (67¢, 61%)

Fe(1.5)/Mg-Al HT[HS] 99 91

Mg-Al-Fe(1.3) 99 83

Mg-Al-Fe(1.9) 99 83

Fe/Mg(OH), 80 36

Fe/MgO 39 12

Fe/AI203 93 8

Fe/Al,O3 + Mg-AIHT ¢ 95 59

a-FeO(OH) 98 8

a-Fe,03 92 12

FeO 74 5

10.1002/cctc.202100338
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FeClz d 99 <1
Mn/Mg-Al HT 99 90
Cu/Mg-Al HT 99 90
Co/Mg-Al HT 99 51
Ni/Mg-Al HT 90 43
Mg-Al HT 96 65
none 55 2

a2 Reaction conditions: 1 (1.0 mmol), 2a (4.8 mmol), catalyst
(0.25 g), neat, 150 °C, 24 h, Air. °Determined by 'H NMR.
€0.25 g of HT was added. 9 0.125 mmol was used. Fe loading:
Fe/Mg(OH),: 0.49 mmol g* Fe/MgO 0.44 mmol g%,
Fe/Al,O3: 0.46 mmol g?. ¢ 2nd use. f 3rd use.

The scope of the substrate applicability is summarized in
Table 4. Fe/Mg-Al HT showed wide applicability toward
various ketones for the one-pot quinoline synthesis. Various
substitution groups could be introduced to acetophenone,
affording good to excellent yields of the corresponding
product. Other functionalities such as naphthyl and
heteroaromatic groups were applicable: for example, the
reaction of 2-acetylpyridine resulted in 83% yield of the
quinoline product. This result indicate that the Fe/Mg-Al HT
is not deactivated by the coordination of bipyridine
derivatives. Ketones with substitution group on the a-position,
a-tetralone and propiophenone, were also acted as good
substrate to give 2,3-disubstituted quinolines. After the
reaction, the catalyst was recovered and reused for a second
time. Unfortunately, the catalytic activity dropped to 38%
after simple washing of recovered catalyst by diethyl ether,
while Fe K-edge XAFS analysis of the recovered catalyst did
not show any change in the Fe local structure and layered

Table 4 Scope of ketones for one-pot quinoline synthesis 2
Fe(1.4)/Mg-Al HT

OH o
(:(\ N J\ (0.25 g) X
NH, R neat, Air, 150°C N/ R
1.0 mmol 4.8 mmol 24h
CL o 0] CL;
o o o
D T ne
91%* gav% O 76% F
CCL . L
U0, T O
OMe NO,
73% 81%* 84%*
e O P
- — Pz N
nechanslhane
O .
83%* 75%%*P° 83%
66%* % ©\/%j\£7
oG m
N
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2 Reaction conditions: 1 (1.0 mmol), ketone (4.8 mmol),
Fe(1.4)/Mg-Al HT (0.25 g), neat, 150 °C, 24 h, Air. *H NMR
Yield. *Fe(1.5)/Mg-Al HT[HS] was used. 48 h.

structure of HT support (Table S3, Figure S6 and S11, Supporting
Information). Therefore, to reactivate the basic site of Fe/Mg-Al
HT, the recovered catalyst was treated by an aqueous NaOH
solution, resulting in quinoline yields of 67% (2nd use) and 61%
(3rd use) (Table 3 and S3). The reactivation process does not
affect the Fe local structure (Fig. S6), suggesting reactivation of
surface base site. To achieve a yield higher than 90%, 4.8
equivalents of 3a was necessary. However, good to acceptable
yields were observed with a decreases in the amount of 2a (Table
5). The reaction also proceeded well with 0.86 g of 1 with 2
equivalents of 2a on using Fe(1.5)/Mg-Al HT[HS], giving 1.13 g of
3a with 78% isolated yield (Scheme 2).

o
Fe(1.5)/Mg-Al HT[HS] e
OH (1.59) .
+ N
NH; neat, Air, 150°C, 24h
7.0 mmol 14 mmol 11349

(78% isolated yield)
Scheme 2 Gram-scale synthesis of 3a

Table 5. Effect of 2a amount on the one-pot quinoline synthesis

i A
OH Fe(1.5)/Mg-Al HT[HS] |O
C(\ + ©)‘\ - N
NH, neat, Air O

1: 1.0 mmol 2a: x mmol 3a

X (2a mmol) Conv. of 1 (%) Yield of 3a (mmol)

4.8 >99 91

2.0 >99 87

1.5 >99 72

a Reaction conditions: 1 (1.0 mmol), 2a (x mmol), Fe(1.5)/Mg-Al
HT[HS] (0.25 g), neat, 24 h, Air.

Table 6. Effect of Fe loading on the one-pot quinoline synthesis 2

o
OH Fe/Mg-Al HT O ~ "

©f\ + —» N/ + ©)\

NH, neat, Air O
1: 1.0 mmol 2a: 4.8 mmol 3a 4a
Catalyst Temp. Yield of 3a Yield of 4a

(°C) (mmol) (mmol)

Fe(0.5)/Mg-Al HT 150 0.79 0.53
Fe(1.4)/Mg-Al HT 150 0.89 0.10
Fe(0.5)/Mg-Al HT 100 0.14 0.05
Fe(1.4)/Mg-Al HT 100 0.26 0.05

a Reaction conditions: 1 (1.0 mmol), 2a (4.8 mmol), catalyst (0.25
g), neat, 24 h, Air.

To confirm the heterogeneity of the catalyst, hot filtration test
was performed. The catalyst (Fe(1.4)/Mg-Al HT) was filtrated at
ca. 30% yield of 2-phenylguinoline, and the filtrate was heated for
24 h. After 24 h, the product yield was ~35%, while the yield
achieved to 89% without the filtration of Fe(1.4)/Mg-Al HT catalyst.
These results clearly indicate that the reaction occurs on the
surface of the catalyst.

10.1002/cctc.202100338
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To understand the reaction pathway, the effect of Fe loading
on the catalysis was analyzed in detail. In the case of Fe(0.5)/Mg-
Al HT, 0.53 mmol of 1-phenylethanol (4a) was formed along with
0.79 mmol of 3a at 150 °C, while the amount of 4a was only 0.10
mmol with 0.89 mmol of 3a using Fe(1.4)/Mg-Al HT (Table 6). This
result indicates that Meerwein-Ponndorf-Verley (MPV)-type
hydrogen transfer reaction mainly occurs for a catalyst with low
Fe loading, while aerobic oxidation of 1 preferentially occurs at
the Fe site. Meanwhile, when the reaction is conducted at 100 °C,
the amount of 4a was much lower than the amount of 3a and
converted 1 (Table 6 and Fig. 5). This result suggests that the
MPV hydrogen transfer reaction scarcely occurs at 100 °C. To
further understand the effect of O,, the reaction was conducted
under Ar at 100 °C. The reaction under Ar gave a similar initial
reaction rate as that in air (N2 and Oy); however, after 24 h, the
conversion of 1 in air and Ar was 67 and 33%, respectively (Fig.
S9, Supplementary Information). This result indicates that
molecular oxygen was consumed in the dehydrogenative
oxidation of 1, while stoichiometric oxidation reaction on the
surface FeO(OH) species occurred without O,. The addition of the
radical trap, 2,3-di-tert-butyl-p-cresol had little influence on the
conversion rate of 1. The reaction of cyclopropyl methyl ketone
proceeded to give the corresponding product without skeletal
isomerization or C-C bond cleavage (Table 4). Although the
detailed mechanism is still unclear, nonradical oxidation of alcohol
1 on an active Fe-O(H) species? followed by a re-activation of
the Fe site by O, can be proposed as a possible mechanism. As
mentioned above, the simple addition of Mg-Al HT to a Fe catalyst
accelerates 3a formation (Table 3). The aldehyde intermediate
reacts with a ketone to give 2-substituted quinoline products at
the basic site on Mg-Al HT.

Conclusion

A novel porous FeO(OH) was prepared on the Mg-Al HT
surface with a high surface area. The prepared supported catalyst
showed a high performance in one-pot quinoline synthesis
through aerobic oxidation of alcohol and cyclization between an
aldehyde and ketone at the active Fe species and at the basic site
on the HT surface, respectively. The non-noble-metal,
heterogeneous, and additive- and solvent-free reaction system
provides a pathway to environmentally-benign synthetic protocols.
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Porous FeO(OH) dispersed on Mg-Al hydrotalcite acts as a bifunctional heterogeneous catalyst for the one-pot synthesis of
quinolines through dehydrogenative oxidation-cyclization reactions. The high surface area of Fe species and strong basicity of
hydrotalcite surface enable efficient production of various 2-substituted quinolie derivatives in high yields.
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