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The Synthesis of Hydroquinolines from Nitroaldehydes and

Ketones by Hydrogenation Sequences and Condensations

Christof Bauer®,”” Fatemeh Zareh*,™ Lisa NiiBlein,” Johanna Frank,® Maxime Boniface,

Thomas Lunkenbein,® and Rhett Kempe*®

Catalytic reaction discovery or methodology development is
preferably performed with homogeneous catalysts, but hetero-
geneous catalysts allow the design of complex multistep
syntheses based on their reusability. We introduce here the
catalytic synthesis of hydroquinolines starting from nitroalde-
hydes, ketones and hydrogen. The reaction is complex and
proceeds via multiple selective hydrogenation and condensa-
tion steps. The nitroaldehyde is selectively hydrogenated

Introduction

The discovery of catalytic reactions or methodology develop-
ment is preferentially carried out with homogeneous catalysts.™
Homogeneous or molecular catalysts are easily modified to
provide the activity and selectivity required to mediate novel
chemical reactions. In addition, detailed (structural) character-
ization of active catalysts is easier in comparison to heteroge-
neous or enzyme catalysts.” Heterogeneous catalysts, if reus-
able, can not only be used several times for the same reaction
but also in different reactions sequentially.”’ This quality might
open perspectives to rationally design and mediate complex
chemical reactions. We have introduced a complex condensa-
tion reaction where reusable noble metal catalysts were added
and removed to mediate a multistep hydrogenation and
dehydrogenation sequence™ and report here the direct syn-
thesis of hydroquinolines starting from nitroaldehydes and
ketones and (no break here)hydrogen (Figure 1). The starting
materials of our reaction are inexpensive, simple regarding their
structure and diversely available, and the hydroquinoline motif
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[b]

forming an aminoaldehyde, followed by a base-catalyzed
Friedldnder synthesis and selective quinoline hydrogenation.
The starting materials are inexpensive, simple regarding their
structure and diversely available, and the hydroquinoline motif
is part of numerous biologically active compounds. A nano-
structured earth-abundant metal catalyst mediates our reaction
most efficiently.
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Figure 1. State of the art and reaction reported here. (a) Selection of
bioactive molecules with a 1,2,3,4-tetrahydroquinoline motif. (b) Selective
hydrogenation of 2-nitrobenzaldehyde to 2-aminobenzaldehyde.

(c) Friedldnder synthesis. (d) Selective hydrogenation of 2-phenylquinoline to
2-phenyl-1,2,3,4-tetrahydroquinoline. (e) The direct synthesis of tetrahydro-
quinolines.

is important, figures prominently among pharmaceuticals (Fig-
ure 1a) and its synthesis is intensively investigated.”’ Our
reaction proceeds via multiple selective hydrogenation and
condensation steps. The nitroaldehyde is selectively hydro-
genated to an aminoaldehyde' (Figure 1b) followed by a base-
catalyzed Friedldnder synthesis” (Figure 1c) forming a quinoline
and a final selective quinoline hydrogenation step® (Figure 1d).
A novel reusable nickel catalyst mediates all hydrogenation
steps selectively. The reaction has a broad scope, an attractive
functional group tolerance and upscaling has been demon-
strated.
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Results and Discussion
Catalyst Synthesis and Characterization

The synthesis of our catalyst is shown in Figure 2a. The catalyst
support material N-SiC (a porous N-doped and Si-coated
carbon) was synthesized according to a procedure published
previously (Supporting Information 2.1).”! Cross-linking of the
commercially available polycarbosilane precursor SMP-10 and
acrylonitrile using azobis(isobutyronitrile), pyrolysis and the
removal of the Si-rich phase by base treatment are the N-SiC
synthesis steps. The N-SiC support material was wet impreg-
nated with a solution of Ni(NO,),-6 H,O in water, followed by
pyrolysis (700°C) under nitrogen flow and reduction (550°C)
under forming gas (N,:H,, 90:10) to form the Ni/N-SiC catalyst
(Figure 2b and Supporting Information 2.2). Inductively coupled
plasma optical emission spectrometry analysis of Ni/N-SiC
showed no significant deviation from the theoretical nickel
content of 4.0wt% (Supporting Information 3.1). Elemental
analysis revealed that Ni/N-SiC consists of 83.3% C, 5.7% N and
7.0% Si in addition to nickel (Supporting Information 3.2).
Scanning electron microscopy in combination with energy
dispersive X-ray spectroscopy (SEM-EDX) confirmed the homo-
geneous distribution of nickel over N-SiC (Supporting Informa-
tion 3.3) and verified a smooth wet impregnation process.

(a)

Ni(NOs), - 6 HO
1. Pyrolysis
2. Reduction
N-SiC

Scanning transmission electron microscopy (STEM) in combina-
tion with high-angle annular dark-field (HAADF) imaging
analysis revealed a homogeneous distribution of nanoparticles
over the support material (Figure 2b-c) and an average particle
size of 8.5 nm (Figure 2d). The presence of nickel nanoparticles
was confirmed using HAADF-STEM in combination with EDX
element maps (Figure 2e-h). High resolution transmission
electron microscopy in combination with electron energy loss
spectroscopy (EELS) with a line scan over one nickel nano-
particle was performed next (Supporting Information 3.5). The
resulting EELS spectrum and the calculated Ni(L;) : Ni(L,)
intensity ration of 1.38 fit to the literature value consistent with
metallic Ni.'” In addition, no oxygen was detected in the STEM-
EELS measurements. We propose that Ni/N-SiC consist of
metallic nickel nanoparticles supported by N-SiC. Fast Fourier
transformation of a single nickel nanoparticle (Supporting
Information 3.6) indicates cubic nickel. (no break here)X-ray
photoelectron spectroscopy (XPS) was performed to study the
surface of the cubic nickel nanoparticles (Supporting Informa-
tion 3.7). The spectra were measured before and after Pt
sputtering. The pre-sputtering spectrum shows the presence of
metallic nickel (49%) and nickel oxide (51%), while after
sputtering, the metallic nickel content increases to 89% and the
nickel oxide content decreases to 11%. We assume that the
nickel nanoparticles are surrounded by a very thin layer of
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Figure 2. Synthesis and characterization of the Ni/N-SiC catalyst. (a) Synthesis of the Ni/N-SiC catalyst: Wet impregnation of N-SiC with aqueous solution of
Ni(NO,),-6 H,O, pyrolysis and reduction. (b) HAADF-STEM analysis suggests the presence of homogeneously distributed nanoparticles. (c) Close-up of the
HAADF-STEM. (d) Nanoparticle distribution with an average particle size of 8.5 nm (150 particles counted). (e-h) HAADF-STEM images of Ni/N-SiC with
representative EDX element maps of nickel (e), nitrogen (f), carbon (g) and silicon (h). (i) PXRD of the Ni/N-SiC catalyst (black). The reflexes match those of
cubic nickel (red, reference code: 00-004-0850). (j) Surface characterization and (k) pore size distribution of the catalyst via Ar physisorption measurements
(calculation model: Ar at —186.15 °C on carbon: cylindric pores, non-local density functional theory equilibrium model). The specific surface area showed a
slight decrease from 580 m?/g of the support material to 563 m%g of the catalyst.
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nickel oxide. Powder X-ray diffraction (PXRD) of Ni/N-SiC (Fig-
ure 2i) confirms cubic nickel (red) and orthorhombic graphite
(blue). The specific surface area was determined by argon
physisorption measurements (Figure 2j), which showed a slight
decrease of the surface area from 580 m?%/g of the N-SiC support
to 563 m*/g of the catalyst. The pore size distribution of Ni/N-
SiC (Figure 2k) shows a predominance of micropores.

Optimization of Reaction Conditions

The reaction of 2-nitrobenzaldehyde with acetophenone to
form 2-phenyl-1,2,3,4-tetrahydroquinoline was chosen to deter-
mine suitable reaction conditions. The reaction is complex and
consists of three steps: the hydrogenation of nitrobenzalde-
hydes to aminobenzaldehydes (A), the Friedldnder synthesis (B)
and the hydrogenation of quinolines to 1,2,3,4-tetrahydroquion-

lines (C). A screening of different solvents revealed that 3 mL
ethanol is the best solvent for all three steps (Table 52-S3).
Several types of bases were investigated, with LiOH being the
best base used in a catalytic amount (Table $4-S5). The amount
of base seems to have an optimum. More base accelerates the
condensation steps but slows down the final hydrogenation
step. Investigation of the H, pressure, if needed, and time and
temperature revealed that the best conditions for step A are
40°C at 3.0 MPa hydrogen pressure for 20 h (Table $6-57). The
best yield for step B was obtained at 60°C for 20 h (Table S8),
and 120°C with 5.0 MPa hydrogen pressure for 48 h (Table S9-
S10) gave the best results for step C. Next, the pyrolysis
temperature for the catalyst synthesis was varied and different
commercially available support materials and nickel precursors
were tested for the overall reaction (Table 1). Lowering the
pyrolysis temperature below 700 °C reduced the yield obtained,
as did pyrolysis temperatures above 700°C. Different catalyst

Table 1. Nickel catalyst screening.”?

Overall Reaction

CL, G

2

Step A

+3H,

~2H0 | \iN-sic

Step B

cL, G

2

NiIN'SIC
LiOH
+5H,
~4H,0 N O
+2H,
NiN-SiC
Step C
X
LiOH P
~2H,0 b O

Entry Metal Source Support Material Pyrolysis Temperature [°C] Yield [%]
1 Ni(NO,),-6 H,0 N-SiC 500 45
2 Ni(NOs),-6 H,0 N-SiC 600 48
3 Ni(NO;),-6 H,0 N-SiC 700 91
4 Ni(NO;),-6 H,0 N-SiC 800 28
5 Ni(NO,),-6 H,0 N-SiC 900 8
6 Ni(NO,),-6 H,0 Activated Carbon 700 6
7 Ni(NO,),-6 H,0 y-AlLO, 700 0
8 Ni(NO5),6 H,0 Tio, 700 0
9 Ni(NOs),-6 H,0 Si0, 700 0
10 Ni(NO,),-6 H,0 CeO, 700 0
1 Ni(OAC),-4 H,0 N-SiC 700 4
12 Ni(acac),-2 H,0 N-SiC 700 51
13 Ni(ll)stearate N-SiC 700 12
14 NiCl,-6 H,0 N-SiC 700 4
15 - N-SiC 700 0

3.0 MPa H,, 40°C for 20 h. Step B: Addition of 0.3 mmol LiOH then 60 °C for 20
dodecane as an internal standard.

[a] Reaction conditions: Step A: 4 mol% Ni/N-SiC (0.02 mmol Ni, 1.17 mg Ni), 0.5 mmol 2-nitrobenzaldehyde, 0.5 mmol acetophenone, 3 mL ethanol,

h. Step C: 5.0 MPa H,, 120°C for 48 h. Yields were determined by GC using n-
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support materials, such as activated carbon, y-Al,O;, TiO,, SiO,
and CeO,, were investigated. They all showed no activity,
except for activated carbon with a very low yield of 6%. The
use of nickel nitrate as a metal precursor is important for the
superior activity and selectivity of our catalyst. Only a little
activity was observed for the metal precursors nickel acetate,
nickel stearate and nickel chloride. An important issue is the
smooth impregnation including the solubility of the nickel salt
used. It is solely the nickel acetylacetonate precursor that shows
a higher yield, with 51% of the product of interest. Variation of
the catalyst metal loading revealed that a catalyst with 4.0 wt%
nickel is optimal (Table S11) and 4.0 mol% Ni was identified as
the catalyst loading for the three reaction steps (Table S12).
Time conversion studies (Supporting Information 4.2) showed
that step A is complete after 15 h under the optimal reaction
conditions applied. The complete conversion of 2-aminobenzal-
dehyde with acetophenone to 2-phenylquinoline is achieved
after 14 h in step B. The selective hydrogenation of 2-phenyl-
quinoline to 2-phenyl-1,2,3,4-tetrahydroquinoline, step C, is the
most demanding step of the overall reaction. A maximum yield
of 91% was obtained after 42 h. In summary, the overall
reaction can be carried out applying the following reaction
conditions: Step A: 4.0mol% Ni (4.0 wt% Ni), 0.5 mmol 2-
nitrobenzaldehyde, 0.5 mmol acetophenone, 3 mL ethanol,
3.0 MPa H,, 40°C and 20 h reaction time. Step B: Addition of 0.6
eq LiOH and 20 h reaction time. Step C: 5.0 MPa H,, 120°C and
48 h reaction time. Starting the reaction with step B is
challenging since there is no general amino aldehyde synthesis.

Substrate Scope

With the optimized reaction conditions in hand, we became
interested in the applicability of our complex reaction.
Aldehyde variations employing acetophenone are shown in
Scheme 1. Firstly, we applied our protocol to synthesize
products carrying electron-donating methyl substituents. The
products desired were obtained in mostly very good yields and
any position on the aryl ring of the 2-nitrobenzaldehyde
derivatives could be addressed (Scheme 1, products 1-4). In
addition, we can tolerate electron-withdrawing substituents
and, again, any position on the aryl ring of the 2-nitro-
benzaldehyde could be tolerated (Scheme 1, products 5-12),
albeit lower product yields were obtained. Furthermore, 8-
fluoro-2-phenyl-1,2,3,4-tetrahydroquinoline was synthesized in
a 96% isolated yield (Scheme 1, product 13) and a CF; group
was tolerated and an isolated yield of 95% was obtained
(Scheme 1, product 14). Moreover, we successfully synthesized
8-methoxy-2-phenyl-1,2,3,4-tetrahydroquinoline in a 93% iso-
lated yield (Scheme 1, product 15), and a product bearing two
different functional groups was also introduced (Scheme 1,
product 16).

We next investigated the ketone variation (Scheme 2). We
used the same conditions and isolated 21 different products.
Electron-donating methyl groups in the para-, meta- and ortho-
positions of the 2-phenyl substituent of the 1,2,3,4-tetrahydro-
quinoline were well tolerated (Scheme 2, products 17-19).
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Scheme 1. Direct synthesis of hydroquinolines with acetophenone and
variation of the nitroaldehyde educts. Reaction conditions: Step A: 29.3 mg
Ni/N-SiC catalyst (4 mol % Ni, 0.02 mmol Ni, 1.17 mg Ni), 0.5 mmol 2-
nitrobenzaldehyde, 0.5 mmol acetophenone, 3 mL ethanol, 3.0 MPa H,, 40°C
for 20 h. Step B: Addition of 0.3 mmol LiOH. Then 60 °C for 20 h. Step C:

5.0 MPa H,, 120°C for 48 h. Isolated yields are given.
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Scheme 2. Direct synthesis of hydroquinolines with 2-nitrobenzaldehyde
and a variation of the ketone educt. Reaction conditions: Step A: 29.3 mg Ni/
N-SiC catalyst (4 mol% Ni, 0.02 mmol Ni, 1.17 mg Ni), 0.5 mmol 2-nitro-
benzaldehyde, 0.5 mmol ketone, 3 mL ethanol, 3.0 MPa H,, 40°C for 20 h.
Step B: Addition of 0.3 mmol LiOH. Then 60 °C for 20 h. Step C: 5.0 MPa H,,
120°C for 48 h. Isolated yields are given.
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Similarly, it is possible to incorporate electron-withdrawing
groups and products with fluoro substituents in the para-,
meta- and ortho-positions of the 2-phenyl substituent which
were synthesized (Scheme 2, products 20-22). The conversion
of 2-fluoroacetophenone with 2-nitrobenzaldehyde was the
most challenging and resulted in an isolated product yield of
74%. We assume that the combination of electron-withdrawing
and steric hindrance is challenging. Chloro- (Scheme 2, prod-
uct 23) and bromo-substituted (Scheme 2, product 24) products
could be synthesized. Note that the difficulty of introducing
halogen-substituted educts into the procedure due to the harsh
conditions in step C did not occur in a large quantity. The tert-
butyl group could be introduced, giving 2-(4-(tert-butyl)phenyl)-
1,2,3,4-tetrahydroquinoline in an 87 % yield (Scheme 2, product
25) and a 1,2,3,4-tetrahydroquinoline bearing an acetate group
on the phenyl ring was also obtained in a very good yield
(Scheme 2, product 26). Methoxy groups are tolerated and a
dimethoxy derivative gives a higher yield (91%, product 28)
than a monomethoxy derivative (70%, product 27). The syn-
thesis protocol is also successful when an amine group is
present (Scheme 2, product 29). We next investigated the
synthesis of alkyl-substituted hydroquinolines: 2-phenethyl-
1,2,3,4-tetrahydroquinoline (Scheme 2, product 30) and 3-
methyl-1,2,3,4-tetrahydroquinoline (Scheme 2, product 31) were
synthesized. The latter example shows that we can use two
aldehydes in our catalytic synthesis. Furthermore, various 2,3-
disubstituted products, including three-cyclic products, were
synthesized (Scheme 2, products 32 to 37). Aldehyde and
ketone can be varied simultaneously and we obtained 6-fluoro-
2-(para-tolyl)-1,2,3,4-tetrahydroquinoline in a 72% yield
(Scheme 3, product 38). Moreover, 1,2,3,4-tetrahydroquinoline
with up to four different substituents was synthesized
(Scheme 3, product 39 and 40).

Our hydroquinoline synthesis is also interesting in terms of
applications (synthesis of biologically active ingredients [of
drug molecules], Scheme 3). Our benchmark substrate, product
41, can be easily converted into an ion channel inhibitor in one
step."  2-(2-(benzold][1,3]dioxol-5-yl)ethyl)-1,2,3,4-tetrahydro-
quinoline (Product 42), which we synthesized in an 83%
isolated yield, can be easily converted to galipinine.'”” Alkaloids
from Galipea officinalis have long been known for their
medicinal effects and galipinine acts as an antiplasmodial and
cytotoxic agent against malaria. Product 43, synthesized from 2-
nitrobenzaldehyde and acetone in an 80% yield, can be
converted into the active ingredient of an antiparasitic drug."”
The synthesized 6-fluoro-2-methyl-1,2,3,4-tetrahydroquinoline
(Product 44, 85 % yield) can be converted to flumequine, which
has antimicrobial activity, can be used as an antibacterial agent
and was first synthesized in 1972.1"

An upscaling of the benchmark reaction was performed
using 10 mmol of 2-nitrobenzaldehyde and 10 mmol of aceto-
phenone. An isolated yield of 86% of 2-phenyl-1,2,3,4-tetrahy-
droquinoline was observed (Supporting Information 4.3). Exami-
nations of the catalyst after the direct synthesis of
hydroquinolines by TEM showed no agglomeration or growth
of the nickel nanoparticles of the catalyst used. Moreover, the
particle size distribution remains constant, with an average
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Scheme 3. Highly functionalized 1,2,3,4-tetrahydroquinolines varying both
aldehyde and ketone sides and applications of synthesized substrates as
precursors for drug molecules. Reaction conditions: Step A: 29.3 mg Ni/N-SiC
catalyst (4 mol% Ni, 0.02 mmol Ni, 1.17 mg Ni), 0.5 mmol aldehyde,

0.5 mmol ketone, 3 mL ethanol, 3.0 MPa H,, 40°C for 20 h. Step B: Addition
of 0.3 mmol LiOH. Then 60 °C, for 20 h. Step C: 5.0 MPa H,, 120°C for 48 h.
[a] Step B: 1.5 mmol LiOH. Isolated yields are given.

particle diameter of 8.5 nm (Supporting Information 4.5.1). A
hot filtration test was subsequently conducted. The separated
solution showed no activity and the formation of other
products was not observed (Supporting Information 4.5.2).
Investigation of leaching via ICP-OES suggested negligible
leaching and reusability test indicated very good reusability.

Conclusions

In summary, we report a complex catalytic reaction mediated
by a reusable earth-abundant metal catalyst and a simple base
(catalyst). The reaction was designed to permit the conversion
of inexpensive, structurally simple and diversely available
starting materials (nitroaldehydes, ketones and hydrogen) into
an important class of N-heterocyclic compounds, namely,
hydroquinolines.
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