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philic C–H alkylation of
quinolines by a reusable iridium nanocatalyst†‡

Rong Xie, Wenhui Mao, Huanhuan Jia, Jialu Sun, Guangpeng Lu, Huanfeng Jiang
and Min Zhang *

The incorporation of a coupling step into the reduction of unsaturated systems offers a desirable way for

diverse synthesis of functional molecules, but it remains to date a challenge due to the difficulty in

controlling the chemoselectivity. Herein, by developing a new heterogeneous iridium catalyst composed

of Ir-species (Ird+) and N-doped SiO2/TiO2 support (Ir/N-SiO2/TiO2), we describe its application in

reductive electrophilic mono and dialkylations of quinolines with various 2- or 4-functionalized aryl

carbonyls or benzyl alcohols by utilizing renewable formic acid as the reductant. This catalytic

transformation offers a practical platform for direct access to a vast range of alkyl THQs, proceeding

with excellent step and atom-efficiency, good substrate scope and functional group tolerance,

a reusable catalyst and abundantly available feedstocks, and generation of water and carbon dioxide as

by-products. The work opens a door to further develop more useful organic transformations under

heterogeneous reductive catalysis.
Introduction

Over the past decade, hydrogen transfer-mediated coupling
reactions have emerged as appealing tools in the construction
of valuable products,1 since there is no need for compressed H2

gas and elaborate experimental setups. For instance, except for
the well-established reductive amination,2 the groups of Beller,3

Kempe,4 Kirchner,5 Liu6 and others7 have achieved the alkyl-
ation of amines and the a-site of carbonyl compounds with the
hydrogen-borrowing strategy. Bruneau and co-workers have
realized the b-alkylation of N-substituted cyclic amines.8 Li et al.
demonstrated amine syntheses from abundantly available
phenols.9 Recently, our group reported a direct reductive qui-
nolyl b-C–H alkylation with aldehydes.10 In this process the
heterogeneous Co-catalyst (CoOx/MSCC) effects the slow cata-
lytic transfer hydrogenation (CTH) of the quinolines, thus
favoring the coupling process (Scheme 1a; MSCC ¼ multi-
spherical cavity carbon). Despite these advances, the concept of
merging the reduction of N-heteroarenes with a coupling step
still encounters signicant challenges, and one of the most
important factors is that the N-heteroarenes tend to undergo
multiple hydrogenations to form non-coupling cyclic amines.
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3808
Tetrahydroquinolines (THQs) constitute a class of signi-
cantly important N-heterocycles, and they frequently occur in
bioactive natural products, and are widely utilized as versatile
building blocks for the preparation of numerous ne chemicals,
pharmaceuticals, agrochemicals, and functional materials.11

Although the reduction of quinolines offers a useful way to
directly access THQs,12 its synthetic diversity is easily restricted
due to the limited availability of quinolines. Motivated by the
quinolyl10 (Scheme 1a) and indoyl b-C–H alkylation13 and the
excellent CTH capability of iridium,14 we initially envisioned
a synthesis of alkyl THQs 3 via reductive Friedel–Cras
Scheme 1 Reductive alkylation of quinolines.
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Fig. 1 (a and b) TEM, HRTEM images of Ir/N-SiO2/TiO2. (c) TEM images
of the reused Ir/N-SiO2/TiO2 after ten runs. (d) STEM images of Ir/N-
Si–TiO2 and (e) the corresponding elemental mapping of Ir, Si, N, Ti.

Fig. 2 Ir 4f XPS spectra of Ir/N-SiO2/TiO2.
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alkylation of 8-methylquinoline 1a with different aryl carbonyls
2 (Scheme 1b). However, by utilizing renewable formic acid as
a preferred reductant,15 the reaction with different iridium
complexes only generated alkyl benzenes 200 and N-alkyl THQs
30, deriving from the hydrodeoxygenation of 20 and reductive
amination of THQ 1a0 and 2, respectively. So, to achieve
a selective synthesis of THQ 3, at least two challenging issues
have to be addressed: (1) the in situ formed intermediates
should favor the electrophilic coupling process, rather than the
formation of by-products 200 and 30. (2) It is preferable to develop
a compatible and reusable Ir-catalyst due to the high cost of
noble metal.

Regarding the above challenging issues, we believe that the
development of a suitable supported Ir-catalyst and application
of ortho and para effects of functional groups might offer
a solution for a desired synthetic purpose. As shown in Scheme
1c, the introduction of a –OH or –NH2 group ortho or para to the
carbonyl group of reactant 2 is able to afford more stable
resonance form A or B of benzyl carbocation, deriving from CTH
of 2 and acid-assisted dehydration of alcohol 20, which is
benecial to the conjugate addition of THQ 10 (see C or D) to
afford product 3.

It is important to note that support dopants drastically affect
the physicochemical properties of resulting supported catalysts
including morphology, basicity and electrical conductivity.16

Moreover, introduction of two or more dopants may exhibit
synergistic effects on catalytic performace.17 Attracted by these
characteristics and the capability of silica for adjusting the
micropore size of the supporting materials,18 we report herein
the preparation and characterization of a new N-doped SiO2/
TiO2-supported iridium nanocatalyst, and describe, for the rst
time, its application in reductive electrophilic alkylation of
quinolines, which offers a platform to directly access a wide
range of alkyl THQs from abundantly available quinolines and
aryl carbonyls or benzyl alcohols.

Typically, the iridium heterogeneous catalyst was prepared
through the following procedure: a mixture of IrCl3$3H2O and
1,10-phenanthroline in 1 : 3 molar ratio in EtOH was initially
reuxed at 80 �C for 1 hour to form the coordinated Phen–Ir
complex. Then, the silica was introduced by in situ hydrolysis of
Si(OC2H5)4 (TEOS) with aqueous ammonia. Aer that, titanium
dioxide powder (TiO2 P25) was added and the mixture was
stirred at 80 �C for 4 h. The resulting composites were pyrolyzed
under Ar ow at 500 �C for 3 h aer removing the solution,
which afforded the supported iridium material Ir/N-SiO2/TiO2

(see the ESI‡ for details).
First, X-ray diffraction (XRD) was employed to test the

constituents of the obtained iridium material. Except for the
characteristic peaks of titanium dioxide (PDF no. 21-1276 and
PDF no. 71-1166) and silicon dioxide (PDF no. 86-1563), no
other signicant peaks corresponding to the iridium species are
found in the XRD pattern of Ir/N-SiO2/TiO2 (Fig. S1 in the ESI‡),
suggesting that iridium species consist of a well-dispersed
amorphous phase. The N2 adsorption–desorption experiment
shows a typical IV isotherm, which indicates the existence of
mesoporous structure (Fig. S2 in ESI‡). Further, the BET specic
surface area is detected as 110.06 m2 g�1, and the
© 2021 The Author(s). Published by the Royal Society of Chemistry
corresponding pore size is approximately concentrated around
20 nm (Fig. S2 in ESI‡), which further supports the mesoporous
structure of the iridium-based material.

Then, the morphology of the Ir/N-SiO2/TiO2 material was
analyzed by TEM, HRTEM, and EDS techniques. The TEM and
HRTEM images (Fig. 1a and b) do not show individual Ir clus-
ters, illustrating that the iridium species are uniformly
dispersed, which are in good accordance with the XRD results.
In addition, the element mapping images (Fig. 1e and S3‡) also
reveal that the elements of Ir, Ti, Si, N, C and O are highly
overlapped and interconnected with each other, and the
iridium species are embedded on the doped support. The initial
coordination between the 1,10-phenanthroline (Phen) and
iridium constitutes the key to prevent the iridium from
agglomeration during pyrolysis process.

To further analyze the surface chemistry of the prepared
iridium material, X-ray photoelectron spectroscopy (XPS) char-
acterization was implemented. A range of elements corre-
sponding to Ir, N, Si, C, O and Ti on the sample surface were
detected as 0.56%, 1.68%, 11.4%, 30.93%, 43.48% and 11.95%,
respectively, which are in accordance with the elemental
mapping results (Fig. S3 in the ESI‡). In comparison with the
Chem. Sci., 2021, 12, 13802–13808 | 13803
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initial N : Ir ratio of the starting materials (6 : 1), a 3 : 1 ratio of
the N and Ir on the resulting catalyst surface indicates that three
N-atoms are bound to one Ir-atom, whereas the unbound N-
atoms are sparsely distributed on the material surface and
could not be accurately detected by XPS.19 The N 1s XPS spec-
trum (Fig. S4b in the ESI‡) discloses almost one peak, corre-
sponding to pyridinic N (399.9 eV),20 which derives from the
Phen-ligand coordinated to iridium. The spectrum of Ir 4f
(Fig. 2) shows four peaks, two typical characteristic peaks
located at 62.4 eV and 65.4 eV are assigned to Ird+ species,21

while the binding energy of 60.5 eV and 63.9 eV belong to the
peaks of metallic Ir.21b,22

To investigate the catalytic performance of the developed
nanomaterial, we chose the reaction of 8-methylquinoline 1a
and salicylaldehyde 2a as a model system. Aer a systematic
investigation of various reaction parameters, an optimal iso-
lated yield of product 3aa was obtained when the reaction in
mixed solution H2O/dioxane (8/1) was performed at 115 �C for
24 h in the presence of 0.65 mol% of catalyst using HCOOH as
the reductant (standard condition, see Table S1 in ESI‡).

With the optimal reaction conditions available, we then set
out to explore the universality of the developed chemistry.
Initially, we tested the reductive electrophilic alkylation of
quinoline with salicylaldehyde, but the reaction generated
a mixture of C6- and C8-alkyalted THQs as well as C6,8-dialky-
lated THQ in 49, 8, and 14% yields, respectively. So, we
employed 8-methylquinoline 1a to react with different kinds of
salicylaldehydes (2a–2o, see Scheme S1 for their structures in
ESI‡). As shown in Scheme 2, all the reactions proceeded
smoothly and furnished C6-alkylated THQs in reasonable to
excellent isolated yields (3aa–3ao). Various functional groups
(–Me, –OMe, –OH, –NEt2, –CO2Me, allylic, halogens) were well
Scheme 2 Variation of 2- and 4-hydroxyaryl ketones.

13804 | Chem. Sci., 2021, 12, 13802–13808
tolerated in the transformation. The retention of these func-
tionalities offers the potential for post-functionalization of the
obtained alkyl THQs. Noteworthily, reactants 2 bearing
electron-withdrawing groups (3aj–3am) afforded much higher
product yields than those with electron-donating ones (3ae, 3ag,
and 3ai). This phenomenon is attributed to electron-
withdrawing groups favoring the formation of more reactive
electrophilic intermediates (see Scheme 1c). In addition to sal-
icylaldehydes and o-hydroxyaryl ketones (2p and 2q), 4-hydrox-
yaryl aldehydes (2r–2v) and 4-hydroxyaryl ketones (2w–2y) were
also applicable for the reaction, delivering the desired products
in reasonable to good yields (3ap–3ay).

Subsequently, we turned our attention to the variation of
substituted quinolines 1 by employing salicylaldehyde 2a as
a benchmark substrate (Scheme 3). First, various C8-substituted
quinolines (1b–1k, see Scheme S1 for their structures in ESI‡)
were tested. All the reactions smoothly afforded the C6-alkylated
tetrahydroquinolines in moderate to excellent isolated yields
(3ba–3ka). It was found that quinolines bearing an electron-
donating group (3ba–3ca and 3ha–3ia) afforded the desired
products in higher yields than those having an electron-
withdrawing group (3da, and 3ja–3ka), which is assigned to
the in situ formed THQs arising from catalytic transfer hydro-
genation (CTH) of the electron-rich quinolines favoring the
electrophilic coupling process (Scheme 1c). Gratifyingly, the
reactions of C6-substituted quinolines (1l and 1m) were able to
produce the C8-alkylated THQs, albeit the product yields were
somewhat low (3la and 3ma). In addition to C6 and C8-
substituted quinolines, C6 and C8 non-substituted quinolines
(1n and 1r) were also amenable to the transformation. Inter-
estingly, they resulted in two easily separable regioisiomers, and
the 6-alkylated and 8-alkylated THQs were afforded as the major
Scheme 3 Monoalkylation of various quinolines.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 The application of 2- or 4-aminobenzyl alcohols.
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and minor products, respectively (3na-1 and 3na-2, 3ra-1 and
3ra-2). These examples show that the developed chemistry
enables to afford C6- and C8-nonsubstituted alkyl THQs. Note-
worthily, all the halogenated reactants (3aj–3al and 3da–3ga) in
Schemes 2 and 3 did not undergo hydrodehalogenation, a side
reaction occurring frequently in homogeneous reductive catal-
ysis, showing that the developed heterogeneous catalyst merits
good chemoselectivity in the current transformation.

Encouraged by the C6 and C8-alkylations described in
Schemes 2 and 3, we then tested the dialkylation of quinolyl C6

and C8-sites. Thus, various C6 and C8 non-substituted quino-
lines (1n–1s) were employed to couple with sufficient salicy-
laldehyde (2a). As shown in Scheme 4, all the reactions
smoothly generated the desired dialkylated products (3) in
moderate to excellent yields upon isolation (3naa–3saa). Inter-
estingly, except for the quinolines, N-alkyl anilines were also
applicable for the catalytic transformation. For instance, N,N-
dimethylaniline (1t) and N-methylaniline (1u) directly coupled
with salicylaldehyde 2a to afford the C2 and C4-dialkylated
products (3taa and 3uaa). These two examples demonstrate the
potential of the developed chemistry in further synthesis of
functionalized anilines, a class of synthetically useful
compounds applied for numerous purposes.

Further, in consideration of the easy occurrence of cross-
condensation between two molecules of 2-aminoaryl
carbonyls, we therefore turned our attention to the trans-
formation of 2-aminobenzyl alcohols 4 including one 2-ami-
noheteroaryl example (4k) with quinoline 1a. Gratifyingly, all
the reactions efficiently afforded the desired 6-(2-aminobenzyl)
THQs in reasonable to high isolated yields (Scheme 5, 5aa–5ak).
Noteworthily, a-phenyl substituted alcohol 4c afforded rela-
tively higher product yield (5ac) than other 2-aminobenzyl
alcohols (5aa and 5ad–5ak), which is attributed to such
a substrate (4c) favoring the formation of more stable electro-
philic intermediate (Scheme 1c). Interestingly, 1,2,3,4-
tetrahydroquinolin-4-ol 4l and 6-hydroxymethyl THQ 4m
Scheme 4 Dialkylation of various quinolines.

© 2021 The Author(s). Published by the Royal Society of Chemistry
effectively coupled with quinoline 1a, affording the products
featuring two tetrahydroquinolyl motifs in moderate yields (5al
and 5am). 4-Hydroxymethyl aniline 4n also underwent efficient
reductive alkylation to afford product 5an in 51% yield. Similar
to the result described in Scheme 3, the reaction of C6-
substituted quinoline 1m and alcohol 4b produced the C8-
alkylated THQ 5mb in 32% yield. The C6 and C8 non-substituted
quinolines (1n and 1o) smoothly coupled with amino alcohols
(4b and 4e) to give two sets of separable regioisomers in
reasonable yields (5nb-1 and 5nb-2, 5oe-1 and 5oe-2). It is
important to note that all products in Scheme 5 possess two
amino groups, which could serve as a class of valuable
compounds for the preparation of functional polyamides.

To examine the stability of the newly developed heteroge-
neous catalyst, we performed recycling experiments with the
model reaction. As shown in Fig. 3, the catalytic activity main-
tained very well even aer ten consecutive runs, albeit with
a slight decline of product yields, which is assigned to the
aggregation of some smaller nanoparticles and the mechanical
abrasion during the reaction. Furthermore, the XRD spectrum,
TEM images and Ir 4f XPS spectra (Fig. 1c, S1 and S4c in ESI‡) of
the used Ir/N-SiO2/TiO2 material aer 10 runs clearly demon-
strate that its morphology is well retained, thus revealing that
the catalyst has excellent stability.

To gain mechanistic insights into the reaction, several
control experiments were performed. First, the model reaction
was interrupted aer 1 h, which resulted in product 3aa, THQ
1a0 and 2-hydroxybenzyl alcohol 2a0 in 2%, 80%, and 5% yields,
Chem. Sci., 2021, 12, 13802–13808 | 13805
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Fig. 3 Reusability of the Ir/N-SiO2/TiO2 catalyst.

Scheme 7 Synthetic applications.
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respectively (Scheme 6a). Under the standard conditions, the
reaction of THQ 1a0 with salicylaldehyde 2a or 2-(hydrox-
ymethyl)phenol 2a0, or the coupling of quinoline 1a with 2a0 all
generated product 3aa in excellent yields (Scheme 6b–d), which
support that compounds 1a0 and 2a0 are key reaction interme-
diates. Further, by replacing aqueous HCOOH with DCOOD in
D2O, the reaction of 8-methylquinoline 1a and salicylaldehyde
2a generated product 3aa-dn with different D-ratios at the a, b, g
and benzylic sites (Scheme 6e), indicating that HCO2H serves as
the hydrogen donor, and there exists a hydrogenation of reac-
tant 2a and a tautomerization during the formation of reactive
electrophilic intermediates. Noteworthy, benzaldehyde or ace-
tophenone failed to couple with 8-methylquinoline (1a) to give
target products 3 (Scheme 6f). Therefore, all these results are in
good agreement with the proposed reaction pathway in Scheme
1c. In addition, the poisoning experiment by addition of KSCN
to the model reaction led to loss of catalyst activity in the
formation of the target product 3aa,23 which reveals that the Ird+

species serve as the catalytically active sites.
Scheme 6 Control experiments.

13806 | Chem. Sci., 2021, 12, 13802–13808
To explore the utility of the developed chemistry, further
transformations of product 3aa were conducted. As shown in
Scheme 7, a mixture of compound 3aa and t-BuONa in DMSO
was stirred at 60 �C under O2 atmosphere for 6 h, which resulted
in dehydroaromatization product 3aa-1 in 81% yield (Scheme
7a).24 In addition, treatment of 3aa with Tf2O and pyridine in
dichloromethane solution at room temperature for 6 h initially
produced a triuoromethanesulfonylated product 3aa-2 in 88%
yield,25 which then underwent palladium-catalysed Sonogashira
cross-coupling with phenylacetylene, to afford product 3aa-3 in
93% yield (Scheme 7b). The coupling of compound 3aa with
dihaloalkanes produced medium-sized ring products (3aa-4
and 3aa-5) in reasonable yields, which shows the potential of
the obtained compounds in further construction of different
cyclic products by mediating the chain-length of difunctional-
ized agents (Scheme 7c). Further, the synthetic method was
successfully applied to reductive dialkylation of bisquinoline,
affording the bistetrahydroquinoline 3–6 in 51% yield (Scheme
7d), a promising candidate for the development of optoelec-
tronic materials and nitrogen-containing ligands.26 Finally,
product 3–7, an analogue of therapeutical molecule used for the
treatment of tauopathies,27 was prepared in high yield by
hydrogen transfer-mediated annulation of C6-alkylated THQ
3aa with 1,3-propanediol (Scheme 7e).28

Conclusions

A heterogeneous nanocatalyst composed of iridium and
nitrogen-doped SiO2/TiO2 support (Ir/N-SiO2/TiO2) is success-
fully applied to reductive electrophilic alkylation of quinolines
with salicylaldehydes, 4-hydroxyaryl ketones, and 2- or 4-ami-
nobenzylic alcohols. The catalytic transformation proceeds with
good substrate and functional group compatibility, uses reus-
able catalyst and abundantly available feedstocks, and gener-
ates water and carbon dioxide as by-products, which offers
a practical platform for direct access to a vast range of carbo-
alkylated tetrahydroquinolines, a class of signicantly impor-
tant compounds employed frequently for the discovery and
© 2021 The Author(s). Published by the Royal Society of Chemistry
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preparation of functional products. The strategy applying
activity-tunable characteristic of supported heterogeneous
catalysts in reductive coupling is anticipated to further develop
more useful but challenging organic transformations.
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