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An efficient and green synthesis of 4-ferrocenylquinoline derivatives through a TsOH-catalyzed three-
component reaction of aromatic aldehydes, amines and ferrocenylacetylene in water has been
successfully developed. This strategy is a powerful method for the construction of diverse ferrocenyl-
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1 Introduction

Over the past two decades, organic synthesis in water has
received considerable attention largely because of water as an
economical and environmentally friendly solvent exhibiting
unique reactivity and selectivity.' On the other hand, the ever-
increasing interest in multi-component reactions (MCRs) orig-
inates from their utilization in the fields of combinatorial
chemistry, medicinal chemistry and materials science.”> Overall,
to develop MCRs in water is very significant for efficiently con-
structing bioactive molecule libraries with structural diversity
via simultaneously creating two or more chemical bonds in an
eco-friendly process.

Quinolines, as one of the most prevalent heterocyclic scaf-
folds, are widely existed in natural products,® bioactive mole-
cules,* and functional materials.® Especially, a majority of their
derivatives show a broad range of biological properties
involving antimalarial,® antimicrobial,” antituberculosis,® and
antitumor activities.® While ferrocene possesses unique struc-
tural and electronic features, and its derivatives exhibit inter-
esting biological properties.’ Most well-designed ferrocenyl-
heterocycle conjugates are valuable candidates for antima-
larial or anticancer therapies. For instance, ferroquine (FQ,
SR97193), an alternative to chloroquine (CQ), has been found to
display excellent antimalarial properties (Fig. 1);** ferrocifen,
a drug utilized on breast cancer treatment, has been assessed to
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reaction was proposed and assessed.

be active in both hormone-dependent and hormone-
independent breast cancers.”” It is more interesting that the
incorporation of ferrocenyl function into some biologically
active molecules could markedly enhance their bioactivities or
generate novel medicinal properties.*

To date, great efforts have been focused on the synthesis of
quinolines and their derivatives, but the preparation of
ferrocenyl-quinoline conjugates has not been well-explored in
the literature. The MCRs have nowadays become a preferred
strategy to construct heterocyclic molecules in the light of their
facile access to the structural diversity via a one-pot operation in
high efficiency.>'* A number of metal-mediated MCRs of alde-
hydes, amines and alkynes have been developed for the
synthesis of quinoline derivatives. Kuninobu et al. reported an
efficient synthesis of 2,4-disubstituted quinoline compounds
from readily starting materials utilizing AgOTf and CuCl as
catalysts.”” Tu and co-workers presented a method to yield
quinoline scaffolds using FeCl; as a catalyst."® While some rare
earth metal salts were also used as catalysts in this trans-
formation under the harsh reaction conditions."” Scheme 1
demonstrates the synthesis of 4-ferrocenylquinoline derivatives
through the Ce(OTf);-catalyzed MCRs of ferrocenylacetylene,
aromatic aldehydes and amines under reflux or 110 °C in
toluene or solvent-free conditions, which not only gave rise to
the desired products in poor yields (22-76%) but also used the
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Fig. 1 Chemical structures of chloroquine (CQ) and ferroquine (FQ,
SR97193).
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Scheme 1 Synthesis of 4-ferrocenylquinoline derivatives via three-
component reactions.

metal catalyst and organic solvent.”® Generally, most metal-
based catalytic species are toxic and expensive, while organic
solvents are flammable and harmful. Therefore, in view of the
environmental safe and production cost, the usage of organic
solvents and metal catalysts in organic synthesis should be
minimized as far as possible. Herein, we would like to present
a highly efficient and green synthesis of diverse 4-ferroce-
nylquinoline derivatives via a TsOH-catalyzed three-component
reaction in water (Scheme 1). The broad substrate scope was
assessed, and a possible reaction mechanism was also
proposed. Furthermore, the typical crystal structures, UV-vis
spectra and electrochemical properties of these ferrocenyl-
quinoline conjugates were evaluated.

2 Results and discussion
2.1 Optimization of reaction conditions

We initiated our study by the usage of ferrocenylacetylene 1,
aniline 2a and benzaldehyde 3a as model substrates. First,
a three-component reaction of 1, 2a and 3a was conducted in
toluene using different organic acids as catalysts,” we were
pleased to find that the reaction can smoothly occur at 55 °C
under air to furnish product 4a in 38-83% yields (Table 1,
entries 1-4). Although both TfOH and TsOH are good catalysts,
the latter became a better choice to assess the influence of
various solvents in the light of the cost and easy operation as
TsOH is a solid and inexpensive organic acid. To our surprise,
this reaction can also perform in other diverse solvents
involving DMF, THF, EtOH, and 95% EtOH (Table 1, entries 5-
8). By extensive screening, we found that EtOH is the best
solvent for the reaction with 86% yield (Table 1, entry 7) among
the solvents assessed. Remarkably, this reaction could also give
a good yield in 95% EtOH, indicating that the water might play
an interesting role in this case. Thus, we further preferred to
optimize the water as a solvent to carry out this transformation.
When 50% EtOH in water and pure water were used, respec-
tively, the reaction yields decreased greatly to 58% and 49% at
the identical conditions (Table 1, entries 9 and 10). Meanwhile,
to increase the loading of TsOH catalyst up to 10 mol%, the
reaction performed in pure water with 79% yield (Table 1, entry
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Table 1 Optimization of reaction conditions®

® NH, Catalyst (5-10 mol%)

® + + PRCHO ——————~ ‘\

— olvent, hea _
1

2a 3a 4a

Entry Catalyst Amount/mol% Solvent T°C th™' Yield”/%
1 HCO,H 5 Toluene 55 6 38
2 TFA 5 Toluene 55 6 45
3 TfOH 5 Toluene 55 6 83
4 TsOH 5 Toluene 55 6 73
5 TsOH 5 DMF 55 6 82
6 TsOH 5 THF 55 6 70
7 TsOH 5 EtOH 55 6 86
8 TsOH 5 95% EtOH 55 6 65
9 TsOH 5 50% EtOH 55 6 58
10 TsOH 5 H,O0 55 6 49
11 TsOH 10 H,0 55 5 79
12 TsOH 10 H,O 80 2.5 87
13 TsOH 10 H,0 100 2 90
14 TsOH 10 EtOH 78 2 93

¢ Reagents and condition: 1 (1.1 mmol), 2a (1.0 mmol), 3a (1.0 mmol),
catalyst (0.05 mmol or 0.1 mmol), solvent (1.0 mL), under air.
b Isolated yields.

11) at 55 °C for 5 h. Moreover, we found that to raise the
temperature not only can efficiently improve the yield up to 90%
at 100 °C in pure water, but also greatly shorten the reaction
time to 2 h (Table 1, entry 13). Similarly, an excellent yield of
93% was obtained in EtOH at the reflux condition for 2 h (Table
1, entry 14). It should be noted that the key side reaction is the
hydration of ferrocenylacetylene catalyzed by TsOH to generate
acetylferrocene byproduct, while higher temperature benefits
the main reaction forming the desired product rather than the
side reaction yielding the acetylferrocene.

2.2 Evaluation of substrate scopes

With the optimized reaction conditions in hand, the scope of
ferrocenyl-quinoline conjugate generation was evaluated by
a majority of aromatic amines and aldehydes in water. As shown
in Table 2, in most cases, aromatic amines and aldehydes gave
rise to the desired products 4a-4t in good to excellent yields. The
aromatic aldehydes with an electron-donating function (4b-4e)
generated higher yields than those attaching an electron-
withdrawing group (4f and 4g). When heterocyclic aldehydes,
isonicotinaldehyde,  2-furancarboxaldehyde, and  2-thio-
phenecarboxaldehyde were used, the reaction took place
smoothly in water and furnished the desired products in 81%
(4g), 79% (4h), and 81% (4i) yields. Similarly, the aromatic
amines with an electron-rich moiety (4j-40) afforded higher
yields than that bearing an electron-deficient substituent (4p).
However, it should be stressed that two regioisomers, 4k and 4K/,
were isolated in a ratio of ca. 2 : 3 when m-toluidine was used.
This indicates that the ferrocenylacetylene can attack both the
ortho position and the para position of the methyl group in the

n
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Table 2 Substrate scope of alkynes, amines and aldehydes®
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TsOH (0.1 mmol), H,O (1.0 mL), under air. ” Isolated yields.
EtOH (9: 1, v/v).

aza-Diels-Alder reaction (depicted in Fig. 4 hereinafter), but the
former owns larger steric hindrance than the latter, resulting in
the 2 : 3 ratio of 4k : 4K'. The big steric hindrance between the
ferrocenyl and the methyl in molecule 4k was also rationalized by
the following crystal structural analysis. The amines with -Cl and
-Br substituents also gave high yields of the products. Unfortu-
nately, attempts on this reaction using phenylacetylene as well as
internal alkynes are not successful. In addition, this trans-
formation was also performed in EtOH and gave similar results
(ESIf) as in water. All 4-ferrocenylquinoline derivatives prepared
were fully confirmed by "H NMR, **C NMR and HR-MS analyses.

This journal is © The Royal Society of Chemistry 2018

View Article Online

RSC Advances

2.3 Crystal structures of 4a and 4k

To understand the precise morphology of 4-ferrocenyl quinoline
derivatives 4, single crystal structures of two typical conjugates
4a and 4k were assessed by the X-ray crystallography (ESIt). In
both molecules (Fig. 2), two cyclopentadienyl (Cp) rings of the
ferrocenyl group adopt a nearly eclipsed fashion with average
torsion angles of 3.3° and 18.3°, while they locate almost parallel
to mutually with mean dihedral angles of 2.2° and 6.6°.
Remarkably, the quinoline ring is not well coplanar with its
connected Cp ring. For 4a, the ferrocenyl function leans toward
the quinolyl plane characterized with a dihedral angle of 35.2°
between the quinoline plane and the Cp ring. Surprisingly, the
ferrocenyl group of 4k inclines toward the other side owing to
the influence of the methyl group at 5 position of the quinoline
ring and it is approximatively perpendicular with the quinolyl
plane identified by a dihedral angle of 79.5°, while the methyl
also tilts slightly with varied angles of 124.4° and 116.6° deviated
from the standard value of 120°. This can rationalize the
formation of 4k and 4K’ in ca. 2 : 3 ratio when m-toluidine was
used. The quinolyl plane is not coplanar with the phenyl ring at
its 2 position, creating dihedral angles of 12.2° and 24.9° for 4a
and 4Kk, respectively. In the packing, the major interactions are
intermolecular C-H---w contacts (ESIt). To fully understand the
crystal packing driving forces, the Hirshfeld surfaces and
fingerprint plots of 4a and 4k were further analyzed with Crys-
talExplorer.”® Fig. 3 depicts the surfaces mapped with close
contacts between vicinal molecules for 4a and 4k. The key C-H:--
T interactions are showed as deep red spots, suggesting that they
play an important role in their crystal packing, while there are
various slight red spots observed in other orientations (ESIt),
standing for weaker and longer C-H---7 contacts. The main
intermolecular contacts involve weak H---H and C---H/H---C
interactions. They totally account for 93.4 and 89.5% of the
surface-contact interaction coverage of 4a and 4Kk, respectively,
in which C---H/H---C contacts comprise 37.2 and 26.5% of the
total Hirshfeld surface area. For all C-H---C interactions in both
molecules, C-H---7 contacts appear in the fingerprint plot as
a characteristic style and represent the closest contacts.

2.4 Electrochemistry and UV-vis spectra of 4

Electrochemical assays of 4-ferrocenylquinoline derivatives 4
were carried out using cyclic voltammetry (CV). Their CV curves
show the typical quasi-reversible wave of the ferrocene/
ferrocenium (Fc/Fc') redox couple (ESIT). Compared with the

Fig. 2 The crystal structures of 4a (left) and 4k (right), showing the
atom-labelling scheme. Displacement ellipsoids are drawn at the 30%
probability level.

RSC Adv., 2018, 8, 9555-9563 | 9557


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra01004h

Open Access Article. Published on 06 March 2018. Downloaded on 2/14/2026 10:42:58 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Fig. 3 The Hirshfeld surface for 4a (left) and 4k (right). Vicinal mole-
cules associated with close contacts are shown.

parent ferrocene, their E;, values are positively shifted for ca. 90
to 161 mV, varied markedly with different substituents at the
quinoline ring (Table 3). This indicates that ferrocenyl-
quinoline conjugates 4 are oxidized more difficultly than the
parent ferrocene owing to the electron-deficient feature of the
quinoline ring.*" In the case of 4t, although the ratio of I;,3/I, is
1.02, a bigger separation (129 mV) between anodic and cathodic
peaks was obtained owing to the overlap of the CV curves
resulted from two ferrocenyl groups at 2 and 4 position of
quinoline ring.

UV-vis properties of 4a-4t were assessed using two concen-
trations (ESIf) as the UV absorbance of the ferrocenyl and
quinolyl is very different. In the UV-vis spectra, most of
compounds exhibit absorption peaks at ca. 202-209, 256-287,
310-321, 381-404, and 459-486 nm. The former three peaks can
be ascribed to the E, K and B bands of the quinoline moiety,
which produced a obviously bathochromic shift with 36-67 nm
for the K band and 35-46 nm for the B band compared with the
parent quinoline. The latter two peaks belong to the ferrocenyl
function and also create a clear bathochromic shift compared

Table 3 Electrochemical data of 4a—4t“

No. Epa/mV Epe/mV Epa—Epc/mV Eqpp/mV Ipallpe
4a 559 485 76 522 1.02
4b 554 484 70 519 1.01
4c 567 481 86 524 0.99
4d 590 504 86 547 0.99
4e 560 480 80 520 0.96
af 573 502 71 538 0.97
4ag 562 492 70 527 0.98
4h 563 485 78 524 0.95
4i 560 488 72 524 0.99
4j 554 480 74 517 1.00
4k 550 476 74 513 1.00
41 558 478 80 518 0.98
4m 531 450 80 490 0.95
4n 561 490 71 526 0.94
40 562 494 70 528 0.99
4p 604 518 86 561 0.96
4q 580 507 73 544 0.95
4r 579 502 77 541 0.96
4s 576 502 74 539 0.98
4t 625 496 129” 561 1.02

% Conditions: 7.0 x 10~ * M of 4 and 0.1 M n-Bu,NPF, in CH;CN, Pt disk
working electrode, Pt auxiliary electrode, Hg/Hg,Cl, reference electrode
and scanning at 100 mV s . Errors: + 10 mV. ? The bigger value may be
ascribed to the overlap of the CV peaks of two ferrocenyl functions at
different positions.
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with the ferrocene (325 and 440 nm). This behavior can be
rationalized by the mutual contribution of the quinolyl and
ferrocenyl functions to the expansion of the conjugate system in
these compounds.

2.5 A plausible mechanism for generating 4

Synthetically considering the previous understanding of this
type of three-component reactions as well as our experimental
results, we have proposed a plausible mechanism for this TSOH-
catalyzed reaction (Fig. 4). First, the aldehyde and amine react
to generate aldimine I through a TsOH-catalyzed condensation
in aqueous emulsions,* where the aldimine I once formed, it
was quickly expelled from the intermicellar hydrophilic envi-
ronment. Next, the TsOH continues to activate the aldimine I to
yield a protonated aldimine intermediate II, which then
undergoes an aza-Diels-Alder reaction with ferrocenylacetylene,
giving intermediate IIL Finally, a deprotonation of III, followed
an oxidation aromatization of dihydroquinoline IV to create the
quinoline ring structure.

To rationalize the mechanism proposed above, we utilized
aldimine Ia instead of aniline 2a and benzaldehyde 3a to
perform the model reaction in the presence or absence of TSOH
in water at 100 °C under air (ESIT). In the former case, the
similar yield (91%) was obtained in a shorter time (1.3 h), while
the reaction cannot occur in the latter case, confirming that the
TsOH catalyst not only accelerates the formation of aldimine Ia,
but also promotes the following transformation into the desired
products 4. It should be noted that such an aza-Diels-Alder
reaction only suits for the electron-rich ferrocenylacetylene,
however phenylacetylene does not work in the identical condi-
tions. In addition, when an aldimine substrate 5, obtained from
the reaction of benzaldehyde and 2,6-dimethylaniline, was
treated with the ferrocenylacetylene in the same conditions
(Scheme 2) to furnish a new intermediate product 6 confirmed

g i
£ e
C%:NH OHEB A Tson o HO o
RX 185377 4 | il |
s G
SEEERS SEEERS
N Ar i s .
= N Hydrophilic interior
N Ar iy \Hr
H,O
a s | ~ o lTsOH
R
4 Fc H "
: s r
Air \/ | ®\H( Fc
R
H H
N A NQ_Ar
/ N
| “ ®Y>
R /IV 7 L/H
Fc R FC//J
TsOH H
2~ g
TsO SA =
R n
H Fc

Fig. 4 A plausible mechanism for producing 4.
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Scheme 2 Synthesis of alkenylated imine 6.

by "H NMR (ESIf), while the desired final product could not be
found. This indicates that the aza-Diels-Alder reaction has not
occurred as two o-positions of the imino moiety were blocked by
two methyl groups, in which the corresponding dihydroquino-
line intermediate IV is unable to generate. Alternatively, a usual
electrophilic addition reaction of aldimine 5 to ferrocenylace-
tylene might take place with a deprotonation rearrangement
process to yield an alkenylated imine compound 6. This proves
the possibility of the ferrocenylacetylene attacking the proton-
ated aldimine. Moreover, the formation of the aldimine I in
water is easier and faster than in non-polar solvent, which
might be ascribed to the promotion of the self-assembly
micelle.

3 Conclusions

In summary, we have successfully developed a TsOH-catalyzed
three-component reaction in water media for efficient and
green synthesis of ferrocenyl-quinoline conjugates. The usage
of an inexpensive acid catalyst and an eco-friendly solvent to
promote such a transformation is very significant for the
development of smart atom-economic strategies. This strategy
can be used for easily creating complex organometallic hetero-
cyclic molecules from simple starting materials.

4 Experimental
4.1 Reagents and instruments

All starting materials and solvents were commercially available
and used without further purification. "H NMR and “*C NMR
spectra were measured with BRUKER ADVANCE 300/400 spec-
trometers (CDCl; or DMSO-ds, TMS as internal standard). UV-
vis spectra were measured on UV-2600 UV-vis spectrometer.
Melting points were recorded on Yanaco MP-500 micro melting
point instrument and uncorrected. Electrospray ionization
mass spectra (ESI-MS) were obtained on ma Xis UHR-TOF
system. Electrochemical tests were performed with CHI 660
electrochemical analyzer. Crystal data were obtained by Agilent
SuperNova X-Ray single crystal diffractometer.

4.2 General procedure for the synthesis of 4-ferrocenyl-
quinoline conjugates 4

A suspension of ferrocenylacetylene (1.1 mmol), aldehyde (1.0
mmol), amine (1.0 mmol) and TsOH (0.1 mmol) in water (1.0
mL) was stirred at 100 °C under air. When the reaction
completed (monitored by TLC), the resulting mixture was
cooled to room temperature and extracted with ethyl acetate.
The organic phase was washed with saturated sodium
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bicarbonate solution and brine, and dried over anhydrous
MgS0O,. The volatile was evaporated under reduced pressure,
and the residue was purified via flash column chromatography
on silica-gel, to give products 4.

Note: for 4e, 4f, 4n, 40, 4p and 4t, the reaction was carried out
in 1.0 mL of H,O/EtOH (9 : 1, v/v).

4.3 4-Ferrocenyl-2-phenylquinoline (4a)

This compound was prepared according to the general proce-
dure from aniline (0.093 g, 1.0 mmol) and benzaldehyde
(0.106 g, 1.0 mmol) and purified by flash column chromatog-
raphy (2 h, ethyl acetate/hexane =1 : 20, v/v, Ry = 0.3), to give 4a
in 90% yield (75%)"* as a red solid, mp 145-146 °C. "H NMR
(CDCl;, 300 MHz): 6 8.61 (d, J = 9.0 Hz, 1H), 8.23-8.20 (m, 3H),
8.16 (s, 1H), 7.72 (t, ] = 6.6 Hz, 1H), 7.58-7.51 (m, 4H), 4.84 (s,
2H), 4.54 (s, 2H), 4.24 (s, 5H); "*C NMR (CDCl;, 75 MHz): § 156.5,
148.9, 146.9, 139.9, 130.4, 129.2, 128.9, 127.5, 125.7, 125.6,
119.7, 112.9, 83.8, 70.5, 70.0, 69.4. HR-MS (ESI): caled for
CasHyoFeN [M]": 390.0945; found: 390.0975.

4.4 4-Ferrocenyl-2-(4-methylphenyl)quinoline (4b)

Following the procedure for 4a, 4-methylbenzaldehyde (0.120 g,
1.0 mmol) was used instead of benzaldehyde (2 h, ethyl acetate/
hexane =1 : 20, v/v, Rf = 0.4), to give 4b in 95% yield (63%)'** as
a red solid, mp 127-129 °C. 'H NMR (CDCl;, 300 MHz): 6 8.58
(d,] = 8.4 Hz, 1H), 8.22 (d, ] = 8.4 Hz, 1H), 8.14-8.11 (m, 3H),
7.71(t,J = 7.2 Hz, 1H), 7.53 (t,] = 7.6 Hz, 1H), 7.38 (d,/ = 7.6 Hz,
2H), 4.82 (s, 2H), 4.53 (s, 2H), 4.23 (s, 5H), 2.47 (s, 3H); "*C NMR
(CDCl,, 75 MHz): 6 156.5, 149.0, 146.6, 139.3, 137.2, 130.3,
129.6, 129.2, 127.4, 126.0, 125.7, 125.4, 119.6, 83.9, 70.5, 70.0,
69.3, 21.4. HR-MS (ESI): calcd for C,6H,,FeN [M + H]': 404.1151;
found: 404.1102.

4.5 4-Ferrocenyl-2-(4-methoxyphenyl)quinoline (4c)

Following the procedure for 4a, 4-methoxybenzaldehyde
(0.136 g, 1.0 mmol) was used instead of benzaldehyde (2 h, ethyl
acetate/hexane = 1: 20, v/v, Ry = 0.4), to give 4c in 93% yield
(64%)'* as a red solid, mp 163-164 °C. "H NMR (CDCl;, 400
MHz): 6 8.55 (d, ] = 8.2 Hz, 1H), 8.18-8.16 (m, 3H), 8.09 (s, 1H),
7.68 (t,J = 6.9 Hz, 1H), 7.50 (t,/ = 7.2 Hz, 1H), 7.07 (d, ] = 6.9 Hz,
2H), 4.79 (s, 2H), 4.50 (s, 2H), 4.20 (s, 5H), 3.89 (s, 3H); "*C NMR
(CDCl3, 100 MHz): 6 160.8, 156.0, 149.0, 146.9, 132.3, 130.1,
129.3, 128.9, 125.8, 125.7, 125.4, 119.3, 114.3, 83.9, 70.5, 70.0,
69.4, 55.5. HR-MS (ESI): caled for C,¢H,;FeNO [M + H]":
420.1051; found: 420.1060.

4.6 4-Ferrocenyl-2-(2-hydroxyphenyl)quinoline (4d)

Following the procedure for 4a, 2-hydroxybenzaldehyde
(0.122 g, 1.0 mmol) was used instead of benzaldehyde (2 h, ethyl
acetate/hexane = 1: 10, v/v, Ry = 0.3), to give 4d in 89% yield
(44%)'** as an orange solid, mp 189-190 °C. "H NMR (CDCl;,
400 MHz): 6 8.57 (d, J = 8.4 Hz, 1H), 8.30 (s, 1H), 8.06-8.00 (m,
2H), 7.71 (t, ] = 7.6 Hz, 1H), 7.54 (t,] = 7.6 Hz, 1H), 7.39 (t, ] =
7.0 Hz, 1H), 7.09 (d, ] = 7.7 Hz, 1H), 6.97 (t, ] = 7.2 Hz, 1H), 4.82
(s, 2H), 4.53 (s, 2H), 4.22 (s, 5H); *C NMR (CDCl;, 100 MHz):

RSC Adlv., 2018, 8, 9555-9563 | 9559


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra01004h

Open Access Article. Published on 06 March 2018. Downloaded on 2/14/2026 10:42:58 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

0 156.8, 148.3, 145.3, 131.8, 130.0, 128.2, 126.5, 126.0, 125.9,
125.6, 119.0, 117.8, 83.3, 70.7, 70.1, 69.7. HR-MS (ESI): calcd for
C,sH10FeNO [M + H]™: 406.1060; found: 406.1050.

4.7 4-Ferrocenyl-2-(4-hydroxyphenyl)quinoline (4e)

Following the procedure for 4a, 4-hydroxybenzaldehyde
(0.122 g, 1.0 mmol) was used instead of benzaldehyde (2 h, ethyl
acetate/hexane = 1:5, v/v, Ry = 0.3), to give 4e in 82% yield
(60%)'®” as a brown solid, mp 186-188 °C. "H NMR (CDCl;, 300
MHz): 6 8.60 (d, J = 8.4 Hz, 1H), 8.24 (d, J = 8.4 Hz, 1H), 8.07-
8.00 (m, 3H), 7.71 (t,] = 7.6 Hz, 1H), 7.53 (t,] = 7.6 Hz, 1H), 6.95
(d, J = 8.4 Hz, 2H), 4.82 (s, 2H), 4.53 (s, 2H), 4.23 (s, 5H); °C
NMR (DMSO-dg, 100 MHz): 6 159.5, 155.6, 148.8, 146.6, 130.0,
129.8, 129.2, 125.9, 125.3, 118.6, 116.3, 116.1, 83.3, 70.7, 70.3,
70.0. HR-MS (ESI): caled for C,sHoFeNO [M + H]": 406.1060;
found: 406.0994.

4.8 4-Ferrocenyl-2-(4-nitrophenyl)quinoline (4f)

Following the procedure for 4a, 4-nitrobenzaldehyde (0.151 g,
1.0 mmol) was used instead of benzaldehyde (3 h, ethyl acetate/
hexane =1 : 10, v/v, Ry = 0.4), to give 4f in 69% yield (38%)"'** as
a red solid, mp 178-179 °C. 'H NMR (CDCl;, 300 MHz): 6 8.69
(d,J = 8.4 Hz, 1H), 8.41 (s, 4H), 8.24 (d,J = 7.0 Hz, 1H), 8.16 (s,
1H), 7.77 (t,J = 7.1 Hz, 1H), 7.63 (t,J = 7.5 Hz, 1H), 4.85 (s, 2H),
4.58 (s, 2H), 4.24 (s, 5H); >*C NMR (CDCl;, 100 MHz): 6 153.7,
148.9, 148.3, 148.0, 145.7, 130.5, 129.8, 128.3, 126.6, 125.9,
124.1, 119.3, 83.2, 70.5, 70.1, 69.8. HR-MS (ESI): calcd for
C,5H1sFeN,O, [M + H]': 435.0803; found: 435.0796.

4.9 4-Ferrocenyl-2-(4-pyridinyl)quinoline (4g)

Following the procedure for 4a, isonicotinaldehyde (0.107 g, 1.0
mmol) was used instead of benzaldehyde (2.5 h, ethyl acetate/
hexane = 1 : 20, v/v, R = 0.4), to give 4g in 81% yield as a red
solid, mp 155-157 °C. "H NMR (CDCl;, 300 MHz): 6 8.90 (s, 2H),
8.66 (d,J = 8.4 Hz, 1H), 8.23 (d, ] = 8.4 Hz, 1H), 8.16 (s, 3H), 7.77
(t,J = 7.5 Hz, 1H), 7.62 (t,J = 7.5 Hz, 1H), 4.84 (s, 2H), 4.57 (s,
2H), 4.24 (s, 5H); *C NMR (CDCl;, 100 MHz): 6 153.6, 150.5,
149.0, 147.8, 146.9, 130.6, 129.7, 126.6, 126.5, 125.8, 121.7,
119.0, 83.3, 70.5, 70.0, 69.7. HR-MS (ESI): calcd for C,,H;sFeN,
[M + H]": 391.0884; found: 391.0898.

4.10 4-Ferrocenyl-2-(2-furanyl)quinoline (4h)

Following the procedure for 4a, 2-furancarboxaldehyde (0.096 g,
1.0 mmol) was used instead of benzaldehyde (2.5 h, ethyl
acetate/hexane = 1 : 20, v/v, Ry = 0.3), to give 4h in 79% yield
(48%)'** as a red solid, mp 182-183 °C. "H NMR (CDCl;, 400
MHz): 6 8.51 (d, J = 8.3 Hz, 1H), 8.19-8.04 (m, 2H), 7.66-7.64 (m,
2H), 7.48 (t, ] = 7.4 Hz, 1H), 7.25 (s, 1H), 6.60 (s, 1H), 4.79 (s,
2H), 4.49 (s, 2H), 4.20 (s, 5H); "*C NMR (CDCl;, 100 MHz):
6 153.9, 148.8, 148.3, 146.9, 144.0, 130.0, 129.4, 126.1, 125.8,
125.5, 118.0, 112.2, 109.8, 83.5, 70.6, 70.0, 69.4. HR-MS (ESI):
caled for C,3H;,FeNO [M + Na]': 402.0558; found: 402.0561.
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4.11 4-Ferrocenyl-2-(2-thiophenyl)quinoline (4i)

Following the procedure for 4a, 2-thio-phenecarbaldehyde
(0.112 g, 1.0 mmol) was used instead of benzaldehyde (2.5 h,
ethyl acetate/hexane = 1: 20, v/v, Ry = 0.3), to give 4i in 81%
yield (53%)'* as a red solid, mp 156-157 °C. 'H NMR (CDCl;,
300 MHz): § 8.53 (d, J = 8.4 Hz, 1H), 8.12 (t,/ = 8.4 Hz, 1H), 8.10
(s, 1H), 7.81 (s, 1H), 7.69 (t, ] = 7.5 Hz, 1H), 7.53-7.49 (m, 2H),
7.22(d,J = 4.5 Hz, 1H), 4.81 (s, 2H), 4.53 (s, 2H), 4.23 (s, 5H); *C
NMR (CDCl3, 75 MHz): 6 151.5, 148.8, 146.8, 145.6, 129.9, 129.4,
128.2, 128.1, 126.2, 125.7, 125.5, 121.0, 118.4, 83.6, 70.5, 70.0,
69.4. HR-MS (ESI): caled for C,3H;,FeNS [M + HJ: 396.0509;
found: 396.0521.

4.12 4-Ferrocenyl-8-methyl-2-phenylquinoline (4;j)

Following the procedure for 4a, o-toluidine (0.107 g, 1.0 mmol)
was used instead of aniline (2 h, ethyl acetate/hexane =1 : 20, v/
v, Re= 0.4), to give 4j in 91% yield as a red solid, mp 131-133 °C.
'H NMR (CDCl;, 400 MHz): 6 8.40 (d, ] = 8.4 Hz, 1H), 8.31 (d, ] =
6.6 Hz, 2H), 8.20 (s, 1H), 7.56 (s, 3H), 7.48 (t,] = 6.6 Hz, 1H), 7.41
(t,] = 7.0 Hz, 1H), 4.80 (s, 2H), 4.49 (s, 2H), 4.21 (s, 5H), 2.94 (s,
3H); C NMR (CDCl;, 100 MHz): § 154.6, 147.9, 146.8, 140.2,
138.1,129.4, 129.2, 128.9, 127.5, 126.0, 125.3, 123.7, 119.1, 84.4,
70.7,70.0, 69.2, 18.7. HR-MS (ESI): calcd for C,gH,;FeN [M + H]":
404.1151; found: 404.1104.

4.13 4-Ferrocenyl-5-methyl-2-phenylquinoline (4k) and 4-
ferrocenyl-7-methyl-2-phenylquinoline (4k’)

Following the procedure for 4a, m-toluidine (0.107 g, 1.0 mmol)
was used instead of aniline (2 h, ethyl acetate/hexane =1 : 20, v/
v, R = 0.4 for 4k and 0.35 for 4K’), to give 4k (37%, mp 178-180
°C) and 4K (56%, mp 144-146 °C) as a red solid. For 4k, "H NMR
(CDCl3, 400 MHz): 6 8.66 (s, 1H), 8.26 (d,J = 7.4 Hz, 2H), 8.09 (d,
J = 7.4 Hz, 1H), 7.58-7.51 (m, 4H), 7.19 (d, = 7.0 Hz, 1H), 4.54
(s, 2H), 4.41 (s, 2H), 4.29 (s, 5H), 2.10 (s, 3H); >C NMR (CDCl;,
100 MHz): 6 155.0, 135.5, 129.5, 129.3, 129.0, 128.8, 128.6, 127.6,
127.4,124.6,118.5,113.7, 110.0, 92.8, 72.4, 69.7, 67.7, 24.4. HR-
MS (ESI): caled for C,sH, FeN [M + HJ: 404.1151; found:
404.1121. For 4K, "H NMR (CDCl;, 300 MHz): § 8.50 (d, J =
8.6 Hz, 1H), 8.20 (d, J = 7.2 Hz, 2H), 8.08 (s, 1H), 8.02 (s, 1H),
7.60-7.52 (m, 3H), 7.39 (d, J = 8.6 Hz, 1H), 4.82 (s, 2H), 4.52 (s,
2H), 4.23 (s, 5H), 2.60 (s, 3H); "*C NMR (CDCl;, 100 MHz):
6 156.5, 149.1, 140.0, 139.5, 129.3, 129.1, 128.8, 127.9, 127.5,
127.3, 125.4, 124.0, 118.9, 83.8, 70.5, 69.9, 69.4, 21.7. HR-MS
(ESI): calcd for C,6H,,FeN [M + H]": 404.1151; found: 404.1115.

4.14 4-Ferrocenyl-6-methyl-2-phenylquinoline (41)

Following the procedure for 4a, p-toluidine (0.107 g, 1.0 mmol)
was used instead of aniline (2 h, ethyl acetate/hexane =1 : 20, v/
v, Ry = 0.4), to give 4l in 89% yield (52%)'** as a red solid, mp
169-171 °C. 'H NMR (CDClj, 300 MHz): 6 8.40 (s, 1H), 8.20 (d, J
= 7.2 Hz, 3H), 8.11 (s, 1H), 7.62-7.53 (m, 3H), 7.50 (d, ] = 7.2 Hz,
1H), 4.83 (s, 2H), 4.54 (s, 2H), 4.24 (s, 5H), 2.59 (s, 3H); "*C NMR
(CDCl;, 75 MHz): & 155.7, 147.5, 145.8, 139.9, 135.4, 131.5,
130.0, 129.0, 128.8, 127.4, 125.9, 124.7, 119.8, 84.0, 70.5, 70.0,
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69.3, 22.1. HR-MS (ESI): caled for CpH,,FeN [M + H]': 404.1151;
found: 404.1104.

4.15 4-Ferrocenyl-5,7-dimethyl-2-phenylquinoline (4m)

Following the procedure for 4a, 3,5-dimethylaniline (0.121 g, 1.0
mmol) was used instead of aniline (2 h, ethyl acetate/hexane =
1:20, v/v, R¢ = 0.4), to give 4m in 95% yield as an orange solid,
mp 153-154 °C. *H NMR (CDCl;, 400 MHz): 6 8.59 (s, 1H), 8.24
(d,J = 7.2 Hz, 2H), 7.94 (s, 1H), 7.57 (t,] = 8.0 Hz, 2H), 7.51-7.47
(m, 1H), 7.05 (s, 1H), 4.54 (s, 2H), 4.40 (s, 2H), 4.28 (s, 5H), 2.48
(s, 3H), 2.08 (s, 3H); **C NMR (CDCl;, 75 MHz): § 155.1, 150.0,
145.6, 139.7, 138.7, 135.1, 131.8, 129.2, 129.0, 127.8, 127.3,
123.9, 119.6, 93.0, 72.4, 69.7, 67.6, 24.2, 21.3. HR-MS (ESI): calcd
for C,,H,3FeN [M + H|'": 418.1258; found: 418.1275.

4.16 4-Ferrocenyl-8-hydroxy-2-phenylquinoline (4n)

Following the procedure for 4a, 2-aminophenol (0.109 g, 1.0
mmol) was used instead of aniline (2 h, ethyl acetate/hexane =
1:10, v/v, Ry = 0.5), to give 4n in 87% yield (60%)'” as a red
solid, mp 159-160 °C. '"H NMR (CDCl;, 300 MHz): 6 8.19-8.10
(m, 3H), 8.01 (d, J = 8.6 Hz, 1H), 7.56-7.47 (m, 3H), 7.41 (t,] =
8.1 Hz, 1H), 7.15 (d, J = 7.4 Hz, 1H), 4.80 (s, 2H), 4.49 (s, 2H),
4.17 (s, 5H); *C NMR (CDCl;, 100 MHz): 6 153.9, 152.6, 147.7,
139.0, 138.8, 129.5, 128.9, 127.3, 126.7, 126.1, 120.0, 116.2,
109.6, 83.4, 70.4, 70.0, 69.6. HR-MS (ESI): calcd for C,;H;,FeNO
[M + H]": 406.1060; found: 406.1009.

4.17 4-Ferrocenyl-7-hydroxy-2-phenylquinoline (40)

Following the procedure for 4a, 3-aminophenol (0.109 g, 1.0
mmol) was used instead of aniline (2 h, ethyl acetate/hexane =
1: 5, v/v, Ry = 0.3), to give 40 in 85% yield (63%)*** as an orange
solid, mp 170-171 °C. "H NMR (CDCl;, 300 MHz): 6 9.71 (s, 1H),
8.43 (d, J = 9.1 Hz, 1H), 8.16 (d, J = 7.2 Hz, 2H), 7.92 (s, 1H),
7.55-7.50 (m, 3H), 7.45 (s, 1H), 7.17 (d, J = 9.1 Hz, 1H), 4.78 (s,
2H), 4.49 (s, 2H), 4.19 (s, 5H); *C NMR (DMSO-dg, 100 MHz):
6 158.8, 155.7, 150.7, 146.7, 139.5, 129.8, 129.2, 127.6, 127.5,
120.0, 119.0, 116.5, 111.3, 83.5, 70.7, 70.3, 69.9. HR-MS (ESI):
caled for C,5H,oFeNO [M + H]': 406.1060; found: 406.0999.

4.18 4-Ferrocenyl-8-nitro-2-phenylquinoline (4p)

Following the procedure for 4a, 2-nitroaniline (0.138 g, 1.0
mmol) was used instead of aniline (3 h, ethyl acetate/hexane =
1: 10, v/v, Ry = 0.3), to give 4p in 79% yield (34%)"” as a deep
red solid, mp 150-152 °C. "H NMR (CDCl;, 400 MHz): 6 8.73 (d, J
= 8.2 Hz, 1H), 8.28-8.16 (m, 3H), 7.92 (d, J = 7.0 Hz, 1H), 7.57-
7.45 (m, 4H), 4.77 (s, 2H), 4.53 (s, 2H), 4.18 (s, 5H); "*C NMR
(CDCl;, 100 MHz): 6 157.7, 149.2, 147.8, 140.3, 138.3, 130.3,
129.6, 129.0, 127.7, 127.1, 123.8, 123.0, 120.4, 82.7, 70.7, 70.2,
70.0. HR-MS (ESI): calcd for C,5H,gFeN,O, [M + H]": 435.0803;
found: 435.0796.

4.19 8-Chloro-4-ferrocenyl-2-phenylquinoline (4q)

Following the procedure for 4a, 2-chloroaniline (0.127 g, 1.0
mmol) was used instead of aniline (2 h, ethyl acetate/hexane =
1:20,v/v, Rg=0.3), to give 4q in 89% yield (52%)"'®* as an orange
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solid, mp 168-170 °C. "H NMR (CDCls, 400 MHz): 6 8.49 (d, ] =
7.1 Hz, 1H), 8.32 (s, 2H), 8.24 (s, 1H), 7.83 (d, J = 5.5 Hz, 1H),
7.56 (s, 2H), 7.55-7.50 (m, 1H), 7.49-7.41 (m, 1H), 4.79 (s, 2H),
4.52 (s, 2H), 4.21 (s, 5H); *C NMR (CDCl;, 100 MHz): § 156.4,
147.8, 145.1, 139.3, 134.5, 129.7, 129.5, 129.0, 127.8, 127.5,
125.3,124.9, 120.2, 83.6, 70.8, 70.1, 69.6. HR-MS (ESI): calcd for
Cy5H1gFeNCI [M + H]": 424.0555; found: 424.0561.

4.20 8-Bromo-4-ferrocenyl-2-phenylquinoline (4r)

Following the procedure for 4a, 2-bromoaniline (0.171 g, 1.0
mmol) was used instead of aniline (2 h, ethyl acetate/hexane =
1: 20, v/v, Rf = 0.3), to give 4r in 86% yield as an orange solid,
mp 155-156 °C. "H NMR (CDCls, 400 MHz): 6 8.53 (d, J = 8.4 Hz,
1H), 8.34 (d,J = 7.5 Hz, 1H), 8.24 (s, 1H), 8.05 (d, /= 7.2 Hz, 1H),
7.57 (d, J = 7.2 Hz, 1H), 7.54-7.45 (m, 1H), 7.35 (d, ] = 7.9 Hz,
1H), 4.80 (s, 2H), 4.53 (s, 2H), 4.21 (s, 5H); **C NMR (CDCl;, 100
MHz): 6 156.5, 147.7, 145.7, 139.2, 133.0, 129.7, 129.0, 127.7,
127.4, 126.2, 125.7, 120.0, 83.9, 71.1, 70.5, 69.9. HR-MS (ESI):
caled for C,sH,gFeNBr [M + H]': 468.0050; found: 468.0100.

4.21 6-Bromo-4-ferrocenyl-2-phenylquinoline (4s)

Following the procedure for 4a, 4-bromoaniline (0.171 g, 1.0
mmol) was used instead of aniline (2 h, ethyl acetate/hexane =
1: 20, v/v, Ry=0.4), to give 4s in 83% yield (64%)"'** as an orange
solid, mp 221-222 °C. "H NMR (CDCl;, 300 MHz): 6 8.98 (s, 1H),
8.19 (d, J = 6.9 Hz, 2H), 8.08 (s, 2H), 7.80 (d, J = 7.4 Hz, 1H),
7.63-7.48 (m, 3H), 4.81 (s, 2H), 4.57 (s, 2H), 4.25 (s, 5H); °C
NMR (CDCl;, 75 MHz): 6 156.8, 147.5, 146.2, 139.4, 132.6, 132.0,
129.5, 128.9, 128.4, 127.5, 127.0, 120.1, 119.5, 83.1, 70.3, 70.1,
69.7. HR-MS (ESI): calcd for C,5H, gFeNBr [M]": 466.9972; found:
466.9993.

4.22 2,4-Diferrocenylquinoline (4t)

Following the procedure for 4a, ferrocenealdehyde (0.214 g, 1.0
mmol) was used instead of benzaldehyde (2.5 h, ethyl acetate/
hexane = 1 : 20, v/v, Rf = 0.3), to give 4t in 83% yield (54%)'**
as a red solid, mp 189-190 °C. 'H NMR (CDCl;, 300 MHz): 6 8.47
(d,] = 8.4 Hz, 1H), 8.09 (d, J = 8.4 Hz, 1H), 7.89 (s, 1H), 7.66 (t,J
= 7.6 Hz, 1H), 7.48 (t, ] = 7.6 Hz, 1H), 5.13 (s, 2H), 4.80 (s, 2H),
4.53-4.51 (m, 4H), 4.26 (s, 5H), 4.13 (s, 5H); ">*C NMR (CDCl,,
100 MHz): 6 158.5, 148.9, 145.2, 129.6, 129.0, 125.7, 124.9, 120.1,
84.1, 83.9, 70.6, 70.4, 70.0, 69.7, 69.2, 67.9. HR-MS (ESI): calcd
for C,oH,3Fe,N [M + H]": 498.0608; found: 498.0556.

4.23 Crystal structure determination

Orange single crystals were obtained by slow evaporation of
solutions of 4a and 4k in dichloromethane/hexane = 1: 1 (v/v)
at room temperature. Selected single crystals of 4a and 4k
were mounted on glass fibers, respectively. The intensity data
were measured at 100 K on an Agilent SuperNova CCD-based
diffractometer (CuKo, radiation, 2 = 1.54184 A).>* Empirical
absorption corrections were applied using SCALE3 ABSPACK.
The structures were solved by direct methods and difference
Fourier syntheses, and refined by full-matrix least-squares
technique on F2 using SHELXS-97,>* and SHELXL-97.° All
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non-hydrogen atoms were refined with anisotropic displace-
ment parameters. Hydrogen atoms attached to refined atoms
were placed in geometrically idealized positions and refined
using a riding model with C-H = 0.93, and 0.96 A for aromatic,
and methyl H, respectively, Ujso(H) = 1.5Uq(C) for methyl H,
and Ujso(H) = 1.2U,q(C) for all other H atoms. Crystallographic
data for 4a and 4k have been deposited with the Cambridge
Crystallography Data Centre (CCDC No. 1584004 and 1584006,
respectively).

4.24 Hirshfeld surface analysis

The Hirshfeld surfaces and 2D fingerprint plots for 4a and 4k
were generated using the program CrystalExplorer 3.1.2° All
bond lengths to hydrogen atoms were normalized to the stan-
dard neutron value (C-H = 1.083 A).>¢

4.25 Electrochemistry and UV-vis measurements

Cyclic voltammetry (CV) measurements were carried out using
a solution of 4 (7.0 x 10~* M) in CH;CN with 0.1 M n-Bu,NPFg
as supporting electrolyte, Hg/Hg,Cl, as the reference electrode,
platinum working and auxiliary electrodes, and a scan rate at
100 mv s~ .

UV-vis measurements were carried out using a solution of 4

(7.0 x 107* M or 3.0 x 10> M) in anhydrous MeOH.
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