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Abstract: Dinuclear Ru(Il) complexes [(p-cymene)2(RuCl),L*]2X (X = BF4 (Rul); X = PFg
(Ru2)) and mononuclear [(p-cymene)(RuCl)L?]BF: (Ru3) (where L' = N,N'-(3,3'5,5'-
tetraisopropyl-[1,1'-biphenyl]-4,4'-diyl)bis(1-(pyridin-2-yl)methanimine); L?> = N-(2,6-
diisopropyl-phenyl)-1-(pyridin-2-yl)-methanimine) have been synthesized and characterized
by spectroscopic and analytical techniques. Dinuclear Rul and Ru2 orchestrate direct
transformation 2-nitrobenzyl alcohols to quinolines under mild conditions with significant
efficiency even when employed at a minimal catalyst loading of 0.1 mol%. Proportional
experiments carried out with the corresponding mononuclear complex Ru3 by keeping the Ru
content same (0.2 mol% of Ru3) reveal superior activity by the bimetallic system Rul for the
one-pot quinoline synthesis. Late-stage functionalization of bioactive steroids and scale-up
synthesis, demonstrate the practical applicability of the present catalyst system. A probable
mechanism of this conversion is proposed based on trapping of many of the intermediates by
ESI-mass spectroscopy. These mechanistic studies have further been substantiated by React-

IR studies by monitoring the progress of the reaction in real-time.
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Introduction

Development of simple and efficient synthetic protocols for N-heterocyclic compounds
has remained a priority in synthetic organic chemistry due to their prevalence in biologically
essential molecules. Among these, quinoline derivatives have gained notable significance in
particular and been utilized as a part of various biologically active molecules.!? The historical
importance of quinolines stems from their demonstrated antimalarial activity, which can be
traced back to the isolation of quinine from the alkaloid mixture found in the bark of the
Cinchona tree (Figure 1).3* This significant episode triggered synthesis of a multitude of
artificial quinoline derivatives, each of which with unique molecular and pharmacological
properties. These derivatives continue to find pertinence across pharmaceutical products,
flavoring agents, agrochemicals, dyes, etc. and hence hold a prominent position within
synthetic chemistry.*?°
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Figure 1. Examples of biologically important quinoline derivatives.

Methodologies which have been already established for quinoline synthesis are
summarized in Scheme 1. For example, the Friedlander reaction is the conventional method
that is commonly employed to synthesize quinoline derivatives.!®!! This process relies on
thermal condensation of 2-aminobenzaldehydes or 2-aminophenyl ketones with another
carbonyl compound that contains acidic a-methylene protons. The reaction can be conducted
under either acidic or basic conditions.’>*® However, a notable challenge arises from the
instability of the precursor 2-aminobenzaldehydes and related compounds, which are prone to
undergo polymerization through self-condensation reactions at room temperature,
necessitating their storage and handling at low temperatures. Moreover, the Friedlander
reaction suffers from limited selectivity and atom utilization efficiency.!* As a result, the
pursuit for methods that are both atom-efficient and environmentally sustainable for

synthesizing quinoline derivatives has become highly desirable.®
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During the past few years, the metal-catalyzed acceptorless dehydrogenative coupling
(ADC) methodology has become an attractive alternative method.!**8 This approach has
gained enough traction due to its utilization of easily accessible and manageable alcohols as
alternative substrates, thus rendering reactions environmentally friendlier and sustainable.
Additionally, this strategy also reduces potential side reactions and improves selectivity.
Recent studies have explored dehydrogenative strategies involving the reaction of 2-
aminobenzyl alcohols with ketones or alcohols, employing various monometallic complexes
built from elements such as Ni, Mn, Co, Ru, Rh, Ir, and Pd.**?® However, it is worth
highlighting that there has been a relative lack of exploration into the synthesis of C-2-
substituted quinolines starting directly from 2-nitrobenzyl alcohol using secondary

alcohols.16:30

A) The Friedlander reaction (Ref. 10, 11)
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Scheme 1. Representation of previous metal-catalyzed methodologies for quinoline synthesis
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Direct synthesis of quinolines from 2-nitrobenzyl alcohol and secondary alcohols is
currently limited to only four reports (Scheme 2).3! While one of these systems reported by
Maji et al., employs an expensive iridium cyclopentadienyl complex,! the other three reports
deal with iron-based catalytic systems. For example, Xie et al. showcased quinoline synthesis
from 2-nitroaryl alcohol by employing Rus3(CO)1> with expensive 1,1'-bis(diphenyl
phosphino)ferrocene (dppf) in the presence of potassium tert-butoxide as the catalytic system.®2
Wang et al. developed an iron-catalyzed (dppf) condensation approach for quinolines from 2-
nitrobenzyl alcohol in the presence of diisopropylethylamine (DIPEA).* More recently, Chun
et al. have shown that a cyclopentadienone iron complex can be employed for the synthesis of
quinolines and quinolones through transfer hydrogenative condensation of ortho-nitrobenzyl

alcohols in the presence of trimethylamine oxide (TMAQO).3* It is important to emphasize that
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these methodologies, though effective, require harsh reaction conditions such as high
temperature (120-160 °C), longer reaction times (18-48 h), and large catalyst loading (1.5-5
mol%), resulting in moderate yields of quinolines. Besides, the need for extra additives limits
the substrate scope while the use of air and moisture sensitive toxic phosphine ligands remains
a challenge for further developments in this field (Table S1). One way to tackle such a complex
combination of challenges would be to design catalytic systems that can operate under mild
conditions with a low catalyst load and still exhibit high selectivity for the one pot production

of quinolines from 2-nitrobenzyl alcohol or 2-aminobenzy! alcohol.

Previous work: Quinolines from 2-nitrobenzyl alcohol from secondary alcohol (Ref. 31-34)
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Present work: 2-substituted quinoline from 2-nitrobenzyl alcohol with secondary alcohol
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Scheme 2. Representation of previous and present work for synthesis of quinolines from 2-
nitrobenzyl alcohol.

Besides, bimetallic catalysts can enhance the rate and selectivity of the catalyzed
reaction to a significant level compared to their mononuclear counterparts.®-3" Improved
efficiency of a bimetallic catalyst compared to its monometallic analog is often ascribed to
cooperative interactions between the metal centers apart from any additional electronic
communication through the bridging organic ligands. Thus, several examples of bimetallic
catalysts have been reported for various organic transformations such as hydroformylation,®
hydroelementation of alkynes,®® disproportionation of formic acid to methanol,*

hydroamination,* propargylic reduction and substitution reactions.*>*® For example, Yu and
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co-workers have shown that bimetallic ruthenium pincer complexes are more active than a
monometallic complex for transfer hydrogenation of ketones.**® Ni-bimetallic complex of
Uyeda and co-workers outperforms its mononuclear analog for the hydrosilylation.*” Similarly,
Pernik and co-workers have demonstrated that a bimetallic rhodium complex is more active
than a monometallic catalyst for hydrosilylation.®” Pratihar and co-workers have demonstrated
that the cooperativity of a bimetallic Co-Mn catalyst is responsible for its increased catalytic

activity in p-alkylation reactions.*®

Although bimetallic catalysts have exhibited remarkable performance for various
organic transformations, one-pot synthesis of quinolines either from 2-nitrobenzyl alcohol or
2-aminobenzyl alcohol has never been investigated by employing a bimetallic catalyst to
evaluate any improved catalytic efficiency. The present work reports for the first time the use
of bimetallic ruthenium complexes (Rul and Ru?2) for one-pot synthesis of quinolines using
ADC strategy from 2-nitrobenzyl alcohol (or 2-aminobenzyl alcohol) under mild conditions,
apart from providing meaningful comparisons with the catalytic performance of its
mononuclear counterpart (Ru3). The same catalytic approach was also employed for late-stage
functionalization of biologically active steroid derivatives to highlight its practical
applications. To delve into plausible mechanism, we have conducted investigations through

controlled experiments and in spectroscopic analysis.

Results and Discussion
Synthesis and Spectral Characterization

Condensation of either 2,2’,6,6'-tetraisopropylbenzidine*® or commercially available
diisopropylaniline with pyridine-2-carboxyldehyde produces ligands N,N'-(3,3',5,5'-
tetraisopropyl-[1,1'-biphenyl]-4,4'-diyl)bis(1-(pyridin-2-yl) methanimine) (L) and N-(2,6-
diisopropylphenyl)-1-(pyridin-2-yl)methanimine (L?), respectively.***® By combining these
ligands with a ruthenium p-cymene precursor complex, new catalytic systems have been
prepared in good yields by adopting synthetic protocols used earlier for other ruthenium Schiff
base complexes.>*>* In a typical synthesis, [Ru(p-cymene)(u-Cl)Cl]. reacts with L! in the
presence of sodium tetrafluoroborate or ammonium hexafluorophosphate in ethanol at room
temperature to produce Rul or Ru2 (Scheme 2). Similarly, the use of L2 produces Ru3. Crude

products precipitate out as dark red, yellow, and red solids respectively. The new complexes
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were recrystallized from ethanol:acetone (4:1 v/v) mixture and further characterized by
spectroscopic and analytical techniques.

A

-7 H o
NaBF, or NH,PF Q—// X
'Pr Ru
iPr
X= BF,, Rul /
/@\ c 4
R

.Cl, -

u' //Ru/ Ethanol PFg, Ru2
o e’ — ]

12 h, RT ;
iPr Pr, —
W/ ;
Pr
L2 ipr Ru iPr
> _N

NaBF, <:)_/

Scheme 2. Synthesis of complexes Rul, Ru2, and Ru3.

FT-IR spectra revealed significant peaks at 1630 cm™ for Rul, 1632 cm™ for Ru2,
and 1636 cm™ for Ru3, serving as a clear indicator for the presence of Ru-N=C- linkage. These
peaks displayed a discernible shift compared to bands observed for the C=N linkages in the
ligands (Figure S1). This shift effectively supported the formation of the metal ligand (Ru-N-)
bond, highlighting the transfer of electron density from Ru(ll) to the Schiff base ligand. ESI-
MS spectroscopy confirms the formation of the desired products in each case through the
presence of corresponding intense molecular ion peaks at m/z 1159.31 for Rul (Figure S2), at
m/z 1217.25 for Ru2 (Figure S5) and at m/z 537.16 for Ru3 (Figure S10) in their spectrum,
with the expected isotope pattern. Both *H and 3C NMR spectroscopic studies further confirm
the spectral purity of these compounds. For example, in the *H NMR spectrum of all the three
complexes exhibit five doublets for the methyl protons of the isopropyl groups in the range
61.04-1.59 ppm, providing evidence for the non-equivalence of the isopropyl groups on the
rigid complex framework. Correspondingly, two septets are observed in the range 6 3.89-2.55
ppm, distinctly attributing to the isopropyl groups of p-cymene and benzidine moiety. Four
doublets in the region 6 6.10-5.32 ppm (upfield shift from free cymene confirms Ru-cymene
bond formation) represent phenyl protons of the p-cymene ring (Figure S3, S6 and S9). 3C
NMR spectral (Figure S4, S7 and S10) and the remaining *H NMR spectral signals are in

consistent with the desired product.
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The UV-visible spectra of Rul, Ru2 and Ru3 were recorded in the range 200-800 nm
in dichloromethane at room temperature to understand the electronic structure and the
coordination mode of the metal center. The spectra exhibit two distinct absorption maxima,
one in the range 250-280 nm and the other in the range 320-350 nm (Figure 2). These bands
were assigned to the intra-ligand transition originating from z — z* and n — z* transitions of
the ligands. In the cases of Rul and Ru2, a single absorption broad band around 380 nm was
associated with dr—n* charge transfer transition and was attributed to a metal-to-ligand charge

transfer (MLCT) charge transfer transition (Figure 2).54°°
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Figure 2. UV-vis spectra of the complex Rul, Ru2, and Ru3 in dichloromethane. Rul [Amax
(nm), (x10* Mt cm™) (4.1x10° M); 277 (13.7), 373(3.3), 436 (1.6)], RU2 [Amax (nm), &(x10°
Mt cem?) (1.3 X102 M); 278 (4.1), 375 (1.0), 441 (0.6)], RU3 [Amax (nm), £(x10° Mt cm™)
(0.99 x10° M); 259 (7.1), 326 (0.3)].

Molecular structure of Rul and Ru3

Single crystals of Rul and Ru3 complexes suitable for X-ray diffraction analysis were grown by
recrystallization of crude product from ethanol:acetone mixture (3:2) under ambient conditions
by slow evaporation of the solvent. In both the complexes, the Ru centers adopt pseudo-
tetrahedral geometry (piano stool type). The structures of the cationic part of both the complexes
along with selected bond lengths and angles are shown in Figure 3 and Figure 4. These metal
ions are chelated by pyridyl imine (NN chelate) and are additionally coordinated a chloride ligand

and p-cymene moiety which is bound in the n® fashion. The bond Ru-N, Ru-Cl and Ru-
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C(centroid) distances observed for both the complexes are comparable to those reported in the
literature (Table S2 and Table S3).>2 The Ru(1) to Ru(2) end-to-end length in Rul complex is
12.772 A. The presence of 'Pr and p-cymene groups induces to non-planarity in the complex due
to their steric bulk. Additionally, the two phenyl rings within the Rul deviate from coplanarity,
exhibiting torsional angle (twist angle) of 36.23 (5)° between C(24)-C(19)-C(10)-C(11). This
non-coplanar arrangement enhances the overall non-planar nature of the Rul complex, rendering

it pseudo-Cz-symmetric (Figure 3).

Figure 3. Molecular crystal structure of Rul with 50% probability thermal ellipsoid. Anions,
solvent molecules and hydrogen atoms are omitted for clarity. Selected bond lengths (A) and
bond angles (°) for Rul: Ru(1)-ClI(1); 2.397(1), Ru(1)-N(1); 2.103(4), Ru(1)-N(2); 2.112(4),
Ru(2)-CI(2); 2.092(4), Ru(2)-N(4); 2.099(4), Ru(2)-N(3); 2.092(4), N(2)-C(6); 1.288(6),
N(3)-C(31); 1.292(7) A, N(1)-Ru(1)-CI(1); 81.7(1), N(1)-Ru(1)-N(2); 75.99(1), N(2)-Ru(1)-
CI(1); 89.5(1), N(3)-Ru(2)-ClI(2); 77.1(1), N(4)-Ru(2)-CI(2); 89.8(1) °.Centroid of p-cymene
to Ru distance for Ru(1) 1.694(5) A and Ru(2) 1.698(5) A in Rul complex. For additional
bond lengths and angles, see Table S2.
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Figure 4. Molecular crystal structure of Ru3 with 50% probability thermal ellipsoid. Anions,
solvent molecules and hydrogen atoms are omitted for clarity. Selected bond lengths (A) and
bond angles (°) for Ru3: Ru(1)-Cl(1); 2.3972(8), Ru(1)-N(2); 2.099(2), Ru(1)-N(1); 2.090(1),
N(2)-N(2); 1.285(3) A, N(2)-Ru(1)-ClI(1); 87.88(5), N(1)-Ru(1)-N(2); 77.06(7), N(1)-Ru(1)-
CI(1); 79.60(6)°. Centroid of p-cymene to Ru distance for Ru(1) in Ru3 is 1.693(4) A. For
additional bond lengths and angles, see Table S3.

Optimization of catalytic conditions for coupling of 2-nitrobenzyl alcohol with secondary

alcohols

To explore the catalytic activity of bimetallic Ru(ll) complexes, first the reaction
conditions were optimized using Rul complex. Various reaction parameters were assessed for
the model reaction of 1-phenylethanol (1a) with 2-nitrobenzyl alcohol (2a). The reaction was
conducted in a round bottom flask in open-air atmosphere. No special arrangement for
removing Hx from the resulting reaction mixture was needed for this reaction to
proceed. Initially, the reaction was conducted by employing Rul of 1 mol% at 90 °C with KOH
(1 equiv.) as a base in water, and the expected product 2-phenylquinoline (3a) was formed in
61% yield. The use of solvents such as methanol, dioxane, THF, and acetonitrile further
lowering the yield of 3a (Table 1, entries 1-6). However, when the reaction was carried out in
toluene using 0.1 mol% of Rul produced 3a in 93% yield which makes it an ideal choice of
solvent. Further, model reactions in isopropanol using Rul catalyst loading of 1 mol% offered
a mixture of 2-methylquinoline and 2-phenylquinoline (3a) in 41% and 43%, respectively (due
to the side reaction with acetone which was formed in-situ from isopropanol). An investigation

into the effect of the base (required to carry out alcohol deprotonation) with Rul loading of 1

9
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mol% showed that KOH (93%) is superior when compared to ‘BUOK (79%), NaOH (51%),
K>COs3 (29%), and Cs,CO3 (23%) (Table 1, entry 7-10). The reaction failed to proceed in the
absence of a base, highlighting the necessity of a base for the reaction. After optimizing the
base and solvent, a model reaction was performed at 110 °C for 3 hours using 0.1 mol% of
Rul in toluene along with KOH, yielding 3a in 94%. Lowering the catalyst loading from 0.1
mol% to 0.01 or 0.001 mol% reduces the selectivity for the desired product 3a formation (Table
1, entries 17 and 18). No significant change in yield was noticed upon lowering the reaction
temperature up to 90 °C, however further lowering resulted in decreased yield of 3a. Reactions
carried out either in the absence of catalyst 2a or KOH did not produce any products (Table 1,
entries 19 and 20). Based on the above experimental results, KOH as a base in toluene with 0.1
mol% of Rul for 3 hours at 90 °C was chosen as the optimum reaction condition (Table 1,
entry 13).

Optimal conditions were further used to screen the most effective catalyst among
complexes Rul, Ru2, Ru3, and [Ru(p-cymene)(«-CI)Cl]2 (Figure 5). The model reaction with
bimetallic Rul and Ru2 with 0.1 mol%, afforded 3a in 91% and 93% vyield respectively.
Whereas loading 0.2 mol% of monometallic Ru3 as the catalyst yields 39% of 3a (Table 2).
Additionally, the reaction did not proceed in the presence of [Ru(p-cymene)(u-CI)Cl]..
Conclusively, bimetallic complexes Rul and Ru2 outperform monometallic Ru3 in terms of

catalytic activity, which can be attributed to the cooperative effect of the bimetallic complex.

10
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Table 1. Optimization of reaction conditions with Rul for coupling of 2-nitrobenzyl alcohol
with 1-phenylethanol. Reaction conditions: 2-nitrobenzyl alcohol (1 mmol), 1-phenyl ethanol
(2 mmol), solvent (1 mL), base (1 equivalent).

OH
(:(\OH Ru1 O X
+ NO, Base (1 mmol), > N/
2 mmol 1 mmol Solvent (1 mL) O
1a 2a Heat s
Sr. | Catalyst | Temp |  Solvent Base | Time | Conversion | Yield TON TOF
no | (mol%) | (°cy | (1 mL) D || ) )

1 1 90 | H20 KOH 12 69 61 62 -

2 1 60 | MeOH KOH 12 trace trace | trace -

3 1 100 | THF KOH 12 73 51 51 -

4 1 100 | Dioxane KOH 12 75 42 42 -

5 1 100 | Acetonitrile | KOH 12 29 19 19 -

6 1 90 | 'PrOH KOH 12 89 43 43 -

7 1 110 | Toluene 'BuOK | 12 91 79 79 -

8 1 110 | Toluene NaOH | 12 67 51 51 -

9 1 110 | Toluene KoCOs | 12 31 23 23 -
10 1 110 | Toluene Cs:COs | 12 37 29 29 -
11 0.1 110 | Toluene KOH 3 100 94 940 313
12 0.1 100 | Toluene KOH 3 100 93 930 310
13 0.1 90 | Toluene KOH 3 100 93 930 310
14 0.1 90 | Toluene KOH 2 96 84 840 420
15 0.1 90 | Toluene KOH 1 88 70 700 700
16 0.1 80 | Toluene KOH 3 92 89 890 290
17| 0.01 90 | Toluene KOH 3 98 82 8200 | 2733
18 | 0.001 90 | Toluene KOH 3 84 67 67000 | 22333
19 0.0 90 | Toluene KOH 3 NR NR - -
20 0.1 90 | Toluene - 3 NR NR - -
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Inspired by the optimization results, we have focused on the synthesis of various
quinoline derivatives using Rul as a catalyst, with a specific emphasis on how different
substrates impact the outcomes of the reactions (Scheme 3). The investigation was primarily
aimed at probing the effect of electron-withdrawing and electron-donating groups on the
aromatic ring of the substrate 1-phenylethanol. Electron-donating substituents, such as methyl
and methoxy led to the formation of desired quinoline products 3b and 3c in 90 and 92%,
respectively. On the other hand, electron-withdrawing substituents such as -F, -Cl, -Br, and -1
on the para-position of the aromatic ring yielded 3d, 3e, 3f, and 3g in 73, 80, 84, and 87%
quinolines, respectively. The yield of 3d and 3e is comparatively lower and it is attributed to
the electronic effects that influence the reactivity.

Table 2. Screening of catalyst

nir. Catalyst mol % Con(x;zr)smn ‘?)Zl)d
1 Rul 0.1 100 93
2 Ru2 0.1 100 91
3 Ru3 0.2 46 39
4 [Ru(p-cymene)(u-CCl]2 0.1 NR NR
— —] 2BF,

Qj Pr /}_O Q/ -Cl. /CI
ip Pr
\_7 iPr Ru
Ru1 ﬂ/ [Ru(p-cymene)(u-CI)Cl],

B ] 2PF

5 ﬂ \ 7

L — Ru3

Figure 5. Bimetallic and monometallic catalysts are employed in the present study for
quinoline synthesis.
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Moving beyond these variations, we have also explored the reaction using different
aliphatic alcohols. Acyclic aliphatic alcohols such as ethanol, 2-butanol, 2-heptanol and 2-
octanol, yielding the desired products 3i (83%), 3j (81%), 3k (83%) and 31 (80%) in high yields.
The studies have been further extended to include cyclic alcohol substrates such as
cyclopentanol, cyclohexanol, and cycloheptanol, leading to the formation of the desired
quinoline 3m, 3n, and 30, in 83, 89, and 78%, respectively.

Scheme 3. Substrate scope for the coupling of 2-nitrobenzyl alcohol with secondary alcohols.

R" R"

OH R oH  Rut (0.1 mol%) R X
)\ + : o
R NO, KOH(1 equiv) NZ R

Toluene (1 mL)

1 2 90°C, 3 h 3
® e e ®
~ ~
C O ne ne
3a, 93% 3b, 90 % 3¢, 92% OMe  3d,73% F

N O N O N O I::[I Ij
3e, 80% Cl 3f 84% Br 39,87% | 3i, 83%

P
~ p/
N/ N N N

0 3m, 83%
3j, 81% 3k, 83% 31, 80% ¢
~ ~
N7 N N N
3n, 89% 30, 78% 3p, 93 % 3q,91%
¢ oL "¢l Tl
Z ~
O A N N7 N
N 3s, 84% 3t, 88% 3u, 79%

3r, 97%

Reaction conditions: 2-nitrobenzylacohol (1 mmol), secondary alcohol (2 mmol), Rul (0.1
mol%), toluene (1 mL), KOH (1 equiv.), 90 °C for 3 hours, isolated yield.
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Remarkably, among various aliphatic secondary alcohols, isopropanol exhibited
superior reactivity, resulting in the synthesis of 3p with an impressive yield of 93%. This
intriguing observation prompted additional investigations to confirm its efficiency. Subsequent
reactions conducted in isopropanol, using (2-nitrophenyl)(phenyl)methanol under optimized
conditions, led to the formation of 3q in 91% vyield. Similarly, the reaction of 2-

nitrobenzophenone with isopropanol afforded 3r in a substantial yield of 97%.

Furthermore, the substrate scope for 2-nitrobenzyl alcohol has also been explored with
respect to an electron-donating (methyl or methoxy) substituent positioned para to the nitro
group, yielding quinolines 3s and 3t in 84 and 88% yield, respectively. Contrastingly, electron-
withdrawing bromo-substituted 2-nitrobenzyl alcohol, decreased the yield of 3u to 79%. The
increased reactivity of isopropanol within the catalytic system is very significant due to its

efficient deprotonation by KOH, which improves the overall efficiency of the reaction process.

Scheme 4. Substrate scope for the coupling of 2-aminobenzyl alcohol with secondary alcohols.

)Oi OH Ru1 (0.1 mol%) X
+ : >
R NH, KOH(1 equiv) N R

Toluene (1 mL)
90°C,2h

1 5 6
® e L e
Z Z 2 P/
ne ne s s
6a, 95% 6b, 81% F 6¢c, 84% Cl 6d, 88% Br
e e e o
Z ~ Z P
ne s " "
6e, 92% [ 6f, 92% 69, 94% OMe 6h, 85%

Z ~ P/ P
N N N N

6i, 86% 6j, 89% 6k, 82% 6l, 87%
0 COL oL e
~ p
: ’ N e
6m, 92% 6n, 95% 60, 94% N
6p, 98%

Reaction conditions: 2-aminobenzylacohol (1 mmol), secondary alcohol (1 mmol), Rul (0.1
mol%), toluene (1 mL), KOH (1 equiv.), 90 °C for 2 hours, isolated yield.
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Subsequently, the reaction of 2-aminobenzyl alcohol (5a) and 1-phenylethanol (1a),
was investigated using Rul as a catalyst. Optimal results were achieved when KOH was used
as a base at 90°C in toluene for a duration of 2 hours with 0.1 mol% of Rul yielding 6a with
95% vyield. Further studies incorporated the reaction between derivatives of 1-phenylethanol
with 2-aminobenzyl alcohol (Scheme 4). Electron-withdrawing substituents, such as fluorine
led to a relatively lowered yield of the desired product 6b (81%). On the other hand,
substituents such as chlorine, bromine, and iodine yielded 6c¢, 6d, and 6e in 84, 88 and 92%
respectively. Remarkably, 1-phenylethanol derivatives with strong electron-donating
substituents resulted in 92 and 94% vyield of 6f and 6g. To further expand the substrate scope,
aliphatic acyclic and cyclic alcohols were also investigated, resulting in the formation of
desired products 6h-6m in good yields ranging from 85 to 89%. Here again high reactivity of

isopropanol has been observed to produce 6n, 60 and 6p in 95, 94 and 98% yield, respectively.

Functionalization of Steroids

To showcase the adaptability and significance of our catalytic approach, we extended
its application to the late-stage functionalization of bioactive steroids including estradiol,
cholesterol, and tetralol derivatives.®®®” These steroids have been well studied for their
therapeutic applications through derivatization and structure-activity studies. Prominently,
molecules like progesterone and estradiol have found widespread use in hormone replacement
therapy. Cholesterol-derived quinolines have been demonstrated for their function in reversing
protein aggregation processes, resulting in the discovery of new drugs.%® 5! Tetralol derivatives
show potential in treating social anxiety, premenstrual dysphoric disorder, post-traumatic stress

disorder and obsessive-compulsive disorder.5262

Under optimal reaction conditions, the reaction between 2-nitrobenzyl alcohol and
tetralol derivatives (7a and 7b) afforded desired 8a and 8b quinolines in 91 and 88% vyield,

respectively (Scheme 5).

Scheme 5. Coupling of 2-nitrobenzyl alcohol with tetralol derivatives.
OH

©\/\OH 4 Ru1 (0.1 mol%)
NO, KOH(1 equiv)
Toluene (1 mL)

2a 90°C,3h
7a, (R = H) 8a,91% (R=H)

7b, (R = OCHy) 8b, 88 % (R = OCH3)

|
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When the same reaction was performed with cholesterol under optimal reaction
conditions at 90 °C using Rul, quinoline formation was poor, yielding only trace amounts of
10a (Scheme 6). The reaction efficiency, however, significantly improved by increasing the
temperature to 120 °C and extending duration of the reaction to 5 h, to produce the desired
quinoline 10a in 72% yield. Similarly, estradiol (11a) and pregnenolone (13a) reacted
effectively with 2a under similar reaction conditions (120 °C; 4 h) to yield quinolines 12a and
14a in 81 and 69%, respectively. This underscores the broad applicability of the bimetallic
Rul-based catalytic approach and its significance in simplifying the synthesis of important
molecules of pharmaceutical impact (Figure S19-S24 for HRMS).

Scheme 6. Late-stage functionalization of steroids with 2-nitrobenzy! alcohol

Ru1 (0.1 mol%)
OH B —— >
@(\ + ‘ H KOH(1 equiv)
NO, HO Toluene (1 mL)
120°C,5h

Ru1 (0.1 mol%)

KOH(1 equiv)
Toluene (1 mL)
120°C,4 h

©\/\OH
NO

2

2a

Ru1 (0.1 mol%)

KOH(1 equiv)

O
Toluene (1 mL) 14a (69%)
120°C,4h

o
2a 13a

Reaction conditions: 2-nitrobenzylacohol (0.25 mmol), steroid derivatives (0.50 mmol), Rul
(0.1 mol%), toluene (1 mL), KOH (1 equiv.), 120 °C for 4 or 5 hours, isolated yield.

Catalytic efficiency of Rul for quinoline synthesis

The efficiency of catalyst Rul is revealed in terms of TON and TOF calculated for the
model reaction of 2-nitrobenzyl alcohol with 1-phenylethanol under optimized conditions.
Thus, for 0.1 mol% of the catalyst loading, the observed TON and TOF were 930 and 310 h™™.
Reduction of catalyst loading to 0.01 mol% leads to an almost 9-fold increase in both TON and
TOF (8200 and 2733 h', respectively). The highest TON and TOF of 6.7 x 10° and 2.3 x 10°
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h, respectively, were observed when the catalyst loading was further lowered down to 0.001
mol%, although selectivity for quinoline formation decreased (Table 1, entry 18) (also see
Table S1 for a comparison of the reaction parameters of the present system with that of earlier
reported effective catalysts). It is also important to highlight here that the present system Rul
can be used in scale-up reactions, as has demonstrated by the success in case of the bioactive
quinoline steroid and in the case of 2-methylquinoline scale-up reaction (Scheme 7). For
example, the reaction of 5 mmol of 2-nitrobenzyl alcohol with 11 mmol tetralol under
optimized reaction conditions, using 0.1 mol% catalyst, produced the corresponding quinoline
in 87% yield (1.02 g), further attesting the applicability of Rul for scale up reactions.

Scheme 7. Scale-up reaction with 2-nitrobenzyl alcohol.

OH N7
©\/\OH N Ru1 (0.1 mol%) _ ~ |
NO, KOH (1 equiv) O‘

\

5 mmol 11 mmol ToIL:ene 1.02g
0.76 g 1649 90°C,3h 87%
@(\OH 4 )Oi Ru1 (0.1 mol%) s Z |
NO, KOH (1 equiv) SN
Toluene
12).213mgol 10mL 90°C, 3 h ;-ﬁz g

Mechanistic Insights

Several control experiments were conducted to gain a better understanding of the
mechanism involved in the formation of quinoline from the reaction between la and 2a
(Scheme 8). Initially, the reaction was performed in the absence of a base or catalyst to ascertain
their roles. It was observed that the reaction did not proceed in the absence of either base or
catalyst (Scheme 8a and b). Then, the reaction was carried out between la and 2a and 30
minutes after the start of the reaction, GC-MS analysis revealed the presence of acetophenone
and 2-amino-benzaldehyde as intermediates (Scheme 8c and Figure S16). This result suggests
that the mechanism involves the dehydrogenation of alcohol a followed by hydrogenation of

nitro to amine and subsequent condensation reactions to produce a desired product.

The significance of alcohol dehydrogenation and the formation of an intermediate has

been firmly established through a series of control experiments. Initially, when the reaction
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was conducted between 2-nitrobenzyl alcohol and acetophenone (as one of the intermediate
species), yielding only trace amount of 3a (Scheme 8, d). This result signifies the pivotal role
of alcohol dehydrogenation, as it paves the way for the conversion of the starting materials into
the desired product. To support the result, a subsequent reaction involving 1-phenylethanol and
2-aminobenzaldehyde yielded 3a with a 69% vyield (Scheme 8, e). This result effectively
reiterates the importance of dehydrogenation as an important intermediate step leading to the

eventual formation of 3a.

Scheme 8. Control experiments for mechanistic insights

Role of catalyst and base

a)
OH oH Ru1 (0.1 mol%)
+ Ph)\ P> No Reaction
NO, Toluene
90°C,2h
b)
OH
OH KOH, Toluene
+ Ph >  No Reaction
NO, 90°C,2h
Possible Intermediate trapping
0}
c)
H
OO+ A e o I
NO, Ph KOH, Toluene NH Ph
90°C,1h GC-MS GC-MS

Reaction using intermedite

d) o
@f\OH + )J\ Ru1 (0.1 mol%) m
NO> Ph N

\

KOH, Toluene
90°C,2h trace
e) H o
(0] " )J\ KOH, Toluene ©\/j
—»
NH, Ph 90°C,2h N
69 %
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Dehydrogenation and hydrogenation

f) Q
OH + OH Ru1 (0.1 mol%) H N
NO, )\ KOH, Toluene NH,
o )
90°C, 15 min detected in GC-MS
g) NO,
© +)Oi Rut @1 mol%) © )J\
KOH
90°C,1h 99 %
Ru1 0 1 mol%)
No desired quinoline formation
KOH
90°C,1h

In a parallel experiment, where 2-nitrobenzyl alcohol was reacted with isopropanol, an
initial formation of 2-aminobenzaldehyde occurred within 30 minutes (Scheme 8, f and Figure
S17). Over the course of an hour, this intermediate species then converted into 2-
methylquinoline. These observations provide compelling support for the hypothesis that 2-

aminobenzaldehyde intermediate formed from the alcohol dehydrogenation step.

Under optimized conditions, the reaction of nitrobenzene in isopropanol produced
aniline in 99 % yield (Scheme 8, g). The reaction involving 2-nitrobenzyl alcohol and tert-butyl
alcohol was conducted under standard conditions but failed to yield the desired product
(Scheme 8, h). This result provides strong evidence for the crucial role of an alpha proton on

the alcohol for dehydrogenation, revealing a significant aspect of the reaction mechanism.

Finally, an in-situ React IR experiment was carried out to glean more information about
the progress of the reaction and to track the functional group transformations during the course
of the reaction. The IR probe was inserted into the reactor through an adapter at 60 °C (as
opposed to the optimized reaction temperature of 90 °C, see Table 1) (Figure S11-S12). The
results obtained are pictorially summarized in Figure 5. The nitro groups stretching vibration
(at 1350 and 1460 cm™) were disappear and appearance of C-N stretching at 1288 cm™ of -
NH: group with the progress of reaction has been seen in IR spectra. An increase in the intensity
of the band appearing at 1690 cm™ has been identified as the C=0 stretching vibration of the
ketone intermediate. As the progress of reaction intensity of the peak at 1690 cm™ disappear
(along with disappearance of -NH: group at 1288 cm™) and the appearance of C=N stretching
vibration of quinoline at1660 cm™ is indicating the formation of quinoline. This suggested that
the intermediate carbonyl and amino was generated initially and consumed gradually in the

reaction system (Figure 6).
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Figure 6. Selected FT-IR spectra of the react IR experiments.

Based on the evidence gathered from the control experiments described above and from
the knowledge available from literature,?426%4 we propose the catalytic cycle shown in Figure
6 in two parts (Part A and Part B) for the transformation of 2-nitrobenzyl alcohol to quinolines.
In the first step of the catalysis (Part A), the chloride linkage of the catalyst LnRu-Cl (Rul) is
replaced by alkoxide species (LnRu-OCH(CHz)Ph), aided by the presence of base KOH. This
alkoxo-coordinated ruthenium intermediate has been seen in the mass spectrometry through
the peak appearing for [M+2BF4+ K]* at m/z 1456.588, during the initial phase of the reaction
(Figure S13 and S15). In the next step, Ru-alkoxide LnRu-OCH(CHz3)Ph undergoes B-hydride
elimination, resulting in the release of acetophenone and ruthenium hydride species LhRu-H,
whose molecular ion appears in the ESI-MS at m/z 1151.264 correspond to [M+BFs+Na+K-
H]* (Figure 7 and S14). H>O produced in the initial stages of the reaction converts this hydride
complex to the corresponding hydroxide species LnRu-OH, which then combines with 2-
nitrobenzyl alcohol to produce LnRu-OCHAr. This is followed by the dehydrogenation of
benzyl alcohol via B-hydride elimination to release 2-nitrobenzaldehyde to the system and

regenerate the ruthenium hydride species LnRu-H. Thus, Part A of the mechanism produces 4
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equivalents of molecular hydrogen through two dehydrogenation reactions involving both
primary and secondary alkoxides coordinated to Ru centers. In Part B of the mechanism, three
out of these four equivalents of hydrogen produced are consumed to convert one equivalent of
2-nitro benzaldehyde to 2-amino benzaldehyde. The remaining one equivalent of hydrogen
would be used up to reduce a further equivalent of nitro benzaldehyde after every three cycles.
However, the use of more than two equivalents of 2-phenyl ethanol per equivalent of nitro
benzyl alcohol ensures enough hydrogen production at the end of each cycle so that the reaction
rate is not impeded. The final step of the mechanism involves a base-catalyzed aldol
condensation of 2-aminobenzaldehyde with acetophenone, followed by dehydrative
cyclization to provide the desired quinoline (also see ESI Scheme S1).

This above mechanism can also be extrapolated to understand the lower efficiency
obtained for the mononuclear catalyst Ru3 (Table 2 and Figure S18), which produces only two
equivalents of H at the end of each cycle while the reduction of 2-nitrobezaldehyde requires
three equivalents of hydrogen. This essentially means that the catalysis has to run three full
cycles to reduce two equivalents of 2-nitrobezaldehyde, while the same number three catalytic
cycles with Rul would produce twelve equivalents of hydrogen that is sufficient to reduce four
equivalents of 2-nitrobezaldehyde. This clearly demonstrates that superiority of binuclear

complex over its monometallic version for the quinoline synthesis.
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Figure 6. Plausible reaction mechanism for quinoline synthesis using Rul catalyst (see text
for a full description of the mechanism).
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Figure 7. ESI-MS spectra showing the experimental and simulated isotopic patterns of
[M+BFs+Na+K-H]" ion peak at m/z 1151.264 for Ru-hydride intermediate in methanol.

Conclusions

The present work demonstrates that Rul is an efficient catalyst for the synthesis of quinolines
directly starting from 2-nitrobenzyl alcohol and a secondary alcohol in the presence of a base.
The broad applicability of this catalytic approach for a large variety of substrates, including its
versatility for modifying bioactive steroids affording a remarkable yield of quinoline
derivatives, makes this a unique catalytic system. Even when employed in small quantities (0.1
mol%), the catalyst orchestrated the desired transformation with remarkable efficiency. Further
lowering of the catalyst loading to 0.001 mol%, leads to the highest observed TON and TOF
of 67000 and 22333 ht, respectively, underscoring the catalyst's unparalleled activity even
under such low loading. Notably, the present catalytic approach eliminates the need for high
pressure H. or harsh reaction conditions such as elevated temperature (120-160 °C), longer
reaction duration (18-48 hours), and high catalyst loading (1.5-5 mol%). Additionally, this
methodology neither requires moisture-sensitive phosphine ligands (Table S1) nor generates

any waste that is harmful to the environment.

The proposed mechanism for the catalytic cycle has been supported and substantiated
by spectroscopic techniques including React IR experiments. The postulated mechanism also

explains the superiority of the bimetallic catalyst Rul vis-a-vis the monometallic Ru3, in terms
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of the number of equivalents of hydrogen produced that is necessary for the reduction of nitro-
benzaldehyde to the corresponding amino compound at the end of each catalyst cycle.

Experimental section

Materials and methods

All the experiments were carried out in a well-ventilated fume hood. The starting
materials such as 2,2',6,6'-tetraisopropylbenzidine (TIBZ), Schiff base ligands L! and L2, 4-
Bromo-2,6-diisopropylaniline, and [Ru(p-cymene)(«-CI)CI]> were prepared according to the
reported procedures.®®*2% Ruthenium(IIDtrichloride trihydrate, a-phellandrene, pyridine-2-
carbaldehyde (Sigma Aldrich), bromine (Spectrochem), 2,6-diisopropylaniline (Alfa Aesar), 2-
nitrobenzyl alcohol (Spectrochem), and 2-amino benzyl alcohol (Spectrochem) were used as
received. Other substrates and analytical grade solvents were procured commercially and used
without any further purification. The ruthenium compounds reported herein are air and moisture

stable and hence all manipulations were carried out under normal atmosphere.

Physical measurements and instruments

'H and ®C NMR spectra were recorded on a Bruker AV Il 400 MHz NMR
spectrometer in CDCl3 or DMSO-ds. Melting points were measured in glass capillaries and are
reported uncorrected. FT-IR spectra were recorded on a PerkinElmer Spectrum One Infrared
Spectrometer (Model number 73465) as KBr diluted discs in the frequency range 4000-400
cml. Elemental analyses were performed on a Thermo Finnigan (FLASH EA 1112)
microanalyzer. ESI-MS measurements were performed on a Bruker Maxis Impact electrospray
mass spectrometer. UV-NIR-3600 spectrophotometer from Shimadzu was used for the UV-
visible studies. Powder X-ray diffraction studies were recorded on a Rigaku SmartLab powder
X-ray diffractometer using Cu-Ke radiation (A= 1.54190 A). Molecular structures of Rul and
Ru3 were determined using Mo-Ke radiation (A = 0.71073 A) on a Bruker D8 QUEST
diffractometer.®®%8 Mettler Toledo ReactIR 700 instrument was used to perform in-situ react
IR experiments. An Agilent 7890A GC system with an FID detector and a J & W DB-1 column
(20 m, 0.1 mm ID) was used to conduct GC-MS analysis.

Synthesis of [{(p-cymene)2(RuCl).L'}-2BF.] (Rul)
Schiff base ligand L! (105 mg, 0.2 mmol)) and [Ru(p-cymene)(u-CI)Cl]> (122 mg, 0.2

mmol) were dissolved together in ethanol (50 mL) in a 100 mL round bottom flask. After
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stirring for a few minutes, two equivalents of sodium tetrafluoroborate (44 mg, 0.4 mmol) was
added to the reaction mixture followed by vigorous stirring at room temperature for a period
of 12 h. The color of the reaction mixture changed from light brown to dark red during the
course of reaction. After removal of the solvent under vacuum, crude Rul was obtained as dark
residue in high yield. The residue was dissolved in dichloromethane. Addition of diethyl ether
to this solution resulted in a yellow color precipitate. This precipitate on recrystallization from
ethanol:acetone (4:1 v/v) afforded the product as dark-red blocks. Yield: 193 mg (78%) Mp.
>250 °C. Anal. Cal for CseH70CI2NsRu2B2Fsg; C, 53.90; H, 5.62; N, 4.51. Found: C, 53.33; H,
6.03; N, 4.13; ESI-MS: Calcd. for CssH7oCl2NsRu2BFs, [M—BF4]": 1159.3112 Found:
1159.3119; *H NMR (400 MHz, DMSO-dg) 6 9.70 (d, 3Jup = 5.9 Hz 2H), 9.04 (s, 2H), 8.35-
834 (m, 4H), 7.97-7.96 (m, 4H), 7.76 (s, 2H), 7.67 (s, 2H), 6.13(d, 3Jun = 6.4 Hz, 2H), 5.68
(d, 3Jupn = 6.4 Hz, 2H), 5.49 (d, 3Jun = 6.5 Hz, 2H), 5.37 (d, *Jun = 6.5 Hz, 2H), 3.81 (sept,
3Jun = 6.4 Hz, 2H), 2.65 (sept, 3Jnn=6.3 Hz, 4H), 2.16 (s, 6H), 1.56 (d, 3Jun = 6.2 Hz, 6H),
1.38 (d, 3Jun = 6.3 Hz 6H), 1.24 (d, 3Jun = 6.3 Hz, 6H), 1.07 (d, 3Jun = 6.3 Hz, 12H), 1.05 (d,
3Jun = 6.2 Hz, 6H) ppm. **C NMR (101 MHz, DMSO-ds): §173.01, 156.94, 154.45, 148.55,
142.68,141.02, 140.64, 130.63, 130.16, 123.41, 105.40, 101.89, 87.58, 86.68, 86.47, 85.02,
31.02, 28.51, 28.01, 27.01, 26.21, 23.67, 22.72, 22.09, 21.96, 18.95 ppm. FT-IR (KBr pellet,
cm 1) 2958, 1630, 1469, 1436, 1182, 968, 695; UV-Vis (dichloromethane, Amax (nm), & (x10°
M em?)) 277 (1.3), 373 (0.3).

Synthesis of [{p-cymene)2(RuCl).L'}-2PFs] (Ru2)

Schiff base ligand L! (105 mg, 0.2 mmol)) and [Ru(p-cymene)(u-Cl)Cl]2 (122 mg, 0.2 mmol)
were dissolved together in ethanol (50 mL) in a 100 mL round bottom flask and stirred for a
few minutes after which two equivalents of ammonium hexafluorophosphate (0.4 mmol, 66
mg) was added and stirred at room temperature for an additional period of 12 h. The color of
the reaction mixture changed from light brown to yellow during the reaction. After removal of
the solvent under vacuum yielded crude Ru2 which was dissolved in dichloromethane.
Addition of diethyl ether to this solution resulted in a red color precipitate of analytically pure
Ru2. Yield: 202 mg (83%) Mp. >250 °C. Anal. Cal for CssH70CloN4Ru2P2F12; C, 49.38; H,
5.18; N, 4.11. Found: C, 49.06; H, 5.11; N, 4.03; ESI-MS: Calcd. for CssH70Cl2N4Ru2PFe,
[M—PFg]*: 1217.2718 Found: 1217.2525; 'H NMR (400 MHz, DMSO-dg) 6 9.73 (d, 3Jnn=
5.5 Hz 2H), 9.06 (s, 2H), 8.38-8.35 (m, 4H), 8.10-8.01 (m, 4H), 7.98-7.70 (m, 2H), 7.79 (s,
2H), 7.71 (s, 2H), 6.16 (d, 2Jun= 6.3 Hz, 2H), 5.72 (d, 3Jun= 6.3 Hz, 2H), 5.53 (d, 3Jup= 6.3
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Hz, 2H), 5.40 (d, 3Jun= 6.3 Hz, 2H), 3.85 (sept, 3Ju = 6.5 Hz, 2H), 2.69 (sept, 3Jun= 6.3 Hz,
4H), 2.19 (s, 6H), 1.58 (d, %Jup= 6.6 Hz, 6H), 1.41 (d, 3Jup= 6.3 Hz 6H), 1.27 (d, Jun= 6.7
Hz, 6H), 1.07 (d, 3Jnn= 6.6 Hz, 12H), 0.95 (d, 3Jun= 6.6 Hz, 6H) ppm. *C NMR (101 MHz,
DMSO-ds) ¢ 173.50,156.43, 153.95, 148.04, 142.17,140.51, 140.13, 130.18, 129.66, 122.90,
105.90, 101.38, 87.07, 86.17, 85.96, 84.51, 30.51, 28.01, 27.50, 26.50, 25.70, 23.17, 22.21,
21.58, 21.46, 18.08 ppm. FT-IR (KBr pellet, cm™) 3013, 1631, 1483, 1252, 1097, 844, 556;
UV-Vis (dichloromethane, Amax (nm), £ (x10° Mt cm™1)) 280 (4.0), 378 (1.0).

Synthesis of [{p-cymene),(RuCl);L?}-BF,] (Ru3)

Schiff base ligand L? (106 mg, 0.4 mmol)) and [Ru(p-cymene)(u-CI)Cl]. (122 mg, 0.2
mmol) were dissolved together in ethanol (50 mL) in a 100 mL round bottom flask under
stirring. Two equivalents of sodium tetrafluoroborate (44 mg, 0.4 mmol) was added to this
reaction mixture and stirred at room temperature for an additional period of 12 h. The color of
the reaction mixture changed from light brown to dark red during the course of the reaction.
After removal of the solvent under vacuum, crude Ru3 was obtained as a yellow residue in
high yield. This residue was dissolved in dichloromethane, followed by the addition of diethyl
ether to result in a yellow precipitate which on recrystallization from ethanol: dichloromethane
(10:1 v/v) afforded Ru3 as dark red crystals. Yield: 189 mg (88 %) Mp. >250 °C. Anal. Cal
for C2gH3sCIN2RUBF4, C, 53.90; H, 5.82; N, 4.49. Found: C, 54.48; H, 5.57; N, 4.43; ESI-MS:
Calcd. for C2sH3sCIN2Ru, [M—BF4]*: 537.1609 Found: 537.1562; *H NMR (400 MHz, DMSO-
ds) 6 9.69 (d, 3Jun = 5.2 Hz 1H), 9.01 (s, 1H), 8.34-8.31 (m, 2H), 7.96-94 (m, 1H), 7.52-
7.50(m, 2H), 7.42-7.41 (m, 1H), 6.03 (d, *Ju1 = 5.9 Hz, 1H), 5.65 (d, 3Jun = 6.1 Hz, 1H), 5.49
(d, 3Jun =5.9 Hz, 1H), 5.33 (d, 3Jun = 6.1 Hz, 1H), 3.74 (sept, 3Jun = 6.9 Hz, 1H), 2.59 (sept,
3Jun=6.6 Hz, 2H), 2.13 (s, 3H), 1.45 (d, 3Jun = 6.6 Hz, 3H), 1.26 (d, 3Jun = 6.7 Hz 3H), 1.14
(d, 3Jun = 6.8 Hz, 3H), 1.05 (d, 3Jun = 6.9 Hz, 6H), 0.09 (d, 3Jun = 6.5 Hz, 3H) ppm. *C NMR
(101 MHz, DMSO-ds) 6 173.80, 156.78 154.36, 148.62, 141.64, 140.94, 140.04, 130.39,
130.04, 124.94, 105.01, 101.61, 87.35, 86.48, 85.20, 30.82, 28.15, 27.65, 27.04, 26.21, 23.57,
22.70, 22.08, 21.76, 18.41 ppm. FT-IR (KBr pellet, cm™) 2966, 1636, 1470, 1670, 772, 549;
UV-Vis (dichloromethane, Amax (nm), £ (x10° Mt cm™)) 259 (7.1), 326 (2.4).

General procedure for the synthesis of quinolines from 2-nitrobenzyl alcohol
An oven-dried round bottom flask containing a stir bar was charged with Rul (0.1

mol%), potassium hydroxide (112 mg, 2 mmol), 2-nitrobenzyl alcohol (154 mg, 1 mmol), and
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excess of secondary alcohol (>2 mmol) in toluene (1 mL) and was stirred at 90 °C for 3 hours.
GC-MS analysis was used to monitor the product formation. After completion of the reaction,
the resulting mixture was concentrated under reduced pressure and the residue was purified by
column chromatography using petroleum ether / ethyl acetate mixture (95:5) as the eluent. The
pure product was analyzed by NMR spectroscopy (details in ESI).

General procedure for the synthesis of quinolines from 2-amino benzyl alcohol

An oven-dried round bottom flask containing a stir bar was charged with Rul (0.05
mol%), potassium hydroxide (56 mg, 1 mmol), 2-aminobenzyl alcohol (124 mg, 1 mmol), and
secondary alcohol (1 mmol) in toluene (1 mL) and was stirred at 90 °C for 2 hours. GC-MS
analysis was used to track the product formation. After completion of the reaction, the resulting
mixture was concentrated under reduced pressure and the residue was purified by column
chromatography using petroleum ether / ethyl acetate mixture (95:5) as the eluent. The pure
product was analyzed using NMR spectroscopy.

General procedure for scale-up reaction

An oven-dried round bottom flask containing a stir bar has been charged with Rul (0.1
mol%), potassium hydroxide, 2-nitrobenzyl alcohol (0.76 g, 5 mmol), and tetralol (1.6 g, 11
mmol) in toluene (5 mL) and was stirred at 90 °C for 3.5 hours. GC-MS analysis was used to
monitor the reaction. After completion of the reaction, the resulting mixture was concentrated
under reduced pressure. The residue obtained was purified by column chromatography using
petroleum ether / ethyl acetate mixture (95:5) as the eluent. The pure product was analyzed
using NMR spectroscopy. Yield for gram scale reaction 1.02 g (87%) and yield of 1 mmol
scale reaction 211 mg; (91%).
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