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The synthesis of amides holds great promise owing to their impeccable contributions as building blocks
for highly valued functional derivatives. Herein, we disclose the design, synthesis and crystal structure of a
mixed-ligand ruthenium(i) complex, [Ru(ns-Cym)(0,0-PLY)Cl], (1) where Cym = 1-isopropyl-4-methyl-
benzene and O,0-PLY = deprotonated form of 9-hydroxy phenalenone (HO,O-PLY). The complex cata-
lyzes the aerobic oxidation of various primary amines (RCH,NH,) to value-added amides (RCONH,) with
excellent selectivity and efficiency under relatively mild conditions with common organic functional group
tolerance. Structural, electrochemical, spectroscopic, and computational studies substantiate that the syner-
gism between the redox-active ruthenium and n-Lewis acidic PLY moieties facilitate the catalytic oxidation
of amines to amides. Additionally, the isolation and characterization of key intermediates during catalysis
confirm two successive dehydrogenation steps leading to nitrile, which subsequently transform to the
desired amide through hydration. The present synthetic approach is also extended to substitution-depen-
dent tuning at PLY to tune the electronic nature of 1 and to assess substituent-mediated catalytic perform-
ance. The effect of substitution at the PLY moiety (5" position) leads to structural isomers, which were
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Introduction

The synthesis of amides remains one of the most imperative
transformations for delivering value-added chemicals in the
chemical and pharmaceutical industries."® The amide is a key
functional group in organic chemistry and abundant in the
biological world.””® Notably, amides are extensively used as
intermediates in synthetic organic chemistry."” It is evident
that ~25% of the available drugs are based on amide function-
ality.’® Typically, the ideal amide synthetic method involving
the condensation of carboxylic acid and amine generates only
one equivalent water as a byproduct. This synthetic approach
is not feasible under ambient conditions owing to the proton
transfer from the acid to amine, leading to an ammonium car-
boxylate salt."" An external stimulator such as heat or light'> ™
is required to achieve this coupling reaction, which makes the
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further evaluated for the catalytic transformations of amine to amides under similar reaction conditions.

process incompatible with the chemical complexity exhibited
by modern drug molecules. Amides are traditionally syn-
thesized by condensing carboxylic acid derivatives with electro-
nically deficient carbonyl carbon, such as acid chlorides, anhy-
drides, and esters with amines or via acid-catalyzed Beckmann
rearrangement of ketoximes under relatively mild conditions
to avoid proton transfer issues.'>'® However, these traditional
methods suffer from the use of stoichiometric quantities of
various hazardous reagents, leading to equimolar amounts of
by-products. Therefore, developing an atom-economic and sus-
tainable synthetic approach towards amide synthesis is highly
desirable in modern synthetic organic chemistry.
Consequently, several methods for amide synthesis have been
designed and developed in the last few decades, including the
dehydrogenative amidation of alcohol,"®"”>” aminocarbonyla-
tion of aryl halides,*® > hydroamination of alkynes,**° trans-
amidation of primary carboxamides,> ™ oxidative amidation
of aldehydes,*** catalytic rearrangement of oximes,**° and
hydration of nitriles.®®® In this context, the selective
a-oxygenation of primary amines using molecular O, (from the
air) as the terminal oxidant where H,O is the only by-product
has been considered one of the most promising and sustain-
able routes to yield amides®”®® as amines are readily available
through a wide number of common organic
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transformations.®®”7® However, this selective a-oxygenation of
primary amine is highly challenging owing to the moderate
reactivity of C-H bonds of a-carbon compared to the higher
reactivity of the -NH, group. In contrast, molecular O, in its
triplet ground state is thermodynamically stable and needs
activation before the reaction.”” In the context of
a-oxygenation of primary amines using aerial O,, the first
efforts were made by Mizuno in 2008 using a heterogeneous
catalyst Ru(OH),/Al,0;.”°% Thereafter, several efficient hetero-
geneous metal-based catalysts have been reported in the litera-
ture (Scheme 1), such as Au-nanoparticles,”” ' Au-nano-
clusters,®* PVP-stabilized nanogold,®® MnO,-based octahedral
molecular sieves (OMS-2),** manganese oxide nanorods
(NR-MnO,),*® and Au/Al,0;,% for the aerial oxidation of
amines to amides. However, in these methods, including the
first report, the amine-to-amide transformation sufferers
either from the use of a high-pressure reactor under pressur-
ized air-oxygen (>5 atm) at an elevated temperature
(130-160 °C) and/or from the limited substrate scope with low
selectivity. On the contrary, researchers have devoted signifi-
cant efforts to homogeneous catalysis to increase selectivity
and to elevate the efficiency of the reaction (Scheme 1). In
2012, Fu and co-workers first introduced a homogeneous
copper(1) catalyst for aerobic oxidation of (aryl)methanamines
to the corresponding primary amides using aerial O, as
oxidant in DMSO-H,O containing 2 equivalents of K,CO;
base.?” After that, in 2018, Lahiri and co-workers reported a
commercially available homogeneous catalyst RuHCI(CO)

Mizuno, N. et al.”®
H,0, 140 °C,
air-O, (5 atm)

OMS-2 ( 1.0 equiv.)
Mizuno, N. et al.3
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(PPhs); for selective oxidation of benzylamine to amides under
mild conditions with 1-2 equivalent of base loading in
‘BuOH.%® Recently, Lin and co-workers demonstrated homo-
geneous selective oxygenation of primary amines to amides
using an N,O-bidentate ligand-supported trinuclear ruthenium
carbonyl cluster system under the presence of 1 equivalent
base in refluxing ‘BuOH.*° Further, Bera and co-workers have
reported very recently a ruthenium-based efficient catalyst for
aerobic oxidation of primary amines to amides under a mild
condition in the presence of 30 mol% base loading.”
Therefore, the development of novel and efficient catalytic
systems for the aerobic oxidation of amines to amides and
their way of action remains a deep concern.

In contrast, redox-active phenalenyl (PLY) moiety plays a
pivotal role in the catalytic transformations of various organic
functional groups.”* Very recently, Mandal and co-workers suc-
cessfully demonstrated the PLY-mediated hydrogen by borrow-
ing from alcohol to aldehyde, followed by further transfer of
borrowed hydrogen to imine to amine transformation.’” As
amine-to-amide transformation generally proceeds via a two-
step mechanism, (i) dehydrogenation of amine to nitrile and
(ii) hydration of nitrile to amide,”®**%>%%° the PLY moiety
may help in this challenging transformation of amine to
nitrile by borrowing hydrogen from amine. It is also observed
that the aerobic oxidation of primary amines to amides is
carried out by ruthenium-based catalytic systems in most
cases.”®®%° By maintaining all these pieces of information
and as our general interest to develop catalytic organic trans-

RuH(CO)CI(PPh,), (2 mol%)

Lahiri, G. K. et al.38
‘BuOK (1-2 eq.), BuOH
70 °C, air-O,

Ru-clusters (2 mol%)

BuOK (1 eq.) BuOH
reflux, air-O,

Lin, J. et al.®

Ru-carbene complex
(1 mol%)

‘BuOK (30 mol%), ‘BuOH
70 °C, air-O,

Bera, J. K. et al.?®

cl’ o e

(3 mol%)
X=H,Br,Ph X )

0

®@ NH, \

'BuOK (40 mol%), Toluene
90 °C, air-O.

o)
- ®)J\NH2 35 examples
Yi

ield: 65-98%
R = aryl, heteroaryl and aliphatic

Scheme 1 Comparison of the present catalytic system with previous reports for the aerobic oxidation of amines to amide.
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formations  using  coordinatively  unsaturated  metal
complexes,”* ™ herein we report the synthesis, structural and
electrochemical properties of different PLY-based ruthenium
complexes of the form [Ru(n®-Cym)(0,0-PLY)CI], 1, [Ru(n®
Cym)(0,0-PLY-Br)Cl], 2, and [Ru(n®-Cym)(O,0-PLY-Ph)Cl], 3
and their potential application as a catalyst in aerobic oxi-
dation of amine to amides. The newly designed complexes
exhibit excellent catalytic activity towards aerobic oxidation of
amine to amides under mild conditions (Scheme 1).

Results and discussion
Synthesis and structures of 1-3

The ruthenium(u)-cymene complex 1-3 was formed by stirring
a 2:1 mixture of PLY-based ligands (HO,0-PLY, HO,O-PLY-Br
and HO,O-PLY-Ph) and dimeric ruthenium precursor [Cl(n°
Cym)Ru(p-Cl),Ru(n®-Cym)Cl] in DCM at room temperature
(RT) in the presence of excess base NEt; (Fig. 1a). Complex 1-3
was isolated as reddish crystalline solids with excellent yields
by slow evaporation of the reaction mixtures at RT. 1-3 is
expectedly diamagnetic, air-stable and well soluble in common
organic solvents. The analytical purity of 1-3 was determined
by elemental analysis, NMR, IR, UV-Vis spectroscopy and mass

1 s e

cl
cl R
O N - \'Ru/ DCMINE; o u\\o\
J/ ~ci stirr, 12h o, e
: oo
O OH

X= H, H-0,0-PLY
Br, H-0,0-PLY-Br
Ph, H-0,0-PLY-Ph

X

Fig. 1 (a) Synthetic scheme of complex 1-3. (b—d) Perspective view of
complex 1-3 with 50% thermal ellipsoidal probability. All the hydrogen
atoms are omitted for clarity.
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spectrometry (Fig. S7-S17, ESIT). Single crystals of 1-3 suitable
for X-ray diffraction studies were obtained by the slow evapor-
ation of MeOH/DCM (3 : 1) solution at RT. Compounds 1 and 3
crystallized in the monoclinic lattice system with the P2,/n
space group and 2 crystallized in the orthorhombic lattice
system with the P2,2,2, space group (Table S17).

The ORTEP diagrams of neutral complex 1-3 are shown in
Fig. 1b-d with an asymmetric unit containing a n°-Cym, an O,
O-donor PLY and a chloride ligand in a piano-stool structural
fashion. The bond parameters associated with 1-3 are listed in
Tables S2 and S3.1 The Ru-O and Ru-Cl distances in 1-3 are
in the expected range of such types of reported piano-stool
complexes (Table $27).°° Small changes in Ru-O and C-O dis-
tances are observed when the 5™ position of the PLY moiety is
substituted, indicating some changes in its electronic nature.
The Ru-C distances for all six arene carbon atoms in 1-3 are
almost equivalent, with an average of 2.177(4) A, confirming
the n° coordination mode of the Cym ligand. The torsion
angles of 38.12° (C6-C5-C20-C21) and 36.01° (C4-C5-C20-
C25) in 3 between -Ph and PLY moieties are relatively lower
than the reported torsion angles in an ideal biphenyl system
(44.4°).%” This accounts for better coplanarity and higher con-
jugation between -Ph and PLY moieties. In this type of cymene
complex, two isomeric structures are possible depending on
the orientation of the chloro ligand to the cymene-o, plane left
or right. Both compounds 1 and 3 are present in two isomeric
forms in the crystal structure that are mirror images of each
other (Fig. 1b and d), while only one isomer was observed in
the crystal structure of 2 (Fig. 1c). The presence of only one
optical isomer indicates that compound 2 must be optically
active. Circular dichroism (CD) analysis of compound 1-3
(Fig. S18-S207) confirms the optical activity of 2. To the best of
our knowledge, this is the first report in which not only the
electronic nature of the ruthenium-cymene system is changed
but also the deracemization of the system occurs when a suit-
able bulky substituent is attached to an achiral symmetrical
bidentate PLY ligand system.

Electrochemistry

The presence of two redox-active moieties (PLY and Ru) in 1-3
prompted us to investigate their redox properties by cyclic vol-
tammetry (CV). Complex 1 shows one quasi-reversible oxi-
dation at 1.27 V and two irreversible reductions at —1.26 V and
—1.39 V (Fig. 2a and Table 1, versus Ag/AgCl) in DCM/0.1 M
Bu,NPFg, (Fig. 2). On substitution of PLY 5™ C-H by electron-
withdrawing -Br or -Ph, the two reduction potentials of the
complexes (2 and 3) shifted significantly, indicating that the
two reduction steps are based on the PLY moiety (Fig. S217).
Interestingly, although the -Ph group has an electron-with-
drawing nature, the —Ph-substituted PLY-complex 3 is reduced
at potentials relatively higher than 1 (Fig. S211). This could be
due to the conjugation of the -Ph n-orbitals with the n-orbitals
of the PLY moiety present in an almost coplanar situation
(Fig. 1d), which makes the PLY moiety electronically rich. To
verify this hypothesis, we also compared the reduction poten-
tial of ligand HO,O-PLY-Ph with HO,O-PLY and obtained the
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Fig. 2 (a) Cyclic voltammograms of 1 and HO,O-PLY in DCM/0.1 M
Bu4NPFg at 298 K vs. Ag/AgCL. (b) HOMO and LUMO of complex 1.

Table 1 Redox potentials of complexes 1, 2, and 37

Ru-centered
oxidation

PLY-centered reduction

Complex Eredt Eed? EY, (AEp)
1 -1.26 -1.39 +1.27 (110)
2 -1.15 -1.27 +1.22 (70)
3 -1.49 -1.69 +1.19 (320)

“Electrochemical potential in V vs. Ag/AgCl from cyclic voltammetry in
DCM/0.1 M Bu,NPF; at 298 K. Scan rate: 100 mV s~ *

same result (Fig. S221) observed in their metal complexes
(Fig. S21%). The shift of the oxidation potential is compara-
tively less significant on substitution at PLY-moiety (Fig. S217),
so this process at +1.27 V is likely to be ruthenium cantered.
Further, to assign the redox processes of 1, a preliminary DFT
calculation using the B3LYP method was performed (Fig. 2b).
Oxidation involves the removal of an electron from the HOMO
of the system, while reduction involves the addition of an elec-
tron to the LUMO of the system. The calculated frontier orbital
HOMO and LUMO of 1 are located mainly on the ruthenium
and PLY moiety, respectively, clearly suggesting that oxidation
is ruthenium centred and the first reduction is PLY centred.

Catalytic studies

Inspired by the efficient catalytic activity of ruthenium com-
plexes for the useful synthesis of amides from amine via
a-oxygenation, first, we checked the catalytic activity of 1
(3 mol%) for o-oxygenation of primary amines to primary
amides using air-O, as an oxidizing agent. 1-Catalyzed aerial
oxidation of model substrate benzylamine for 15 hours at
90 °C in toluene (Table S4,1 entry 1) resulted in a very low yield
of amide with several side products. Delightfully, on adding a
catalytic amount of KO’Bu (40 mol%), complex 1 (3 mol%) cat-
alyzes the benzylamine to benzamide, 5a selectively with 93%
yield (Table S4,1 entry 2). Notably, the formation of the desired
amide was not detected (Table S4,t entry 3) in the absence of
1, confirming the essential presence of 1 during catalysis. To
validate the role of complex 1, the catalytic transformation of
amine to amide was carried out using a 1.5 mol% precursor

13798 | Dalton Trans., 2024, 53,13795-13804
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complex [Cl(n®-Cym)Ru(p-Cl),Ru(n®-Cym)Cl]. However, it
yielded the desired amide only in less than 30% yield
(Table S4,T entry 4). Additionally, the catalytic activity of the
ligand HO,0-PLY (3 mol%) was tested, and only a trace
amount of the desired product was formed (Table S4,T entry
5). Furthermore, the variation in the reaction parameters, such
as catalyst loading, base loading, temperature, time and sol-
vents (Table S4,} entries 6-18), resulted in no further improve-
ment under the reaction conditions. The progress of the reac-
tions was monitored by involving the amount of amide formed
versus different time intervals (2, 4, 6, 8, 10, 12, 14, and 16 h),
suggesting that the reaction progressed to completion within
14 hours (Fig. S23 and Table S5t). Subsequently, the optimized
reaction conditions (toluene, 90 °C, 15 h, 3 mol% pre-catalyst
1, and 40 mol% KO'Bu) were implemented on a wide variety of
substrates, including aryl-, biaryl-, heteroaryl- and aliphatic-
methanamines, to assess the scope and generality of the
present protocol (Table 2).

As shown in Table 2, benzylamines bearing electron-with-
drawing groups (e.g., -Br, —Cl, -F, -CF3, ~OCF3, and -NO,) were
a-oxygenated to their corresponding primary amides (entry 5b—
m) efficiently in high to excellent yields (93-98%), while
benzylamines substituted with electron-donating groups (e.g.,
-Me, -NH,, -OMe, -OEt and -OH,) proceeded with relatively
low yields (65-71%, entry 5n-w). Under the same reaction con-
ditions, several biaryl-, heteroaryl- and bioactive heteroaryl-
methanamines® were also a-oxygenated smoothly to their
corresponding amides in good yields (82-94%, entry 6a-f). To
our delight, in the presence of excess base (KO‘Bu), the more
challenging aliphatic primary amine substrates can also be oxyge-
nated to primary amides using the same catalyst with moderate
yields (64-92%, entry 6g-1). Our a-oxygenation results demon-
strate that in the present methodology, the common functional
groups, including -Br, -Cl, -F, -CF3, -OCF3, -NO,, -OH, -NH,,
-OMe, and -OEt, are tolerated (Table 2). Additionally, the amide
synthesis from amine was scaled up to the gram scale, which
resulted in an 85% yield for 5a (Scheme S1%), highlighting the
practical applicability of the current protocol. Next, to observe the
effect of substitution dependence tuning at the PLY moiety of 1
in the present amine-to-amide transformation reaction, we
implemented complexes 2 and 3 as catalysts in the oxidation of
model substrate 4a and obtained 87% and 98% yields of 5a,
respectively. This indicates that a system with an electronically
rich PLY moiety (reduced at a higher potential) shows better cata-
Iytic activity than a system with an electronically deficient PLY
moiety.

Mechanistic studies

After the successful application of the catalytic transform-
ations to a broad substrate scope, we are keen to unveil the
mechanistic pathways for catalysis. Previously, it was demon-
strated that amine-to-amide transformation generally proceeds
via two successive dehydrogenation steps (amine to imine and
nitrile, respectively), followed by hydrating the key nitrile,
leading to the desired amide.”®***%°° In our method, when
the base (KO'Bu)-free amine to amide transformation was

This journal is © The Royal Society of Chemistry 2024
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Table 2 1-Catalysed aerobic oxidation of primary amines to primary
amides®”

1 (3 mol%)
KO'Bu (40 mol%)
/\N 2 LN
4 Toluene, 90 °C, air-0,, 15 h NH,
5-6

= aryl or aliphatic
Aryl and Bi-aryl amides

Sl e

5%

5a, 93%2] 3-5¢, 94%U 2-5e, 94%° 2,6-5g, 95%°
4-5d, 96%0°! 4-5f, 95%"7 3,5-5h, 96%14]
@\ NH2 @\NHZ
QF
5i, 98% 5,9 8%[a] 5k, 96% 5, 93%[:1)<F
NH NH
@/\ A 2N‘©/\ 2
02N 3-5p, 69%/°
5m, 93%"! 5n, 68%[51 S0, 66%[°! 4-5q, 72%0!
NH
eO
2-5r, 71%I2 2-5u, 65%L 5w, 65%!8
3-5s, es%lal 3,5-5t, 55%[31 4-5v, 67%
Hetero-aryl amides
NH
S s (o)
6a, 90%k! 6b, 829%!°! 6c, 87% 6d, 89%!7

Bioactive amides Aliphatic amides

" G
QT D - 9

6g, 84 %!

| XY NH,
L7’

N
6e, 93%° 6h, 86%!

6i, 87%[°! H,N

N
| N NH, NH, D_.\
~Z NH, >r\NHz
N

6f, 94% 6j, 81%!! 6k, 64%! 61, 68%I°!

“?Reaction conditions: amine (0.5 mmol), KO’Bu (40 mol%), catalyst 1
(3 mol%), and toluene (3 mL) for 15 h at 90 °C under aerobic con-
ditions, with isolated yields.  KO‘Bu (250 mol%) was used instead of
40 mol% under condition [a].

carried out in the presence of 2 mol% catalyst loading instead
of 3 mol% to make the reaction slow, a mixture of products
was formed. Analysis of the NMR spectra (Fig. S24-S297) of the
products after chromatographic separation confirms the pres-
ence of the desired amide, 5a, along with imine
(N-substituted), 7a, and nitrile, 8a (Scheme 2), demonstrating
that the present reaction also proceeds through the same reac-
tion path, as previously demonstrated.”®%*%8-%°

To confirm the nitrile as the key intermediate, we carried
out further the transformation of nitrile to amide under our
optimized condition, enabling the formation of the expected
benzamide (5a) in 97% yield (Scheme S3t). However, it is
reported that the base, KO‘Bu, can convert nitrile to primary
amide stoichiometrically in the presence of an external proton
source ‘BuOH.>® Notably, in the present study, 40 mol% KO'Bu

This journal is © The Royal Society of Chemistry 2024
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Yield: 18%
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4a

Yield: 26% Yield: 22%

Scheme 2 1-Catalysed aerial oxidation of benzylamine (4a) in the
absence of a base.

is sufficient for the full conversion of 1 catalyzed nitrile to
amide (Table S4,1 entry 2). In the absence of catalyst 1, the
40 mol% KO'Bu affords only around 34% amide in the nitrile-
to-amide transformation (Scheme S4%). In the absence of
KO'Bu, a partial transformation of amine to amide was
observed in Scheme 2, indicating that catalyst 1 can hydrate
nitrile. Such 1-catalysed hydration was further verified through
a labeling experiment using D,O. The appearance of a mass
peak at m/z 123 (Fig. S30t) ensures the complete insertion of
D,O into the nitrile intermediate. This information entrusts
the crucial role of catalyst 1 in the nitrile-to-amide transform-
ation. Besides, we performed the 1-catalysed aerial oxidation
of benzylamine in the presence of a radical scavenger, 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO, excess). The excess
TEMPO could not shut down the reaction completely (86%
benzamide was isolated), implying a non-radical reaction
pathway (Scheme S6t). UV/Vis spectroscopic measurements
were performed to determine the interaction of catalyst 1 with
all the reagents, such as amine, O, and KO‘Bu. No change in
charge transfer bands at 515, 438, 414 and 350 nm was
observed at room temperature, even when the mixtures were
kept for a few hours (Fig. S311). However, a clear change from
reddish to greenish color was observed when 1 was treated
with benzylamine at 90 °C under O,-free conditions. The green
solution shows a significant change in the PLY-centered
charge transfer bands along with a new band appearing at
around 665 nm (Fig. S327), signifying the direct interaction of
the amine with 1. The ESI-MS spectrum of this green solution
exhibits characteristic peaks at m/z 431 and 538, corresponding
to the species [Ru(n®-Cym)(0,0-PLY)]", 1a and [Ru(n°-Cym)(O,
O-PLY)(Ph-CH,-NH,)]", 1b respectively (Fig. S33t1). To get
more information about the key intermediates, we measured
the reaction mixture’s mass spectra during the progress of the
reaction (Fig. S347). On analysis of mass spectra, we found
peaks at 431 and 538 for 1a and 1b, respectively, along with
some additional peaks appearing at 579, 577 and 465. Both
peaks appearing at 579 and 577 may be attributed to the gene-
ration of species [Ru(n®-Cym)(0,0-PLY-H,)(Ph-CH=NH)]", 1d
(Fig. S34a and bt), and the peak appearing at 465 indicates the
formation of species [Ru(n®-Cym)(0,0-PLY-H,)(0,)]", 1e during
the reaction (Fig. S34t). An intense mass peak at m/z 619 also
appeared even after 6 hours of the reaction, which could be
attributed to the presence of the catalyst-amine adduct, 1b
(Fig. S347), suggesting the stability of the active unit during
the reaction. The possibility of the formation of the Ru™V=0
complex®®°° during catalysis was also examined; however, it
was excluded by observing that the mixture did not show any
EPR signal at 100 K (Fig. S35%). It is noteworthy that Mandal
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and co-workers recently demonstrated that the PLY moiety can
borrow hydrogen from benzylic and aliphatic alcohols and
store it on the PLY backbone, causing the oxidation of alcohol
to aldehyde.®® As benzylic amine is isoelectronic with benzylic
alcohol, the present catalytic reaction may follow the same
hydrogen borrowing mechanism. However, the hydrogen bor-
rowing capability of the PLY moiety was observed only when
PLY was present in the reduced state.”” The present system is
similar to the ruthenium-quinone system, where intense
metal-to-ligand (quinone) charge transfer transitions (MLCT)
are observed via d,~p, mixing.’® In the present case, when
complex 1 is treated with amine, an intense MLCT band at
around 665 nm is evident (Fig. S32t). Such MLCT may lead to
the formation of active species [Ru™(n°-Cym)(0,0-PLY) " (Ph-
CH,-NH,)[", 1c where an electron from Ru" is transferred to
the PLY moiety, resulting in an active reduced PLY unit. To
confirm the role of this 665 nm transition band in amine-to-
amide transformation, we performed the reaction using a red-
light source when a green reaction mixture obtained by
heating at 90 °C for 15 minutes was used (Scheme S77). In this
method, the amide was isolated with a 74% yield. Next, we per-
formed the reaction in the presence of sunlight instead of a
red light source, resulting in an 81% yield of the desired
amide (Scheme S8f). The same experiment was carried out
under dark conditions and produced the desired amide with
32% yield (Scheme S97), further validating the role of the
665 nm MLCT-band in the present catalytic transformation.
Furthermore, we used the fluorescence spectroscopic tech-
nique to observe the effect of MLCT on ligand (PLY)-based
emission. The free HO,O-PLY moiety shows intense emission
when irradiated with visible light (Fig. S36at). However, this
emission becomes quenched when the PLY moiety is attached
to Ru(u) in the complex, indicating electron transfer from Ru
(1) to the PLY moiety (Fig. S36bt) during visible light
irradiation. Based on all these experimental observations and
analytical outcomes, a plausible reaction mechanism is pro-
posed involving a non-radical pathway (Scheme 3).

First, the base KO'Bu accelerates the dissociation of the
ruthenium chloride bond of 1 and forms coordinatively unsa-
turated species 1a (detected by ESI-MS, Fig. $331).°° After that,
1a binds with amine, forming species 1b (detected by ESI-MS,
Fig. S331). On heating or irradiation with light, an electron is
transferred from Ru" to redox-active PLY moiety, forming
active species 1c. Then, the reduced PLY moiety of 1¢ borrows
the hydrogen from the methanamine moiety to its backbone,
followed by electron rearrangement, leading to the oxidation
of amine to imine and the reduction of a,f-unsaturated C=C
of the PLY backbone to two C-H bonds, as shown in 1d. Next,
aerial oxygen binds with 1d and forms 1e, which is detected by
the appearance of a peak at m/z 465 in mass spectroscopy
(Fig. S34%). Then, coordinated oxygen oxidised the reduced
PLY-moiety to the native PLY moiety and was reduced to H,O,.
The formation of H,0, was detected indirectly by the iodide
oxidation reaction described in the literature,"*'°* resulting
in I" to I3~ being confirmed by the appearance of character-
istic intense peaks at 285 and 353 nm (Fig. $367)."%® Similarly,
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Scheme 3 Proposed Ru'-PLY catalyzed a-oxygenation of amine to
amide using aerial oxygen.

the imine is oxidized further to nitrile through the same reac-
tion path, as depicted in amine-to-imine oxidation. Once
nitrile is formed, the base KO'Bu® or the catalyst 1a
(Scheme 3) converts it into amide.

Conclusion

In summary, we developed labile Ru-based catalysts (1-3) in
the form [Ru(n®-Cym)(PLY)Cl] by combining a ruthenium-
cymene precursor and different substituted redox-active phe-
nalenyl (PLY)-based ligands to monitor the synergistic effect in
the catalytic transformations of amine to amide. Structural
analysis of these complexes demonstrates the n°-coordination
mode of the cymene ligand and mono-deprotonated forms of
all the PLY-based ligands. From this structural analysis of 1-3,
along with their CD spectra analysis, a transformation of a
racemate into a pure enantiomer is observed when the 5th C-
H of the PLY moiety is substituted by a bulky group -Br.
Finally, the catalytic fate of the r-acidic nature of 1-3 was eval-
uated towards the catalytic a-oxygenation of primary amine
using ambient oxygen. The catalyst showed a better and excel-
lent activity for the electronically rich PLY moiety. The catalytic
approach was surveyed under wide substrates, such as aryl-, bi-
aryl-, heteroaryl- and aliphatic-methenamine, under the opti-
mised reaction condition, intriguing good to excellent yields
with a tolerance of common organic functional groups for the
selective a-oxygenation of the primary amine. The mechanistic
investigations illuminate the PLY-mediated hydrogen transfer
from the methanamine unit involving the dissociation of N-H
and C-H bonds in two successive steps, leading to nitrile as
the key step, which is subsequently transformed into amide
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through hydration. In a nutshell, we designed and developed a
catalytic approach by regulating the L-M synergism of the Ru-
based catalysts for the selective and sustainable a-oxygenation
of primary amine in the presence of ambient O, under mild
conditions. This synthetic strategy for the selective and
efficient transformations of amine to amide may open up new
windows for the development of non-innocent ligand-based
earth-abundant metal catalysts for value-added organic trans-
formations, which are indeed in progress in our laboratory.

Experimental section
Materials and methods

The dimeric ruthenium precursor [Cl(n®-Cym)Ru(p-Cl),Ru(n’
Cym)Cl], cinnamoyl chloride, aluminium chloride, 2-methoxy-
naphthalene, and 2-bromo-6-methoxynaphthalene were pur-
chased from Sigma-Aldrich. Methyl iodide, silver oxide,
phenylboronic acid, and Pd(PPh;), were purchased from TCI,
India. All other chemicals and solvents were of analytical grade
and were used as supplied. The PLY-based ligands HO,O-PLY,
HO,O-PLY-Br and HO,O-PLY-Ph were synthesized according to
the literature method.'®*'%* All the amine substrates were pur-
chased from commercial sources. All the catalytic reactions
were accomplished under air. TLC analysis was performed on
Merck 60 F254 silica aluminium sheets, and column chrom-
atography was carried out on silica gel (Merck silica gel
60-120 mesh). 1H and “C{'H} NMR spectra were recorded
using a Bruker advance 400 MHz spectrometer (Bruker,
Massachusetts, USA). Electrospray ionization mass spectra
(ESI) were recorded using Shimadzu LCMS 2020 mass spec-
trometers. The elemental (C, H and N) analyses were per-
formed using a PerkinElmer 2400 CHN micro analyzer
(PerkinElmer, Waltham, USA). The infrared spectra were per-
formed using an FTIR-8400S SHIMADZU spectrophotometer
(Shimadzu, Kyoto, Japan) with a KBr pellet. EPR spectroscopic
measurements were performed using a Magnettech GmbH
EPR Spectrometer MiniScope MS400. Electronic absorption
spectra were recorded using a HITACHI U-2910 UV-Vis spectro-
photometer (Tokyo, Japan). Cyclic voltammetry was performed
in DCM with 0.1 M Bu,NCIO, as an electrolyte using a three-
electrode configuration (Ag/AgCl reference electrode, glassy-
carbon working electrode, Pt counter electrode) and a K-Lyte
1.2 potentiostat.

Synthesis of [Ru(n°-Cym)(0,0-PLY)CI], 1. A mixture of HO,
O-PLY (65 mg, 0.32 mmol) and dimeric ruthenium cymene
precursor [Ru,(Cym),Cl,] (100 mg, 0.16 mmol) was dissolved
in dry dichloromethane (25 ml) under a nitrogen atmosphere.
Then, NEt; was added to the reaction mixture, and the solu-
tion was left overnight and stirred at room temperature. After
completion of the reaction, the resulting deep red solution was
concentrated under reduced pressure. When hexane was
added to it, a red solid precipitated out from the reaction
mixture. The precipitate was filtered, washed with hexane and
dried in vacuo, leading to pure complex 1, which was used in
catalysis without further purification. Single crystals of 1 were
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obtained from the slow evaporation of MeOH/DCM (3 : 1) solu-
tion at room temperature. Yield: 151 mg, 91%. Elemental ana-
lysis cale. (%) for Cy3H,;ClO,Ru: C 59.29, H 4.54; found: C
59.07, H 4.39; ESI-MS: (m/z): calc. for C,3H,;0,Ru: 431 [M —
CIT"; found: 430.9. "H NMR (400 MHz, CDCl;) §/ppm: 7.83 (s,
1H), 7.81 (d, J = 2.7 Hz, 2H), 7.78 (s, 1H), 7.38 (t, ] = 7.5 Hz,
1H), 7.20 (s, 1H), 7.18 (s, 1H), 5.58 (d, J = 6.0, 2H), 5.33 (d, J =
6.0 Hz, 2H), 2.99 (dt, J = 13.9, 6.9 Hz, 1H), 2.19 (s, 3H), 1.37 (d,
J =7.0 Hz, 6H). >C{"H} NMR (101 MHz, CDCl;) §/ppm: 176.79,
138.39, 131.90, 128.55, 127.62, 125.48, 122.58, 112.71, 100.07,
97.83, 82.77, 79.53, 77.32, 47.87, 30.94, 22.51, 18.23.

Synthesis of [Ru(n®-Cym)(0,0-PLY-Br)Cl], 2. Complex 2 was
synthesized by following the procedure for 1 using HO,
O-PLY-Br (90 mg, 0.32 mmol) and a dimeric ruthenium
cymene precursor, [Ru,(Cym),Cl,] (100 mg, 0.16 mmol). The
compound was isolated as a deep red precipitate. Single crys-
tals were obtained from the slow evaporation of ethyl MeOH/
DCM (3:1) solution at room temperature. Yield: 168 mg, 89%.
Elemental analysis calc. (%) for C,3H,,BrClO,Ru: C 50.70, H
3.70; found: C 51.03, H 3.85; ESI-MS: (m/z): calc. for
C,3H,0BrO,Ru: 511 [M — CIJ'; found: 511. "H NMR (400 MHz,
CDCl;) §/ppm: 7.90 (s, 2H), 7.69 (d, J = 9.4 Hz, 2H), 7.17 (d, ] =
9.3 Hz, 2H), 5.59 (d, J = 6.0 Hz, 2H), 5.33 (d, J = 6.0 Hz, 2H),
2.97 (dd, J = 13.9, 6.9 Hz, 1H), 2.35 (s, 3H), 1.37 (d, J = 7.0 Hz,
6H). ">C{"H} NMR (101 MHz, CDCl;) §/ppm: 176.80, 137.16,
133.39, 128.85, 127.29, 126.97, 115.19, 112.22, 110.10, 97.77,
82.33, 79.63, 46.10, 30.94, 22.56, 17.89.

Synthesis of [Ru(n®-Cym)(0,0-PLY-Ph)Cl], 3. Complex 3 was
synthesized by following the procedure for 1 using HO,
O-PLY-Ph (88 mg, 0.32 mmol) and dimeric ruthenium cymene
precursor [Ru,(Cym),Cl,](100 mg, 0.16 mmol). The compound
was isolated as a deep red precipitate. Single crystals were
obtained from the slow evaporation of ethyl MeOH/DCM (3:1)
solution at room temperature. Yield: 162 mg, 86%. Elemental
analysis calc. (%) for C,oH,5ClO,Ru: C 64.26, H 4.65; found: C
64.57, H 4.42; ESI-MS: (m/z): calc. for C,oH,50,Ru: 507 [M —
CIT%; found: 507. "H NMR (400 MHz, CDCl;) §/ppm: 8.05 (s,
2H), 7.86 (d, J = 9.3 Hz, 2H), 7.70 (d, J = 7.5 Hz, 2H), 7.50 (t, ] =
7.6 Hz, 2H), 7.39 (t, J = 7.4 Hz, 1H), 7.22 (d, J = 9.3 Hz, 2H),
5.60 (d, J = 5.9 Hz, 2H), 5.34 (d, J = 5.9 Hz, 2H), 3.04-2.96 (m,
1H), 2.37 (s, 3H), 1.38 (d, J = 6.9 Hz). *C{"H} NMR (101 MHz,
CDCl;) §/ppm: 176.72, 140.09, 138.41, 135.58, 130.23, 128.97,
128.67, 127.91, 127.62, 127.37, 127.08, 125.8, 112.42, 97.64,
82.67, 79.49, 45.95, 30.85, 22.40, 18.09.

X-ray crystal structure details of complex 1-3

X-ray diffraction data for the suitable single-crystals of 1-3
were collected using a Bruker-Kappa APEX II CCD diffract-
ometer equipped with a 1 K charge-coupled device (CCD) area
detector by employing graphite monochromated Mo-Ka radi-
ation (k! 0.71073 A) at 100.0(2) K. The cell parameters and the
reduction and correction of the collected data were determined
by SMART SAINTPLus software,'°®'?” followed by absorption
corrections using SADABS'%® software. Finally, the structure
was solved by applying the direct method with the SHELXL-97
program package.'® The refinement using the full-matrix
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least-squares method was executed on all F2 data with
SHELXL-97. For all non-hydrogen atoms, anisotropic refine-
ment was performed. Subsequently, the additional hydrogen
atoms were positioned using the riding model. The molecular
graphics were created using mercury software.

General procedure for aerobic oxidation of primary amines to
amides

In a 15 mL oven-dried pressure tube containing a magnetic
stirring bar, 3 mol% of catalyst (complex 1 or 2 or 3) and
40 mol% of base (KO‘Bu) were dissolved in toluene (3 mL).
After stirring for a few minutes, 0.5 mmol of primary amine
was added to the reaction mixture and stirred for 15 h at 90 °C
under aerobic conditions. After completion of the conversion,
the amide product was extracted with 15 mL (3 x 5 mL) of
ethyl acetate, and the combined organic layers were dried over
anhydrous Na,SO,. The solvent was evaporated under reduced
pressure, leading to the crude amide, which was further puri-
fied by column chromatography on silica using hexane/ethyl
acetate as an eluent.
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