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Ruthenium(ll) Complex of a Tridentate Azoaromatic Pincer
Ligand and its Use in Catalytic Transfer Hydrogenation of
Aldehydes and Ketones with Isopropanol

Tanushri Saha,”® Santi Prasad Rath,”® and Sreebrata Goswami*™®

In this work, a new Ru(ll) complex with the redox-active pincer
2,6-bis(phenylazo)pyridine ligand (L) is reported which acts as a
metal-ligand bifunctional catalyst for transfer hydrogenation
reactions. The isolated complex [(L)Ru(PMe,Ph),(CH;CN)I(CIO,),;
[1](ClO,), is characterized by a host of spectroscopic measure-
ments and X-ray structure determination. It is diamagnetic and
single-crystal X-ray structure analysis reveals that [1]** adopts a
distorted octahedral geometry where L binds Ru center in
meridional fashion. The observed elongation in the coordinated
azo bond length (1.29 A) is attributed to the extensive m-back
bonding, dm(Ru")—m*(azo)L. The complex [1](ClO,), acts as an

Introduction

Study of pincer ligands and their complexes is a continuously
growing area in coordination chemistry and chemical catalysis."”
The natural endowment of pincers lies in the formation of
thermally stable complexes that are prerequisites in homoge-
neous catalysis, even in harsh conditions."™ The tridentate
ligands enforce meridional coordination around the transition
metal center and impose structural rigidity to the metal
complexes. Among these, a plethora of neutral and anionic
pincers with C2v symmetry backbone, termed as palindromic
pincers, have been exploited in organometallics.”

In the last decade, our group has introduced a new
palindromic pincer, viz. 2,6-bis(phenylazo)pyridine (L), which
binds through a o-bonded pyridyl N-atom and two N-atoms of
two flanking m-acceptor azo (-N=N-) arms.* Being a redox-
active pincer, the ligand L can store up to (4e”+4H") redox
equivalents in the two azo components during the trans-
formation of azo (—N=N-) to hydrazo (—NH-NH-) function
without rupture of the azo bond.” In its transition metal
complexes, the metal to ligand back-bonding interactions
further stabilizes the m*-orbital of azo-function. As a result, it
can accept the redox equivalents easily in accordance with
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efficient catalyst, which brings about catalytic transfer hydro-
genation reactions of a broad array of aldehydes and ketones in
isopropanol and in inert conditions. The selectivity of the
catalyst for aldehyde reduction over the other reducible func-
tional groups such as nitro, nitrile, ester etc was also
investigated. Mechanistic studies, examined by suitable control
reactions and isotope labelling experiments, indicate synergistic
participation of both ligand and metal centres via the formation
of a fleeting Ru—H intermediate and hydrogen walking to the
coordinated azo function of L.

multiple potentially accessible reductive responses in the
solution state. This distinctive behavior of the coordinated
pincer has been utilized in synthesizing complexes that are
potential storages of electrons and both electrons and
protons.”™ By changing the traditional idea of metal as active
site and ligand as a mere spectator, many transition metal
complexes of redox-active pincers make advances in several
electro-catalytic transformations, small molecule activations and
can mimic functions of various metalloenzymes.” Using metal-
ligand cooperative pathway or only the redox processes at
ligand scaffold, transition metal complexes of L are also
reported to show catalytic dehydrogenation of alcohols to
aldehydes, ketones and azines based on azo-hydrazo redox
couple.®” The Ni(ll) and Zn(ll) monoligated complexes are
reported to show catalytic aerial alcohol oxidation reaction
involving sole ligand participation forming mono- or bis-
hydrazo intermediates.” These catalytic processes are operative
via hydrogen atom transfer (HAT) mechanism in the presence
of a reducing agent. Subsequently, few Ru(ll)-L complexes are
also reported which efficiently furnish aldehydes/ketones by
oxidizing corresponding alcohols without engaging any sacrifi-
cial reducing agent for ligand reduction and active participation
of the metal center via hydride transfer and H-walking
processes® are proposed to be operative as evidenced from the
experimental and theoretical studies.”™

In this backdrop our present work is on the design of
another mixed ligand complex, of the pincer L, [Ru-
(L)(PMe,Ph),(CH;CN)I(CIO,), suitable for studies for the transfer
hydrogenation reactions. Among the various ways of catalytic
hydrogenation of organic substrates, transfer hydrogenation is
considered to be economical and safer technique, as it does not
possess the threat linked with carrying molecular H,.”’ Ruthe-
nium, among other transition metals, has reportedly played a
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fundamental role in designing efficient catalysts for the
reduction of aldehydes and ketones to produce alcohols.*>4'%
The use of isopropanol as the hydrogen source is prevalent in
the literature as it is both inexpensive and easy to handle.>™
We looked for a mixed ligand phosphine complex because of
the previous reports on the use of metal-phosphine complexes
as proficient catalysts for the anticipated catalytic reaction."?
Accordingly, the reference complex is designed such that it also
contains a labile solvent binding for smooth substrate coordina-
tion. Our studies indicate efficient catalytic selectivity of the
isolated system for transfer hydrogenation to carbonyl functions
selectively over other reducible functional groups like alkene,
nitro, nitrile, ester, etc. Mechanistic analysis through different
control reactions, isotope labelling studies and scrutinizing the
spectroscopic data suggest metal-ligand cooperativity in the
catalytic cycle through hydrogen-walking pathway.

Results and Discussion
Synthesis and Characterization

The reaction of the neutral ligand, L with equimolar quantity of
RuCl;.xH,0 in the presence of excess PMe,Ph in refluxing
ethanol afforded a brown residue, which after counter-anion
exchange process (with NaClO,) followed by recrystallization
from slow evaporation of acetonitrile solution yielded [1](CIO,),
as shown in Figure 1a (detailed method is given in the
experimental section). The Electrospray lonization Mass Spec-
trum (ESI-MS) of the dicationic complex, [1]*7, showed a peak at
m/z 332 amu (z=2) for the [(L)Ru(PMe,Ph),)]*" i.e. [1-CH,CN]**
fragment and the simulated spectrum matches well with the
isotopic distribution of the complex (Figure 1b).

Complex [1](ClO,), is diamagnetic (S=0) at room temper-
ature and displayed a resolved 'H-NMR spectrum in CDCl. It
exhibited thirteen aromatic proton resonances corresponding

Figure 1. (a) Synthetic scheme of complex [1](CIO,),, (b) Segmented
ESI-MS of the complex; Masses observed from the fragment
[C33H3sNsP,RUI? T (z=2), i.e., [1-CH;CNI**. The simulated mass
spectrum is in blue, and (c) 'H-NMR spectrum of the complex in
CDCl; in 500 MHz (*;: solvent residual peak; *,: dichloromethane)
(inset: aromatic proton resonances).

to the ligand L and ten aromatic proton resonances for two
PMe,Ph groups in the range of §=28.80-6.19 ppm (Figure 1c).
The twelve methyl proton resonances of two PMe,Ph are visible
at 0=1.66 ppm and three methyl protons of the coordinated
CH,CN moiety resonates at §=2.65 ppm. The *'P-NMR spec-
trum of the complex showed one signal for two chemically
equivalent trans-PMe,Ph ligands at 6 =37.91 ppm with respect
to phosphoric acid solution as standard (8 =0.00 ppm). Addi-
tion of free PMe,Ph gives an additional peak at —44.74 ppm.
(Figure S2)

Suitable crystals of [1](CIO,), for single-crystal X-ray diffrac-
tion analysis were developed by slow evaporation of its
acetonitrile solution. Its molecular view is shown in Figure 2.
The cationic part of the complex i.e. [1]** adopts a distorted
octahedral geometry where the tridentate ligand L binds to the
Ru center in a meridional fashion using a pair of N,,, and a N,;,.
The remaining three coordination sites are occupied by two
trans-PMe,Ph groups and one CH;CN moiety trans to the
pyridyl-N of L. The azo bond lengths (dy,) in the isolated
complex (1.286(11) and 1.290(11) A) are considerably longer
than that of the free ligand (dyy=1.225(8) and 1.241(8) A)
which is also reflected in its IR spectrum, where the spectral
transition corresponding to vy, appears at 1428 cm™'. Compar-
ing the azo stretching frequency and bond lengths of the
uncoordinated ligand™ with that of the Ru-complex, it can be
stated that a neutral azo-chromophore is present in the
complex. However, the relative elongation of azo bond in the
coordinated L is considered due to the metal to ligand m-back
bonding™ [Ru(ll)dn—m*(azo)] which causes lowering of the azo
stretching frequency. The crystallographic details along with
the selected bond parameters are collected in the supporting
information (Tables S1-S2).

The redox behavior of the isolated complex [1](CIO,), was
studied by cyclic voltammetry in acetonitrile. The cyclic
voltammogram exhibits one reversible reductive response at
—0.01V, together with a quasi-reversible reduction at —0.31V
and one quasi-reversible oxidation at 1.44V vs. Ag/AgCl
(Figure S3a, Table S3). Density functional theory (DFT) studies
were performed to assess the locus of plausible electron
transfer. The highest occupied molecular orbital (HOMO) of the
isolated complex ([1]1(ClIO,),) is localized primarily on the

3

Figure 2. Molecular view of [1]** (hydrogen atoms, counter anions
and disordered atoms are omitted for clarity).
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ruthenium center; while the lowest unoccupied orbital (LUMO)
is localized on the azo moiety of coordinated L (Figure S4).
Therefore, the reductive waves are ascribed to the ligand-
centered reductions of the coordinated azo chromophore of
pincer L; whereas the oxidative response is assigned as metal-
centered i.e. Ru"—Ru". The compound shows multiple absorp-
tions in its electronic spectrum in the range of 200-800 nm
recorded in acetonitrile (Figure S3b). Time-dependent density
functional theory (TD-DFT) analysis was done to assign the
major spectral transitions. The spectrum displays two intense
transitions at 340 and 420 nm with a broad shoulder at 532 nm
and the strong absorptions are ascribed to the excitations from
the metal (Ru) centered (HOMO-7) to the ligand centered
(LUMO + 1) (38%) and LUMO (42 %) respectively (Table S4).

Catalytic activity

The catalytic proficiency of the Ru-complex, [1]1(CIO,), was
explored in the reduction of the model substrate benzaldehyde
via transfer hydrogenation. Isopropanol was used both as the
source of hydrogen and solvent in the reaction medium. The
initial optimization was performed by reacting 1 mmol of
benzaldehyde with 2 mol% of the catalyst and 1 mol% of
‘BuOK in refluxing isopropanol (Table 1). However, a trace
amount of the corresponding reduced product i.e. benzalde-
hyde was observed when the reaction was carried out in the air
for 6 h (Table 1, entry 1). Screening the reaction for 12 h or even
increasing the catalyst-loading up to 5 mol% could not afford
the desired product in a reasonable amount (Table 1, entries 2—
3). On the other hand, just changing the reaction atmosphere
to N, resulted in the isolation of 96 % of benzyl alcohol (Table 1,
entry 4). Decreasing the catalyst-loading gradually from 2.0 to

Table 1. Optimization by varying the reaction atmosphere, cata-
lyst, catalyst-loading and reaction time for transfer hydrogenation
of benzaldehyde®

Entry Catalyst Catalyst- Atmosphere Time Isolated
loading (h) Yield
(mol %) (%)
1 [11(ClO,), 2 Air 6 Trace
2 [11(ClO,), 2 Air 12 Trace
3 [11(ClO,), 5 Air 12 12
4 [11(CIO,), 2 N, 6 926
5 [(L) 2 N, 6 52
Ru(CH,CN)
Cl,]
6 ((N 2 N, 6 84
Ru(PPh,)
clyl
7 [clo,), 1 N, 6 94
8 [1](Clo,), 05 N, 6 92
9° oy, 2 N, 6 20
10 [11(CIO,), 0.5 N, 2 26

[a] Reaction conditions: benzaldehyde (1 mmol), ‘BuOK
(1.0 mol %), isopropanol (10 mL), heated at reflux. [b] base free
condition.

0.5 mol %, keeping other factors the same, the conversion of
benzaldehyde to benzyl alcohol was achieved in reasonably
good yields as mentioned (Table 1, entries 4-6). A previously
reported Ru(ll)-complex of L viz.[(L)Ru(CH;CN)CL,]">' was found
to yield only 52% of the desired alcohol under similar reaction
conditions (Table 1, entry 5). However, another Ru(ll)-L mono-
phosphine complex viz.[(L)Ru(PPh;)CL,1,"? when screened, af-
forded 84% of the corresponding product (Table 1, entry 6).
The enhanced catalytic activity with the increasing number of
phosphine ligands indicates the effectiveness of trans-effect of
phosphines. A Comparison between the three ruthenium
complexes, the catalytic activity is maximum in the phosphine
complex [1](CIO,),. This is assumed due to higher trans-
labilization by the two phosphine ligands."® The Ru-diphos-
phine complex, discussed herein, i.e. [1](CIO,), was found
preeminent and finally, the optimized condition for transfer
hydrogenation was achieved where a typical catalytic reaction
consists of 1 mmol of benzaldehyde to react with 0.5 mol% of
catalyst [11(CIO,), (5%107> mmol) and 1.0 mol% of ‘BuOK (1x
102mmol) in 10mL of refluxing isopropanol under N,
atmosphere for 6 h (Table 1, entry 8). The resultant reduced
product i.e. benzyl alcohol was purified on a preparative thin-
layer chromatography (TLC) plate (UV-active silica (GF-254)) by
eluting with 1:5 ethyl acetate and hexane solvent mixture. The
isolated yield of benzyl alcohol was 92%. These optimized
conditions were then applied for the transfer hydrogenation of
various aldehydes and ketones using isopropanol as the source
of hydrogen.

The transfer hydrogenation of benzaldehyde produced
benzyl alcohol in almost quantitative yield (Table 2, entry 3a).
Electron-withdrawing halogen (F, Cl, and Br) substituted
benzaldehydes were reduced to the corresponding alcohols in
80-88% vyields with the halogen atoms well tolerated (Table 2,
entries 3b-3d). Additionally, reactions of benzaldehyde bearing
electron-donating substituents such as methyl (in para position
to —CHO), methoxy (in ortho, meta, and para to —CHO) groups
afforded the desired products in 80-92% yields (Table 2,
entries 3f-3i). The reaction was also found operational for the
reduction of dialdehydes such as terphthalaldehyde and
isophthalaldehyde to their corresponding diols (Table 2, en-
tries 3j-3 k). The poly-aryl aldehyde i.e. 1-napthylaldehyde can
also be reduced smoothly to 1-naphthalenemethanol in a high
isolated yield (Table 2, entry 31). Moreover, catalyst [1](ClO,),
was also reactive towards the transfer hydrogenation of a
heterocyclic aldehyde i.e. 2-pyridinecarboxaldehyde and 2-
pyridylmethanol was obtained in 70% yield (Table 2, entry 3m).
The relatively low yield of the products may be ascribed to the
competitive coordination between the pyridyl and C=0 moiety
to the metal center.'®

The selectivity in hydrogenation is an important factor to
get pure products. Thus intra-molecular chemoselectivity of the
catalyst was examined with the transfer hydrogenation of a
range of aromatic aldehydes containing other readily reducible
functional groups in isopropanol. The transfer hydrogenation of
o,p-unsaturated aldehyde (cinnamaldehyde) produced cinnam-
yl alcohol in 88% isolated yield indicating the selectivity for
C=0 over C=C hydrogenation (Table 2, entry 3n). Although
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Table 2. Transfer hydrogenation of a series of aldehydes®™ with
isopropanol: Substrate scope and (i) intramolecular and (ii)
intermolecular chemoselectivity.

A

| Ny N0 catalyst [17* (0.5 mol%) |
b [P @OmoPh
v
/ / BuOK (1.0 mol%) / P
K

OH

‘PrOH, 82 °C, Ny, 6 h

@ﬁﬁﬁﬁ

3a,92% 3b, 80% 3¢, 88% 3d,82% e, 78%

3,92% 3h, 84% 3i,80%

HO' OH OH ol | A OH
HO, N

3j, 88%" 3k, 81%°

31,88%

3n,88% 3p. 86%

@) o ¥
O

co-substrate (1 mmol)

3m, 70%"
OH

O 3q,50%

catalyst (1 0.5 mol%)
"BOK (1L0mol)

‘PrOH, 82 °C, Ny,

2a (1 mmol) conversion= trace

[a] Reaction conditions: aldehyde (1 mmol), catalyst (0.5 mol %),
‘BuOK (1.0 mol %), isopropanol (10 mL), heated at 82°C for 6 h
under N, atmosphere. [b] catalyst (1.0 mol%). Reported yields
refer to isolated compounds.

several ruthenium catalysts are known to hydrogenate nitroaryl
compounds,”'” here the transformation of p-nitrobenzalde-
hyde yielded the consequent nitrobenzyl alcohol in 82% vyield
with exclusive retention of the nitro group (Table 2, entry 30).
Similarly, the cyano group also remained unaffected during
aldehyde to alcohol formation (Table 2, entry 3 p). In addition to
these, the catalytic system also shows excellent tolerance for
ester functionality and only the aldehyde group was reduced to
yield the corresponding alcohol (Table 2, entry 3q). Further-
more, absolute intermolecular chemoselectivity of catalyst
[1](ClO,), towards transfer hydrogenation of aldehydes in the
presence of other unsaturated organic substrates (for example
nitrobenzene, benzonitrile, styrene, and phenylacetylene) was
also established. In the competitive reaction comprising of an
equimolar mixture of benzaldehyde and the respective co-
substrate in isopropanol, selective hydrogenation of benzalde-
hyde was observed without any notable conversion of the co-
substrate (Table 2ii).

To further expand the catalytic potential of [1]1(ClO,),,
transfer hydrogenation of several ketones were carried out in
isopropanol. The catalyst is found capable of converting a series
of ketones (4a-4g) including one alicyclic ketone viz. cyclo-
hexanone to the desired alcohols (5a-5g) in high yields, as
outlined in Table 3.

To reveal the practical efficacy of this methodology, a large-
scale reaction was carried out where the transfer hydrogenation
of 5 mmol of benzaldehyde in the presence of 0.5 mol% of
catalyst [1](ClO,), and 1.0 mol% of ‘BuOK in refluxing isopropa-

Table 3. Transfer hydrogenation of a variety of ketones™ with
isopropanol catalyzed by [1](ClO,),

o OH
)L catalyst [1]>* (0.5 mol%) )\
=
R R" R R"

5

Me Me Me Me
©)\0H /O)\Oﬂ /@)\(,H /@)\OH
Cl Me’ MeO’

Sa, 89%

‘BuOK (1.0 mol%)
‘PrOH, 82 °C,N,, 6 h

5b, 92%

Fogeulle

Sg, 64%°

Sc, 88% 5d,85%

Se, 94% 5f,95%

[a] Reaction conditions: ketone (1 mmol), catalyst (0.5 mol %),
‘BuOK (1.0 mol %), isopropanol (10 mL), 82°C, 6 h, N,. [b] catalyst
(1.0 mol %). Reported yields refer to isolated compounds.

nol under N, atmosphere furnished 82% isolated yield of benzyl
alcohol after 10 h (Scheme 1).

Mechanistic Investigation

We have next carried out different controlled chemical reactions
to gain insights into the mechanism of the possible catalytic
cycle. In the catalytic transfer hydrogenation reaction, the initial
step is supposedly the formation of a Ru-isopropoxide adduct
in presence of a base. When the catalyst was heated with 'PrOH
and BuOK in toluene a new IR stretch appeared at 744 cm™'
characteristic to the Ru—O stretching.’*'® As evidenced
earlier, " hydride ion transfer (H") is operative in the following
step which involves the oxidation of isopropanol to release
acetone. As shown in Figure 3, the migratory hydride ion now
has two plausible acceptors; either the p-hydride transfer to the
metal center generating a Ru—H intermediate which further

~ OH
o catalyst [1]>* (0.5 mol%)
R ————
‘BuOK (1.0 mol%)

‘PrOH, 82 °C, N,,10 h
2a (5 mmol) 3a, 82% (isolated yield)

Scheme 1. Scalability for transfer hydrogenation of benzaldehyde
in isopropanol.

Hydride transfer to Ru(ll) centre: Pathway I

Hydride transfer to azo centre: Pathway I

Figure 3. Metal-ligand cooperativity or exclusively ligand mediated.
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catalyst [113* (0.5 mol%)

|<pnpnn<|d (C,D4O)
'BuOK (1.0 mol%)
82°C.Np.6h

o

Scheme 2. Transfer hydrogenation of benzophenone with isopro-
panol-d,.

migrates to an azo function of the coordinated ligand i.e. via
metal-ligand cooperativity (Pathway 1), or the H~ directly
migrates to the azo function i.e.exclusively ligand-mediated
(Pathway ).

NMR spectroscopic technique was used to identify the
intermediate. The Ru-catalyst was mixed with equimolar
isopropanol and 0.2 equivalent ‘BuOK in THF-d® solvent in an
NMR tube and the solution was right away subjected to 'H-NMR
spectral analysis. The spectrum displayed a characteristic Ru—H
resonance’®’? at §=—4.03 ppm (Figure S30a) indicating the
formation of a metal-hydride intermediate. This observation
implies that the reaction proceeds through a hydride transfer to
the Ru(ll)-center from the coordinated alkoxide ion. A similar
experiment was carried out using deuterated isopropanol i.e.
isopropanol-dg (instead of isopropanol) and a broad resonance
at 8=—1.50 ppm characteristic® Ru—D resonance was ob-
served in the ?H-NMR spectrum of the mixture recorded in
tetrahydrofuran (Figure S30b). These Ru—H or Ru-D intermedi-
ates were found to be transient and their corresponding NMR
resonances were absent when checked after 30 minutes.
Interestingly, the IR spectrum of the above reaction mixture
containing 'PrOH showed two bands at 2844 and 2902 cm™'
attributable to the N—H stretching frequencies®®? (Fig-
ure S31a). This was further confirmed when the other solution
having isopropanol-d; showed two characteristic N-D
peaks®®”? at 2148 and 2246 cm™' (Figure S31b). These exper-
imental findings substantiate the metal-ligand cooperativity in
the catalytic cycle through the formation of a transitory Ru—H
intermediate and subsequently a Ru-hydrazo intermediate via
hydrogen-walking mechanism. The transfer hydrogenation is
carried out in N, atmosphere and the hydrazo intermediate
species is proposed to retrieve the active-catalyst form by
reducing the aldehyde/ketone present. To confirm the role of
isopropanol as the exclusive source of hydrogen, isotope
labeling experiment for the transfer hydrogenation of benzo-
phenone was performed (Scheme 2). The optimized condition
for transfer hydrogenation, mentioned earlier, was employed
where isopropanol was replaced by isopropanol-ds. The product
i.e. diphenylcarbinol-d, (5¢’) was characterized by its 'H-NMR
spectrum (Figure S29).

Considering the above experimental results, we propose a
probable catalytic cycle (Scheme 3) for transfer hydrogenation
reactions.

O
v —
OH
'BuOK, k
Ny-atm
1"

o
g - \l"/ W Q

Hydrogen o
Walking )J\

\Il
] v
N N | NH

n/ \ermumﬂmna 7 ':,,: \Q
v ! |{>— .

Ry

——f

Scheme 3. Proposed catalytic cycle for transfer hydrogenation.

Conclusions

In this study, a Ru(ll)-diphosphine complex bearing a pincer bis-
azo-aromatic ligand, L was isolated and characterized. Single
crystal X-ray structure of the compound revealed that the
tridentate ligand binds to the central Ru(ll) atom in a meridional
fashion and the counter cationic part of the complex adopts a
distorted octahedral geometry. The Ru-complex acts as an
efficient catalyst to bring about the transfer hydrogenation of a
broad array of aldehydes and ketones in isopropanol in
deaerated conditions. High chemoselectivity was also observed
for aldehyde reduction in the presence of the other reducible
functional groups, for instance, nitro, nitrile, alkene, and ester.
The incorporation of phosphine entities was proven to be
useful as its catalytic efficiency seemed better than the
previously reported dichloro Ru(ll)-L complexes. The controlled
experiments including isotope-labelling studies confirm the role
of isopropanol as the only source of hydrogen during transfer
hydrogenation catalysis and the complex acts as a metal-ligand
bifunctional catalyst where both the metal and ligand partici-
pated synergistically in the cycle.

Experimental Section

Materials

RuCl;.xH,0, PMe,Ph and tetrabutylammonium hexafluorophosphate
([Bu,N]PF¢) were purchased from Sigma-Aldrich. Different aldehydes
and ketones (including deuterated ones), used for catalysis, were
purchased from either Sigma-Aldrich or Alfa Aesar. Solvents were
purified and dried prior to use.
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Physical Measurements

ESI-Mass spectra were recorded on a micromass Q-TOF mass
spectrometer with serial no. YA 263. Room temperature magnetic
moment measurement was carried out with a Gouy balance
(Sherwood Scientific, Cambridge, U.K). NMR spectra were recorded
using either a Bruker Avance 400 MHz or 500 MHz spectrometers
using SiMe, as the internal standard. Infrared spectra were obtained
from a Perkin-Elmer 783 spectrophotometer. A Perkin-Elmer
Lambda 950 spectrophotometer was used to record UV-Vis spectra.
A Perkin-Elmer 240 C elemental analyzer was used to collect micro
analytical data (C, H, N). The electrochemical measurements were
performed using a PC-controlled PAR model 273 A electrochemistry
system. Cyclic voltammetric experiments were performed in
acetonitrile solvent containing supporting electrolyte, 0.1 M [Bu,N]
PFs under nitrogen atmosphere and the three electrodes config-
uration includes Ag/AgCl as the reference electrode,Pt disk as the
working electrode and Pt wire as the auxiliary electrode. E,, for the
ferrocenium-ferrocene couple was 0.40 V under the experimental
condition.

Synthesis and Characterization Data of Complex [1](CIO,),

The ligand, 2,6-bis(phenylazo)pyridine (L) was prepared following
the method available in the literature where the synthetic route
involves the condensation of nitrosobenzene with 2,6-diaminopyr-
idine in 2:1 molar ratio in highly alkaline condition.”! 75 mg
(0.26 mmol) of the ligand, L and 65 mg (0.25 mmol) of RuCl;.xH,0
was mixed in 10 mL of ethanol and PMe,Ph (138 mg, 1.0 mmol) was
added to the solution in excess. The solution was refluxed for 2 h.
The resulting reddish brown solution was then concentrated using
a rotary evaporator and was added into a saturated aqueous
solution (cold) of NaClO,. The brown precipitate, thus deposited,
was washed thoroughly with cold water, hexane to remove any
impurity present and then dried under vacuum. The crude mass
was recrystallized from slow evaporation of its acetonitrile solution
at room temperature (300 K). Yield: 131 mg (58%, based on Ru).
ESI-MS: m/z 332 amu for [1-CH,CNI**. IR (KBr, cm™"): 1428 (vy_y).
Anal. Calc. for C35H35ClLNgOgP,Ru: C, 46.47; H, 4.23; N, 9.29. Found: C,
46.71; H, 442; N, 9.11. '"H-NMR (500 MHz, CDCl,): & (ppm) 8.80 (d,
J=7.5Hz, 4H), 8.24 (d, J=8.0 Hz, 2H), 8.02 (t, /=8.0 Hz, TH), 7.68 (t,
J=8.0 Hz, 2H), 7.59 (t, J=8.0 Hz, 4H), 7.15 (t, J=7.5 Hz, 2H), 6.98 (t,
J=8.0 Hz, 4H), 6.23-6.19 (m, 4H), 2.65 (s, 3H), 1.66 (s, 12H). °'P-NMR
(162 MHz, CDCls): & 37.91 ppm.

X-Ray Crystallography

Crystallographic data table for complex [1](ClIO,), and selected
bond parameters are provided in the Supporting Information
(Tables S1-S2). Suitable crystals for X-ray diffraction analysis were
developed by slow evaporation of the acetonitrile solution of the
complex. Crystallographic data were collected on a Bruker SMART
APEX-II diffractometer, equipped with graphite-monochromatic Mo
Ko radiation (A=0.71073 A), and was corrected for Lorentz polar-
ization effects. Data for [1](ClO,),: a total of 27504 reflections were
collected, of which 6822 were unique (R;,,=0.172). These satisfy the
I >20(l) criterion and was used in subsequent analysis. The
structure was solved by employing the SHELXS-2014 program
package and was refined by full-matrix least squares based on F?
(SHELXL-2014).2" All hydrogen atoms were added at calculated
positions. Crystal twining has been observed for the counter anions
and phenyl ring of one of the PMe,Ph ligand. However, we use this
data as we have failed to produce better quality crystals for
diffraction after repetitive attempts.

Procedure for catalytic transfer hydrogenation reaction

The transfer hydrogenation of aldehydes and ketones were carried
out in isopropanol by using complex [1](CIO,), as catalyst assisted
by catalytic amount of a base following a general procedure. In a
schlenk tube, 1mmol of the substrate (aldehyde/ketone),
0.005 mmol of the catalyst (45mg) and 0.01 mmol of ‘BuOK
(1.1 mg) were mixed in 10 mL of deaerated isopropanol. The
reaction mixture was stirred at 82°C for 6 h under N, pressure
(unless stated otherwise). After the reaction was complete, the
evaporation of the solvent was done under reduced pressure
followed by purification of the resultant crude product on
preparative silica gel GF-254 TLC plate using 1:5 ethyl acetate:
hexane solvent mixture as eluent. The reduced products were
characterized by NMR spectroscopy (See Figures S7-541).

Mechanistic analysis

In a sealed NMR tube 0.05 mmol isopropanol (3.0 mg) was mixed
with 0.05 mmol of catalyst [1]** (45.0 mg) and 0.01 mmol of ‘BUOK
(1.2mg) in 0.7ml THF-dg. A distinct resonance of Ru—H was
observed at =—4.03 ppm (Figure S30a) in the 'H-NMR spectrum
recorded instantaneously. After 30 min, the solution was subjected
to IR spectral analysis which showed two distinct peaks at 2844 and
2902 cm™" characteristic to N—H stretching for the hydrazo
intermediate (Figure S31a). A similar experiment was carried out
with appropriate quantity of catalyst [1]** (45.0 mg) and isopropa-
nol-dg in THF. A broad signal at = —1.50 ppm, appeared in the ?H-
NMR of the reaction mixture, is characteristic to Ru—D resonance
(Figure S30b) and two distinct IR bands appeared due to N-D
stretching at 2148 and 2246 cm™' in its IR spectrum after stirring
the reaction mixture for 30 min (Figure S31b).

Computational details

All the calculations were performed using Gaussian 09 program
package.”” The 6-31G* (C, H, N), 6-311G* (P, Cl) and SDD (Ru) level
of theory” were employed for the structural optimization and
vibrational analysis. Spin restricted approaches were employed for
ground state singlet state. Singlet excitation energies based on the
solvent-phase (acetonitrile) optimized geometry of the complexes
were computed using the Time Dependent Density Functional
Theory (TD-DFT) formalism®?* in dichloromethane/acetonitrile
solvent using Conductor-like Polarisable Continuum Model
(CPCM).2*%) GaussSum®™ was used to calculate the percentage
contribution of metal and ligand to the frontier orbital and the
fractional contributions of various molecular orbital in the optical
spectral transition.

Supporting Information

The supporting information contains spectroscopic characteriza-
tions of the Ru-complex and intermediates, voltammetric and
crystallographic details of the Ru-complex, and NMR spectra of the
products. Crystallographic data for complex [1]1(CIO,), has been
deposited with Cambridge Crystallographic Data Centre as supple-
mentary publication no. CCDC 2065125. Copies of the data can be
obtained free of charge on application to CCDC.
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