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Abstract—Ruthenium «-diimine complexes are widely known for their unique low-lying excited
states and potent light absorption capabilities in the visible and NIR regions. A few specially constructed Ru
a-diimine complexes have also shown enormous potential in the biomedical field. Several Ru-diimine com-
plexes are well known for their catalytic activity. In this context, the simplest o.-diimine system is 1,4-diaza-
1,3-butadiene, abbreviated as (DAB/DAD), which received the greatest attention from the research commu-
nities. DAB ligands are redox-active. DAB ligands typically function as effective electron donors by employ-
ing lone pairs of nitrogen atoms and the n-electrons of the C=N bonds while coordinating the metal ion. The
structural, electronic, and photophysical properties of the metal-mediated (DAB) complexes largely depend
on the substitution of the ligand backbone as well as metal precursors. A versatile ‘redox noninnocent’ 1,4-
diaza-1,3-butadiene motif can stabilise different oxidation states of ruthenium metal depending on the reac-
tion conditions and the presence of co-ligands. The comparative studies of the structural and electrical char-
acteristics of diverse ruthenium-DAB compounds are intriguing, which opens up a new route for researchers
to utilise them in a variety of application domains. It is challenging and fascinating to determine the precise
electronic structure of redox noninnocent diimine complexes in the presence of a ‘redox active’ metal like
ruthenium. In this concise review, we provided a brief overview of the structural and electrical features of var-
ious Ru DAB complexes that solely comprise (—N=CH—-CH=N-) fragments in the skeleton.
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INTRODUCTION
Transition metal complexes containing o-diimine
ligands have been one of the most studied topics in
coordination chemistry for the last few decades.
Numerous transition and main-group metal com-
plexes of distinct types of a-diimine ligands, as shown

in Scheme 1 (1—6), have been in the literature. Among
them, 1,4-diaza-1,3-butadiene (—N=CH—-CH=N-)
frame, referred to as DAB or DAD ligands, is the sim-
plest motif of the o-diimine family [1—7]. DAB is a
superb, flexible chelating ligand that has easily tunable
steric and electrical properties [8].
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Scheme 1. Types of oi-diimine fragments.

Catalysts and “molecular magnets” are success-
fully developed with these ligand fragments [9—11].
Interest in the chemistry of DAB complexes has
increased substantially due to their potential uses in
catalysis, specifically in hydrogen transfer [12], olefin
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epoxidation [13], ring-opening polymerization of
cyclic esters [14—16], C—N cross-coupling reactions
[17], hydroamination [18], hydrosilylation reactions
[19], and other processes. The mechanism of the cat-
alytic action on olefin polymerization by metal-medi-
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ated DAB complexes, documented by Brookhart and
co-workers, has significantly contributed to the
understanding of diazadiene complex chemistry [20—
22]. DAB also works as a key structural component in
the synthesis of several heterocyclic compounds [23].
A wide range of transition [1—7, 24, 25], main-group
[26, 27], and even rare earth metal complexes [28—30]
of DAB ligands have been synthesised, and the poten-
tiality of these complexes has been analysed based on
experimental and theoretical results [31].

Most of the reviews so far published are focused on the
main group and the early transition metal ion complexes
with o-diimine ligands. In this review, we will refer to the
1,4-diaza-1,3-butadiene motif as DAB, and explore its
potentiality exclusively with the ruthenium metal ion
because the ruthenium-diimine complexes have several
unique features and properties that draw special attention.
Ruthenium-diimine complexes are well known for their
distinctive photophysical characteristics, which include
low-lying excited states and strong light absorption in the
visible and near-IR region [32]. Boggio-Pasqua and co-
workers extensively reported the theoretical com-
parisons between the photophysical characteristics of
the ruthenium-diimine  with the  model complex
[Ru(bpy); _ (DAB),]** (n = 1-3) (bpy = bipyridine) [33].
Selected ruthenium-DAB chromophores also exhibit
antibacterial and anticancer activity [34].

The electronic structure of the Ru-DAB
complexdepends on the features of the ruthenium
metal precursor as well as the 1,4-diaza-1,3-butadiene
(—N=CH—-CH=N-) ligand backbone. The electronic
properties are tuned by the cooperative effects of metal
ions and ligands. The DAB has low-lying ©* orbitals, a
benchmark feature of the o-diimine system. DAB exhibits
redox noninnocent behaviour that allows it to stabilise
mixed-valent systems with redox active metals like ruthe-
nium, which has dynamic redox states of (IT), (III), (IV),
and even the low-valent state (0). Assigning the correct
electronic structure of such a coordination entity contain-
ing ruthenium metal and DAB ligands is challenging and
interesting due to the composite nature of the redox states
involved. These types of redox-active couples can partici-
pate in intra- or intermolecular electron transfer phenom-
ena and exhibit valence-state (VT) tautomerization [35].
Comprehending the precise electrical configuration of
these systems is imperative in order to create effective cat-
alysts and understand their reactivity in diverse chemical
reactions.

The general redox noninnocent behaviour of DAB sys-
tems has been extensively documented by the reviewers,
including a special issue in the Furopean Journal of Inor-

ROY

ganic Chemistry [36], a recent Forum Issue in /norganic
Chemistry [37], a themed collection titled “Nitrogen
Ligands” in Dalton Transactions [38], and some other
reviews [39]. Nikolaevskaya and his associates reviewed
the alkali and transition metal chemistry of the diazadi-
ene-type ligand system having an extra coordinating group
in the chromophore [3]. Mashima analysed the activity of
early transition metal complexes in the presence of various
diimine systems [24].

In most cases, DAB ligands are synthesized from the
condensation of a-dicarbonyl or a-dialdehyde with differ-
ent types of substituted aromatic amine and, in some cases,
aliphatic amine (Scheme 1, (4)). A few other types of
ligand systems are available where the additional —NH
group is introduced in between R—N fragments, referred
to as the osazone ligands system (Scheme 1, (5)), synthe-
sised by swapping out the amine for a phenyl hydrazine or
its derivative. The presence of a supporting coordinating
group as a component of the phenyl ring generates another
type of the o-diimine system, converting the bidentate
diaza-1,3-butadiene motif to a tetradentate ligand
(Scheme 1, (6)). For the sake of simplicity, we limit our
discussion to the o-diimine ligand systems, which have no
additional coordinating group. Additionally, the polypyri-
dine diimine ligands in which the nitrogen atom is a part of
an aromatic system and diimine derived from benzoqui-
nones were not included in this analysis. We attempt to
investigate the chemistry of various types of ligand systems
generated by changing the substitution of R and R' in
(Scheme 1, (4)) coupled with a ruthenium metal centre.

The specific structure and redox activity of the Ru-
DAB chromophore have not yet been thoroughly
scrutinized. Here, we address the comparative electri-
cal and structural properties of the diverse Ru-diaz-
abutadiene systems. The electronic structure and
redox characteristics of the diimine coordinated to the
ruthenium metal ion are the most exciting systems that
we would like to emphasise in this brief discussion.

DIAZABUTADIENE LIGAND SYSTEMS

Diazadiene ligand systems have attracted a lot of
interest in the last 40—60 years. Among the various
a-diimine systems, the DAB ligand can be synthesised
easily in high yield with minimal time and economical
starting materials. Most of the time, dialdehyde or
diketone are condensed with various aromatic or ali-
phatic amines to create DAB ligand systems
(Scheme 2) [40]. DAB ligands have diverse bonding
patterns and better m-acceptor capacity compared to
rigid polypyridine rings like bipyridine [1, 41].
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Scheme 2. General steps involved in preparing the DAB ligand system.
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A coordinated diimine fragment (—N=CH-—
CH=N-) (Scheme 1, (4)) normally forms a stable
five-member ring when coupled with the metal ion.
The presence of conjugation (—N=CH—-CH=N-) in
the diazabutadiene allows m-electron density to oper-
ate throughout the system. Lone pairs on nitrogen
atoms and the m-electrons of the C=N bonds make
o-diimine fragments (4) efficient electron donors,
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allowing coordination with the metal ions using two,
four, or (in uncommon circumstances) eight electron
donors. Additionally, the two substituents on the
(—N=CH-CH=N-) motif are able to adjust the
ligand’s steric and electronic characteristics. To tune
these properties, various DAB ligands are synthesized
by changing the N-substituted alkyl or aryl groups of
the ligand system (4) (Scheme 3).
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Scheme 3. Different types of the diazabutadiene ligands.
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DAB ligands have substantial m-back bonding
capacity [35, 42], which effectively stabilises low-
valent transition metal complexes such as [Fe(DAB),]
and [Ni(DAB),] [43—45]. DAB ligands can show flex-
ible behaviour during coordination with metal ions. It
can act as monodentate, bidentate, or bridging ligands
while coordinating metal ions [3, 8, 40]. DAB ligands
in the cis-conformation behave as bidentate ligands,
whereas, on rare occasions, in the frans-conforma-
tion, they can act as bridging ligands [4].
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ELECTRONIC AND STRUCTURAL
ASPECT OF THE DIIMINE MOTIF

Scheme 4 depicts the dynamic valence state of the
DAB ligand as well as the probable binding mecha-
nism of the ligand. Coordination chemists are
extremely interested in investigating the varied valence
states and the most likely binding modes of DAB
ligands.
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R-N  N-R = R-N' "~ N-R ——— R°§ N°R
[DAB|° IDABJ° [DAB|*®

Scheme 4. Different electronic states of the DAB fragment.

The position and character of the substituents on
the —_N=HC—-CH=N- backbone substantially influ-
ence the DAB ligand’s redox activity. The diimine
fragments readily accept an electron in their low-lying,
lowest unoccupied molecular orbital (LUMO),
thereby undergoing a one-electron reduction to form
a diimine anion radical. Conjugated o-diimine frag-
ments can exist in three different redox states: neutral
diimine (DAB)? [46—48], monoanionic radical
(DAB)"~ [49—58] and di-anionic diimide (DAB)*~
[59—61]. The states are well defined with respect to
precise bond parameters, spectral properties, redox
potentials, and DFT calculations obtained from the
analysis of several metal-coordinated diimine com-
plexes reported in the literature.

Wieghardt [44, 52, 55] and the other groups have
studied and reported the redox noninnocence of o-dii-
mine ligands thoroughly while coordinating with the
various transition metal ions. Identifying the particu-
lar electronic structure of complexes is challenging
due to the possibility of numerous valence states. Both
experimental techniques and theoretical calculations
have been employed to elucidate the exact electronic
structures of various homo- and heteroleptic com-
plexes having redox noninnocent systems. Cui et al.
investigated the bonding interaction with the dian-
ionic and diamido states of DAB ligands thoroughly
while coordinating s-, p-, and f~-block metals [62].
Yang et al. in 2021 examined the structure and bond-
ing of the main group metals with o-diimine ligands
[63]. Very recently, DAB (in the reduced forms) com-
plexes of earlier transition metals and f~-block metals
have been reviewed by Mashima [24].

As stated earlier, the diimine chromophore in the
DAB ligand is electronically more flexible compared
to bipyridine to readily accept excess electron density
from the low-oxidation-state metal ion in its lowest
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unoccupied molecular orbital (LUMO). Diimine’s
C—C bonding LUMO can steal an electron from the
electron-rich metal ion and generate a monoanionic
radical ligand (DAB)"~ those results in a significant
difference in C—C and C—N bond distances com-
pared to the neutral diimine state.

Neutral DAB ligands usually have a C=N double
bond (ca. 1.29 A) and a C—C single bond length (ca.
1.50 A), whereas in one electron reduce state
(DAB" "), there are elongated C—N distances (1.32 A)
and shortened C—C distances (1.40 A), resulting in
averaged bond lengths due to delocalized electron
density throughout the C,N, backbone. In the dian-
ionic state, the C—N distance is further elongated, and
the C—C length is shortened [64].

In 1994, Raston et al. reported the single crystal
X-ray structure of the series of paramagnetic bis(1,4-
dialkyl-1,4 diazabutadiene) complexes, consisting of
lithium (7), gallium, magnesium, and zinc. This
structure unequivocally proves the neutral anionic
radical state of the diimine system [65] (Scheme 5).
When the X-ray crystallographic bond parameters of
the above system are compared with the neutral dii-
mine fragment, it has been noticed that the CN and
CC distances are 1.24 and 1.49 A, respectively,
whereas in the diimine anion radical state, the average
CN bond distance is 1.32 A and the CC bond length is
1.40 A. In fact, the structural behaviour of such a sys-
tem is heavily influenced by the coordination mode of
the metal ion. To determine the electronic properties
of DAB complexes, different spectroscopic evidence
must be analyzed to correlate with the X-ray crystallo-
graphic data. DFT simulations are also required for
comprehensive analysis to determine the actual elec-
tronic structure of the complex.

No. 6 2024



VERSATILE ELECTRONIC AND STRUCTURAL PROPERTIES

Bu

4 N
7
1.49 \
N/
| Bu
"Bu

1.

o

'Bu
N/ 1.32
<3
1.2 /N 1.32

=

[Li("Bu,DAB);]
Scheme 5. Bond distances
in Li(1,4-di-fert-butyl-1,4-diazabutadiene),.

In the literature, numerous main group as well as
transition metal ion complexes with DAB ligands are
reported, but specific structurally characterised ruthe-

DAB + [Ru(PPh3)2C12]
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nium-coordinated 1,4-diaza-1,3-butadiene ligands
are limited. The bond parameter and redox activity of
several ruthenium-DAB systems are analysed in the
next section in accordance with the sequential order
accessible in the literature since 1980.

RUTHENIUM COMPLEXES OF 1,4-DIAZA-1,3-
BUTADIENE LIGANDS

Chaudret and Poilblanc published the first study
on diazadiene-ruthenium complexes in 1980 [66].
They reported four different N and C substituted
diimine ligand systems (Scheme 3, L', L, L!°, and
L"), which are reacted with ruthenium metal precur-
sors to ultimately form dinuclear ruthenium DAB
complexes (Scheme 6).

[Ruy(DAB),(PPh3),Cl3]X

X =Cl"or BPhy

Scheme 6. A generic reaction strategy for synthesising [Ruz(DAB)z(PPh3)2Cl3]+.

On the basis of NMR and other spectroscopic evi-
dence, the chloro-bridged dimer structure of ruthe-
nium has been established. But no X-ray crystallo-
graphic data was available to validate the precise struc-
tures of these complexes. The following year (1981),
the same group reported tris-DAB; (DAB = 1,2-bis-
(p-methoxyphenylimino)ethane) (L!°) ligand com-
plexes of Ru(0) with structural confirmation. This
could be the first ruthenium-diazadiene complex to
have single-crystal X-ray crystallographic structural
data. Poilblanc et al. reported [Ru(L'%);]° complex (I)
(Scheme 7) obtained from the reaction between
[RuH,(PPhs)4] or [RuH(CsH,PPh,)(PPh;),(C,H,)]
and (L' DAB ligand in toluene. The C=N bond
lengths of the diimine fragment in the complex I range
from 1.28 to 1.38 A (mean 1.34(5) A), whereas those of
the imino CC bonds range from 1.33 to 1.45 A (mean
1.37(5) A). Bond length data suggested that in the
complex I, L!° ligands may bind the metal ion in a
neutral anionic state, but magnetic moment and
chemical reactivity do not support this fact. Interest-
ingly, the compound is diamagnetic below —10°C and
turns paramagnetic at higher temperatures. In the
presence of molecular oxygen and even the existence
of too much diazadiene, complex I quickly oxidises to
[Ru(DAB);]** [67]. We found that the reactivity of the
complexes was comprehensively reported by the same
group of researchers later [68].
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Scheme 7. Schematic structure of I.

At almost the same time, the breakthrough in the
chemistry of diazadienes was made by H. tom Dieck’s
group. H. tom Dieck et al. published the first octahedral
ruthenium complex incorporating two trans-DAB ligands
in 1981 [69]. The structure of cis-dichloro-bis(2,7-
dimethyl-3,6-diazaoctadiene-3,5)ruthenium(Il) (II) was
synthesised from RuCl;3H,0 in the presence of Zn dust
in THF solvent. The cis-configuration of the structure was
confirmed from the "H NMR data. X-ray crystallography
revealed that although the average C—C distance is short-
ened to 1.40 A, the C=N bond lengths (1.29 A) are only
somewhat shorter than in a free DAB in the gas phase.
These unambiguously indicate that ruthenium metal
develops a back bonding interaction with the DAB ligand,
implying the DAB ligand’s monoanionic radical nature.

No.6 2024
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Later, they documented the synthesis of series
[Ru(DAB),C1,] (III), where DAB = diazadiene,
(RN=CR'-CR=NR) complexes, as well as their
trans-cis isomerization, conformational, and spectro-
scopic properties. The symmetry and conformation of
the compounds are explored using electronic spectra,
'H NMR, and electrochemical data. The redox pro-
cess between Ru(Il) and Ru(lIIl) is entirely reversible
for both stereochemistrys, while the reduction is irre-
versible [70]. But at that time, all these complexes
were not completely characterised by X-ray crystal-
lography.

In 1987, H. tom Dieck et al. reported the synthesis,
structure, and catalytic properties of another complex,
[Ru(COD)(DAB)(H)CI1] (IV), where (DAB = 1,5-
cyclooctadiene-1,4-diaza-1,3-diene). In this case,
structure is also assumed based on a spectroscopy
study [71]. They also reported that adding 2 equiv. of
potassium in the THF complex [Ru(DAB),C1,] (III)
(DAB = diazadiene, RN=CR'-CR=NR) was
reduced to [(DAB),Ru] (V). Complex III is further
reduced by (Mg—C,Hy) in an argon environment,
which results in a novel C—C coupling of butadiene to
one of the diazadienes ligands. All these chemical pro-
cesses were hypothesised with the aid of 'H NMR and
UV-vis data [72].

C.J. Elsevier and his co-worker reported the syn-
theses of a series of extremely air-sensitive mononu-
clear ruthenium-DAB complexes having the general
formula [Ru(R-DAB)(CO);] (R-DAB: R = Pr (VI),
c-Hex (VII), '‘Bu (VIII), p-Tol (IX)) starting from
[Ru(CO)s]. Due to their extreme reactivity, these
compounds could only be obtained in solution.
Despite this, unambiguous characterization was
achieved using IR, FD mass, 'H NMR, and *C NMR
spectroscopy. Yet, the author has further reported the
synthesis and structural properties of the diruthenium
complex [Ru,(‘Pr-DAB)(CO);] (X). Complex X has
been generated thermally or photochemically from
[Ru(‘Pr-DAB)(CO);] (VI). In VI, two reductively ‘Pr-
DAB ligands are joined through the formation of a
new C—C bond. As a result of this coupling, both N—
C imine bonds have been reduced to aminato N—C
bonds. Complex VI is unique for the generation of
reversible carbon—carbon bonds and the simultaneous
fission of two (‘Pr-DAB) ligands on a diruthenium
fragment [73].

A bimetallic complex of the o-diimine system
[(CO)sMnRu(Me)(CO),(‘Pr-DAB)] (XI) (DAB = pyri-
dine-2-carbaldehyde-N, NV -diisopropyl-1,4-diaza-1,3-bu-
tadiene) was reported by H.A. Nieuwenhuis et al. in 1995.
Photochemical irradiation of the complex XI generates
the formation of the radicals [Mn(CO);] and
[Ru(Me)(CO),(‘Pr-DAB)"]. The existence  of
[Ru(Me)(CO),(‘Pr-DAB)] radicals has been confirmed
by ESR spectroscopy [74].
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In 1996, Maxim P. Aarnts synthesized a novel inor-
ganometallic complex, [Ru(SnPh,),(CO),(‘Pr-DAB)]
(XII) (‘Pr-DAB = N,N'-diisopropyl-1,4-diaza-1,3-
butadiene), and its stable radical-anion state
[Ru(SnPh;),(CO),(‘Pr-DAB" )] (XIII) (Scheme 8).
Complexes (XII and XIII) have a nearly linear Sn—
Ru—Sn structural moiety. Interestingly, the central
C—C bond (1.39(3) A) of the ‘Pr-DAB ligand appears
to be shorter in XII than in the closely related complex
[Ru(Cl1)(SnPh;)(CO),(‘Pr-DAB)] (XIV) (1.435(6) A).
At the same time, the C—N bond distances are 1.34(2)
and 1.34(3) A, elongated with respect to XIV (1.279(6)
and 1.303(6) A). Complex XII is reversibly reduced at
(E,,;) —1.86 Vvs. Fc/Fc™. The chemical reversibility is
documented by the peak current ratio (Ip,/Ip.). Elec-
trochemical reversibility indicates that the reduction
of XII is not accompanied by any major structural
change, apparently producing the corresponding rad-
ical anion. The EPR signal, obtained in the THF solu-
tion, is centred at g = 1.9960. The EPR spectrum fully
confirms the proposed composition of the
[Ru(SnPh;),(CO),("Pr-DAD" )] radical species and
also confirms the symmetry equivalence of the two Sn
nuclei [75].

R, R R R
7\ re- NN
RN ON-R = R-N'TN-R
Ph;Sn—Ru— SnPh; Ph3Sn—}{u—SnPh3
o’ co oc ¢Co
(XII) (XIIT)

Scheme 8. Schematic structures of (XII) and (XIII.)

In 1997, Aarnts et al. reported the syntheses, struc-
tures, and spectroscopic properties of different bime-

tallic metal-metal bonded complexes of type
[Ru(SnPh3)(Mn(CO);)(CO),('PrDAB)] (XV),
[Ru(SnPh;)(Co(CO),)(CO),(‘PrDAB)] (XVI) and

[Ru(Re(CO)5),(CO),(‘PrDAB)] (VII) (‘PrDAB =
N,N'-diisopropyl-1,4-diaza-1,3-butadiene). = Com-
plexes have a deformed octahedral geometry, accord-
ing to X-ray crystallography data. The IR, Raman,
NMR, and visible absorption spectra all exhibit
charge-transfer bands in the visible region, with a sig-
nificant *J(1"'¥Sn,H) coupling constant for the
DAB’s imine protons, confirming the strong charge
delocalization [76, 77].

Derk J. Stufkens reported in 1998 the synthesis and
spectroscopic properties of trans,cis and cis,cis isomers
of [Ru(I)(Me)(CO),(‘Pr-DAB)] (XVIII) [(‘Pr-
DAB) = N,N'-diisopropyl 1,4-diazabutadiene]
(Scheme 9). In these compound diimine, C—C bond
length is 1.48(1), whereas the C—N bond lengths are
1.26(1) and 1.26(1) A [78].
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Scheme 9. Schematic structure of (XVIII).

H.-W. Fruhauf et al. reported a stable ruthenium-
DAB complex with carbonyl and iodide as coligands of
type [(R-DAB)Ru(CO),1,] (XIX) (R-DAB: N,N'-R,-
1,4-diaza-1,3-butadiene), which is analogous to [(‘Pr-
DAB)Fe(CO),l,] (XX). The C—N and C—C bond dis-
tances in these complexes, respectively, are 1.28 and
1.50 A, whereas the ligand has practically equal bond
distances of 1.258 and 1.457 A, respectively, for the
same bonds. This suggests that no metal-to-diimine-
nt-back bonding occurred [79].

CcoO

J. van Slageren et al. extensively studied the *Ru
NMR spectroscopy, UV-visible absorption spectra
and theoretical perspective of the complexes of the
type [Ru(X)(Y)(CO),(i-Pr-DAB)] (DAB: 1,4-diiso-
propyl-1,4-diaza-1,3-butadiene; X, Y = Ph;Sn,
Me,;Sn, Ph;Pb, Ph;Ge, Cl, Br, I, Me, Et, i-Pr, neo-
Pe, [Mn(CO);], [RuCp(CO),)] [80, 81].

In 2009, Xue-Tai Chen and co-workers synthesized
several Ru(II)—nitosyl complexes (XXI) (Scheme 10)
in the presence of various diimine fragments, from
[Ru(NO)Cl;]. The Ru—N(imine) bonds in those
complexes are in the range 2.052(4)—2.110(3) A. Some
of the Ru(II)—nitosyl complexes working as efficient
catalyst precursors for the transfer hydrogenation of
ketones and some of them exhibit catalytic activities in
atom transfer radical polymerization of styrene [82].

R R’

R—N/ Cl
N4
Ru\
Cl/ ‘ Cl
NO
(XXI)

Scheme 10. Schematic structure of (XXI).

Wolfgang Kaim and co-authors published a several
novel ruthenium coordinate diazabutadiene [Ru(R-
DAB)(acac),] (XXII, XXIII and XXIV) in 2014 (R-
DAB = 1,4-diorganyl-1,4-diazabuta-1,3-diene; tert-
butyl,4-methoxyphenyl, 2,6-dimethylphenyl; acac =
2,4-pentanedionate) (Scheme 11). The average C—N
bond length in these compounds is 1.317 A, which is
between 1.297 and 1.344 A. The C—C bond lengths are

N—R
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1.413 A, which is intermediate between 1.382 and
1.425 A. This bond length trend suggests an electronic
structure of XXII is [Ru'(R-DAB"~)(acac),]|, where
the Ru(IIl) centre chelates with the monoanionic
diazabutadiene radical system. All of these com-
pounds are diamagnetic and EPR-silent. The analysis
of bonding among XXII, XXIII and XXIV shows that
substituting diimine fragments may influence the
electrical features of the DAB ligand. According to
experimental and theoretical studies, it has been con-
cluded that metal-to-ligand mt-back donation is more
effective for the aryl-substituted DAB ligand com-
pared to the fert-butyl-substituted DAB system. Crys-
tallographic evidence, spectroscopic data analysis,
the spin-orbit coupling constant and the average
g-anisotropy value supported the coupling of the
ligand-based radical system and the +3 oxidation state
of the ruthenium metal [49].

acac: bo

Scheme 11. Schematic structure of (XXII), (XXIII), and
(XXIV) (R = 1,4-diorganyl-1,4-diazabuta-1,3-diene; -fert-
butyl,4-methoxyphenyl, -2,6-dimethylphenyl; acac = 2,4-

pentanedionate).

In 2014, our group [35] also reported the mononu-
clear ruthenium complex [Ru(DAB)(PPh;);Cl,]
(XXV) (Scheme 12), starting from the precursor
[Ru(PPh;);Cl,] and DAB ligand (DAB = 1,4-di(3-
nitrophenyl)-1,4-diazabutadiene). The average Ru—
P, Ru—Cl, and Ru—N distances are 2.4179(5),
2.4206(5), and 2.0519(14) A as recorded crystallogra-
phy data for the compound XXV.

R PPh,
N
E \R‘u/a
\N/ ‘ T~q
| PPh;
R

Scheme 12. Schematic structure of (XXV)
(R =1, 4-di(3-nitrophenyl)-1,4-diazabutadiene).
While complex XXV has lower energy absorption
bands at 509 nm, the free DAB ligand (DAB = 1, 4-
di(3-nitrophenyl)-1,4-diazabutadiene) absorbs strongly
at 360 nm. Complex XXV exhibits reversible anodic
peaks at 0.11 V and reversible cathodic peaks at
—1.27 V. The redox activities of the complex XXV were

No.6 2024



422

determined by cyclic voltammetry at 298 K in CH,Cl,.
The anodic waves at +0.11 V are reversible, with refer-
ence to the Fc*/Fc, ascribed to the Ru'l/Ru'! redox
couple. This fact is backed by the EPR spectrum of the
electrogenerated [Ru(DAB)(PPh;);Cl,]" cation. Sim-

[Ru''(DAB)(PPh;);Cl,]*

The bond parameters, cyclic voltammetry analy-
ses, EPR spectra, and DFT calculations have sug-
gested that in the complex XXV neutral diimine frag-
ments coordinate to a ruthenium(IT) ion.

In 2018, Meng Guan Tay et al. reported the forma-
tion ofdinuclear trichloro-bridged [Ru,Cl;(P(p-
tolyl);),(OMe-DAB),]" (XXVI) and mononuclear
ruthenium [RuCl,(P(p-tolyl);),(Me-DAB)] (XXVII)
(Scheme 13) complexes. These complexes are synthe-
sised from the reactions of chlorotris(p-tolylphos-
phine)ruthenium(II) with diazabutadiene ligands in
THF. The two trans-mononuclear complexes were
well characterized by X-ray crystallography as well as
solid-state 3'P NMR. A temperature-dependent 3'P
NMR study was carried out to monitor the formation
of dinuclear and mononuclear complexes. Tempera-

4c1§ /
\/ T~

(XXVI)

Scheme 13. Schematic structure of (XXVI) and (XXVII) (R = 1,4-diazabutadiene; PX; =

S. Bhattacharya and co-workers recently devel-
oped a series of Ru-DAB complexes and explored their
catalytic activity. Chloro-bridged di-ruthenium com-
plexes (XXVIII) (Scheme 14) were generated from the
reaction between [Ru(PPh;);Cl,] and 1,4-diazabuta-
diene ligands (DAB p-RC(H,N=C(H)—
C(H)=NC¢H,R-p; R = OCH,;, CH;, H and CI).
These compounds’ crystal structures were identified,
and the DFT technique was used to optimise their
molecular structure. These complexes have been
shown to be effective catalyst precursors for the C—N
coupling of primary amines under oxidative and
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R
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ilarly, due to the reduction of the diimine fragments,
i.e., the formation of the [DAB/DAB " "] redox couple
indicated by the reversible cathodic waves at 1.27 V.
The EPR spectrum of electrogenerated [Ru(DAB)-
(PPhs;);Cl,]™ confirms the production of anion radicals.

[Ru'l(DAB*~)(PPh;);Cl,]~

ture-dependent 3'P and '"H NMR experiments showed
that the dinuclear complex was more favourable at low
temperatures, whereas the mononuclear complex was
more preferable at higher temperatures. When the
bond lengths of free diimine and coordinated ligands
were compared, the C=N-bond length increased from
1.28 to 1.31 A after coordination with the Ru metal
centre. In contrast, the length of the =CH—-CH=
bond decreased from 1.45 to 1.40 A when compared to
free diimines. In a Csp>—Csp? conjugated system, the
free diimine has a typical carbon-nitrogen double
bond length, 1.28 A, and a carbon-carbon single bond
length, 1.45 A. After coordination, the deformed
diazadiene has longer —C=N-— and shorter =CH—
CH= bond lengths, indicating substantial 7m-back
donation [83].

R R PX;
j ~
Z [ ‘
1|z PX;
(XXVII)

P(p-tolyl);).

deaminative conditions,
quantities [84].

yielding imines in good

R
PPh3 '

\
/ \
Ph3P
R R
(XXVIII)

Scheme 14. Schematic structure of (XXVIII)
(R =O0CH;, CH;, H and CI).

[\/a
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The same group of researchers further published
the series of mononuclear complexes very recently,
having a general skeleton frans-Ru(DAB),Cl, (XXIX).
They have synthesized the frans-[Ru(DAB),Cl,] com-
plexes by refluxing cis-Ru(DMSO0),Cl, with 1,4-diaz-
abutadienes [DAB = p-XC,H,N=C(H)(H)C=
NC¢H,X-p; X = H, CH;, OCH3;, and Cl] in acetone
for 8 hours. On the other hand, the cis-analogous has
been isolated by refluxing ortho-xylene for 10 hours.
The cis-isomers are thermodynamically favourable
and stable. The C—C and C—N bond lengths in the
complexes are supported by the m-back-donation from
the electron-rich, low-spin d° ruthenium centre to the
DAB ligand motif. Cyclic voltammetry experiments
on the complexes show an oxidative response and a
reductive response within +0.50 to +0.93 Vand —0.76
to —1.24 V vs. SCE, respectively. These complexes
function as catalyst precursors for acceptor-less dehy-
drogenate coupling of primary alcohols to H, and
esters [85].

SUMMARY

In this review, we have discussed numerous exam-
ples of N-substituted diazabutadiene ligand com-
plexes and their coordination modes with distinct
ruthenium metal centres. The findings, which were
reported by numerous research groups over the last
several decades, were examined using electronic
structural features. Diazadiene is unequivocally a
redox active ligand; it coordinates to the metal centre
via neutral, mono-anionic, and dianionic states. It can
stabilise the low- and high-oxidation states of ruthe-
nium metal due to its diverse electronic state and
bonding pattern. In most situations, ruthenium com-
plexes are stabilised by the DAB ligand in the presence
of other m-acid ligands such as CO, PPh;, and so on.
Bonding analysis of the complexes revealed that most
of the cases involving ruthenium-mediated 1,4-diaza-
1,3-butadiene motifs (—N=CH—-CH=N-) have
shorter NC and longer CC bond lengths. It is obvious
due to the fact that diazadiene ligand can operate as
both source and sink of the electron density, especially
when bonded with the electron-rich Ru(1l) d® metal
ion. To determine the actual electronic structure of
the system (Scheme 15), one must correlate all param-
eters, such as structural data, electrochemistry, EPR,
and theoretical calculations [49].
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Scheme 15. Possible electronic states[Ru”*(DAB)T]
system [49].

In this concise review, one can get brief informa-
tion about the structure and binding mode of the
‘redox active’ ruthenium-diazadiene ligand systems.
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