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Abstract: This review covers the synthesis and properties of 2,5-diamino-1,4-benzoquinonediimines
(DABQDI), and their use as ligand in coordination chemistry. Although reported more than a century
ago, these molecules emerged as highly versatile ligands only from 1998, and are so far used for the
synthesis of numerous complexes with remarkable properties. This exceptional versatility results from
the possible tuning of the N-substituents and the observation of an isomerization process upon
coordination depending on the metal center. As such, these DABQDI can be also considered as ligands
that combine the structural elements of ortho- and para-benzoquinonediimines (0-BQDI and p-BQDI)
which are bidentate monotopic and monodentate ditopic ligands, respectively. These two classes of
BQDI ligands are also reviewed in order to parallel their properties to those of the complexes based on
DABQDI.



1. Introduction and scope

Quinoidal molecules have received particular attention from chemists, physicists and biochemists
as building block in the fields of dyes chemistry, conducting organic materials, supramolecular chemistry
and pharmacology [1-6]. Over the last three decades, they have also been strongly investigated as
ligand, for the design of complexes that could be used in a wide range of applications ranging from
catalysis and molecular electronics, to magnetism or optics [7-10]. Among these quinoidal ligands, para-
and ortho-benzoquinonediimines (p- and 0-BQDI) have a long history because of their easy access and
their different coordination mode (mono- vs bidentate) which allowed the preparation of numerous
complexes (Chart 1). When 1,4-benzoquinonediimine (p-BQDI) is substituted in positions 2 and 5 by
an amine function NH2 (DABQDI), the coordination chemistry differs drastically and becomes much
more versatile compared to p- and 0-BQDI ligands because of the possible p—0 isomerization of
DABQDI. As a consequence, this latter can be considered as a ligand that combines the structural
elements of these two BQDI which are bidentate monotopic and monodentade ditopic ligands,
respectively. Curiously, DABQDI can be considered as an emerging class of versatile ligands by
comparison with its oxygenated analogue (2,5-dihydroxy-1,4-benzoquinone DHBQ, see Chart 1) which
has been extensively used in coordination chemistry for decades. The possible presence of N-
substituents enlarges indeed the scope of these N4 ligands for embracing new challenging areas. The
present review is the first attempt that aims to summarize the coordination chemistry of these three
types of benzoquinonediimine ligands.
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NH HN NH, (@) OH
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p-BQDI o-BQDI DABQDI DHBQ
monodentate bidentate bis-bidentate bis-bidentate
ditopic monotopic ditopic ditopic

Chart 1. Benzoquinonediimines under the scope of this review and structure of dihydroxybenzoquinone.

In a first part, special attention will be devoted to the richness of the coordination chemistry of para-
and ortho-benzoquinonediimines (p- and 0-BQDI). While the position of the nitrogen atom within ditopic
p-BQDI is ideal to develop conjugated complexes, the interest of 0-BQDI isomer mainly lies in its
bidentate character and multiple redox states. The second part will focus on the use of DABQDI (with
or without N-substituents) as a versatile ditopic and bis-bidentate N-ligand for the design of coordination
complexes featuring unique physico-chemical properties. These latter are relevant in several
technological sectors, e.g. catalysis [11-13] or molecular materials (wires, switches, memories, ...) [14],
by analogy with the well-known non-innocent ligands and mixed-valence complexes. The coordination
and electronic assets let foresee a tremendous potential since this type of ligands can be employed to
develop polynuclear and conjugated complexes. Particular emphasis will be given to the optical and

redox properties of the metal ligand complexes. Aside, the synthetic pathways to access these ligands



and modify their substitution will be also described in order to highlight the versatility of this fascinating

class of 12m-electrons quinones.

2. Coordination chemistry of para- and ortho-benzoquinonediimines

Para- and ortho-benzoquinonediimines (Chart 1) are respectively obtained from p- and o-
phenylenediamine (PDA) following chemical, aerobic or metal-assisted oxidation of the species.
Historically, these precursors are already well-known as oxidative hair colorants (for more than a
century) [15, 16] or as precursors for the synthesis of numerous dyes such as phenazines and
azaacenes [17-22], which found several applications, notably as chemical and biological probes or in
organic electronics [23-25]. Although the metalation of BQDI has been already reviewed, this section
aims to exemplify their use as ligand in coordination chemistry and the diversity of the obtained
complexes which will figure as basis for further description of DABQDI-based architectures (see Section
4).

2.1. p-benzoquinonediimine ligands

Ludi and co-workers reported in 1975 the coordination of ruthenium(ll)pentaamine with p-BQDI
(Scheme 1) [26]. A tricationic complex 1-H* was isolated as purple crystals, featuring intense visible
absorption centered at 522 nm. The dramatic red-shift of absorption compared to the free diimine ligand
(Amax = 322 nm) is attributed to a ligand-to-metal charge transfer (LMCT) process. Disappearance of
this transition is monitored upon two-electron reduction of complex 1-H*, which presumably generates
the aromatic form of the ligand (Amax = 286 nm). Deprotonation of complex 1-H* occurred in basic
aqueous solution, generating the dicationic species 1, featuring red-shifted absorption maximum at 562
nm, presumably due to increased LMCT. A pKa of 10.6 was determined for this system, which
underlines the higher basicity of the complex compared to the free p-BQDI ligand (pKa = 5.75).
Furthermore, the introduction of methyl groups at the iminium extremity (2a) and extension of
conjugation using a central naphthalene ring (3) are efficient methods to further red-shift the absorption
up to the orange spectral range (Amax = 568 and 599 nm, respectively). Afterwards, the same group
reported in 1985 analogous complexes introducing osmium(ll) (2b), and consequently evidenced the

negligible effect of the transition metal on the absorption properties [27].
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Scheme 1. Complexes of p-BQDI and corresponding lower energy absorption characteristics [26, 27].

In 1981, Ludi et al. managed to prepare a dinuclear ruthenium complex incorporating a p-BQDI
bridge (4, Figure 1) by mixing p-PDA in an aqueous solution of [(NH3)sRu(H20)]?* [28]. Interestingly, the
absorption spectrum of 4 exhibits three intense low energy bands in the red and near-infrared (NIR)
ranges which were attributed to intervalence charge transfer (IVCT) transitions [29]. Cyclic voltammetry
of 4 in acetonitrile/water reveals oxidation and reduction at 0.82 and 0.21 V vs. NHE, respectively, while
the reduction of the p-BQDI ligand to p-PDA presumably occurs ca. -1 V. The comproportionation
equilibrium was estimated to be shifted towards formation of the mixed-valence complex (Kcom ~ 1019).
Moreover, combined NMR, EPR and crystallographic analysis corroborated the mixed-valence nature
of this p-BQDI-bridged Ru(I1)/Ru(lll) complex.

(HsN)sRU3+HN:<Z>:NHRu2+(NH3)5

4
Amax (D20) = 633 nm (¢ = 88000
M'.ecm™), 1355 nm (¢ = 1040 M"".cm™),
1710 nm (e = 900 M'.cm™)

Figure 1. Structure of dinuclear complex 4 [28].

Herington reported in 1959 the synthesis of linear [(CN)sFe*HN-CeHs-NH*Fe(CN)s][Zns] from p-
phenylenediamine and a disodium pentacyanoamminoferrate precursor in aqueous NaOH solution.
However the poor solubility of the complex did not permit the investigation of its properties in solution
[30]. In 1991, a novel synthetic procedure allowed to isolate this dinuclear complex as a water-soluble
sodium salt 5a (Scheme 2) [31]. Upon lowering the pH, conversion to the mononuclear complex 6 was
evidenced, accompanied by a slight hypsochromic shift of the absorption maximum to 676 nm. Further
acidification of the solution triggered the protonation of the BQDI ligand and a red-shift of the absorption
towards the far red region (Amax = 725 nm for 6-H*). Unlike the system 1, which LMCT transition
undergoes blue-shift upon protonation, the lower energy transition in 6 is attributed to a metal-to-ligand

charge transfer (MLCT), transition which is therefore shifted to lower energy upon protonation.
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Scheme 2. Dinuclear and mononuclear complexes of p-BQDI pentacyanoferrate [31].

Hirao, Moriuichi and co-workers developed numerous T-conjugated complexes introducing N-
substituted p-BQDI 7 (N,N-bis(4’-aminophenyl)-1,4-quinonediimine) [32] ligands as bridging spacers
(Scheme 3) [33]. On the one hand, using a Pd precursor bearing a tridentate ligand (11a), a bimetallic
complex 8a was obtained [34]. This conjugated complex that exhibits absorption centered in the NIR
region (Amax = 806 nm) could be reversibly and stepwise reduced: first to the corresponding semiquinone
diamine 8a" (Amax = 931 nm), and secondly to the phenylenediamide dianion 8a* (no absorption details).
EPR analysis of 8a™ shows that the p-BQDI bridge behaves as a non-innocent ligand since the unpaired
electron is mainly localized on the ligand and weakly delocalized on the Pd nucleus (Figure 2). On the
other hand, while the reaction of ligand 7 with [PdCl2(MeCN):] induces the polymerization of the
complex (9), treatment with an ethylenediamine-Pd(ll) precursor leads to the formation of the trimetallic

macrocyle 10, featuring a broad absorption transition centered ca. 800 nm [35].
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Scheme 3. Conjugated polynuclear Pd complexes introducing p-BQDI ligands [34, 35].
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Figure 2. EPR spectrum of 8a™ in THF at 290K. Reproduced with permission from Ref. [34].Copyright WILEY-VCH
Verlag GmbH, 2001.

Coordination complexes analogue to 8 found a particular interest in the development of chiral
conducting polymers [36]. Similar architectures were developed using the chiral tridendate ligand 11b
to obtain conjugated dinuclear complex 8b exhibiting electronic circular dichroism (ECD), induced by
the complexation to the quinoidal ligand, up to the NIR spectral region (Figure 3) [37, 38].
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Figure 3. UV-Vis-NIR ECD spectra of ligand 11b (10 M) and complex 8b (5.10° M) in CH2Cl2. Figure was
reproduced from ref. [37] with permission of the copyright holders.

Finally, beyond the scope of the simple p-BQDI ligand, it is worthy to note that the same collaborators
reported vanadium(lV) complexes of emeraldine [39] and investigated the redox switching of various

polyaniline and quinonediimine derivatives introducing ruthenium bipyridine [40-42] or ferrocene
extremities [43, 44].

2.2. o-benzoquinonediimines ligands

While only few works relate the use of p-BQDI as ligand, the 0-BQDI isomer has been reported in a

wider range of studies and its coordination chemistry has been extensively reviewed previously [11, 14,



45-48]. The attraction for such quinone is mainly explained by the fact that 0-BQDI is a well-established
non-innocent ligand (Scheme 4), i.e. it exhibits multiple redox states that enrich possible electron
transfer within metal complexes. As such, these redox-active ligands can act as electron reservoirs to
tune the electronic properties of a metal catalyst and/or play a role in catalytic processes [11-13].
Moreover, several ruthenium-based complexes featuring o-quinone ligands have found potential
interest in biology as DNA-binding or cytotoxic agents [49-51]. In consequence, only few instances will
be presented, with principal aim to establish a comparison basis with complexes introducing DABQDI

ligands (see Section 4).

H H H H

Ol & Ol = OF = QX
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o-PDA o0-PDAZ 0-BSQDI 0-BQDI

Scheme 4. Redox forms associated with o-phenylene diamine (0-PDA): dianion (0-PDA?%), o-benzosemiquinone
diimine (0-DBSQ) and o-benzoquinonediimine (0-BQDI).

Seminal work from Feigl and Firth in 1927 reports the formation of a violet complex upon mixing
Ni2* and o-phenylenediamine (0-PDA) in aqueous ammonia [52]. Further mass spectrometry
investigations of the complex and of those of other metal centers (Pd, Pt, Co analogues 13-15)
evidenced the structure of neutral Ni[CsHa(NH)2]2 12 [53-55]. Even if the first proposition of the chemical
structure of these complexes was described as its aromatic form, questions have been raised in 1955
concerning the possibility of a quinonediimine form of the ligand, according to Bardodej [56]. This
hypothesis could be confirmed based on a crystallographic analysis of 12 that demonstrated a quinoidal
character of the ligands in view of the bond length alternation within the CsH4(NH)2 cycles (see 16 in
Chart 2) [57]. Polarography experiments of diamagnetic series 12-15 revealed reversible one-electron
oxidations and reductions leading respectively to the [M-N4]?* and [M-N4]?> species. These results paved
the way in 1975 for the use of these complexes in semiconducting metal-organic salts [58]. Absorption
measurements in DMSO solution highlight the particularly low energy bands located in the NIR range
for Ni, Pd and Pt complexes, and up to 1135 nm for the Co derivative. In the case of nickel complex 12,
it was shown that substitution of one nitrogen of the ligand with a phenyl ring lead to exceptional
batchochromic and hyperchromic shifts of the absorption, with a maximum at 823 nm for 17 [59]. In this
instance, the authors presumed that complex 17 introduces two 0-BSQDI ligands that could be
successively and reversibly reduced to the generate Ni(0-BSQDI)(0-PDA)- then Ni (0-PDA)2% species
at -0.69 and -1.37 V vs. Ag/AgCl, respectively.
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Chart 2. Series of [M-Na4] type complexes 12-15 reported by Balch and Holm (absorption in DMSO) [55], structures
of Ni[CsH4(NH)2]2 16 [57] and N-substituted analogue 17 [59].

In 1973, Goedken and Christoph reported the isolation of a purple (o-BQDI)tetracyanoiron(ll)
complex and established the quinoidal nature of the ligand for this type of complex [60]. Shortly
afterwards, Warren published a comparative study of 0-BQDI complexes, including cobalt (18) and iron
(19) derivatives (Chart 3), the former being obtained either from tris complex 20 or by oxidation of 15 in
presence of sodium iodide [61]. Such series allows to highlight that the first oxidation potentials of
complexes 16, 18 and 19 was highly dependent on the metal, in the following order: Ni (+0.11 V) < Co
(-0.15 V) < Fe (-0.36 V) in acetonitrile, their first reduction potential being located in a smaller range
(-0.78 t0 -0.89 V vs. SCE). The series of hexacoordinated complexes 20-22 were described as colorful
compounds and display strong absorption in the red region, the lower energy transition being attributed
to a MLCT [62]. By comparison with bipyridine (bipy) ligand, 0-BQDI is easier to reduce and therefore
acts as a stronger 1r-acceptor. The particularly efficient m-backbonding has been studied in depth by
Lever et al. in the case of Ru'"[(NHz)2Cl2(0-BQDI)] complex [63, 64]. Interestingly, this complex was also
reported to undergo disproportionation in presence of acid to yield Ru'"[(NHs)2Cl2(0-BQDI)]* and
Ru[(NHz3)2Cl2(0-PDA)]* [65]. Such proton-induced and pH-dependent disproportionation may find
potential interest in the screening of catalytic and biological processes involving non-innocent ligands.
Mixed complexes introducing o-PDA and o-BQDI ligand were successively reported: increasing the
number of aromatic ligand in Ru[(BQDI)x(0-PDA)s-x][PFs]2 being principally accompanied by a blue-shift
of the absorption (Amax = 544 and 468 nm for x = 2 and 1, respectively) [66, 67].
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Chart 3. Bis and tris 0-BQDI complexes and absorption data in MeCN [61, 68].

Substitution of the quinonediimine ligand within structures 23-26 depicted in Chart 3 is accompanied
by absorption and redox potential shifts that can be correlated to the corresponding Hammett
parameters for each substituent [64, 68]. Not surprisingly, easier reductions are measured with
increasing electron-withdrawing functions, together with bathochromic shift of the lower energy
transition, characterized by a quite low extinction coefficients (¢ < 600 M-1.cm-). Controlled reduction
allowed to record the absorption spectra of the 0-BSQDI and o-PDA forms of the ligand, revealing non-
negligible optical shifts. The authors were able to ascribe most of the transitions observed, the lower
energy band in 25 (R = H, band 5 in Figure 4) being for instance attributed to a MLCT, and the second
transition (ca. 500 nm, band 4 in Figure 4) having a mixed distribution between ligand and metal (defined
as a metal-ligand to metal-ligand transition (MLML)). While, the reduction to the 0-BSQDI ligand triggers
the apparition of absorption transitions at 900 and 625 nm (bands 10 and 9, Figure 4), further reduction
to the o-PDA form of the ligand leads to a blue-shift of the absorption maximum to 478 nm (band 13,
Figure 4). The reader interested in the rationalization and tuning of the 0-BSQDI ligand is invited to
consult works by Wieghardt et al. that deliver complete experimental and theoretical investigations of

semiquinone-based iron, ruthenium, cobalt, nickel and palladium complexes [69-74].
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Figure 4. Absorption spectra of complexes [Ru(bipy)2(0-PDA)]?* (dashed line), [Ru(bipy)2(0-BSQDI)]* (dotted line)
[Ru(bipy)2(0-BQDI)]?* (plain line) in MeCN. Reprinted with permission from Ref. [68]. Copyright1993 American
Chemical Society.

3. Synthesis and properties of 2,5-diamino-benzoquinonediimines

3.1. Synthesis

3.1.1. Oxidation of tetraaminobenzene

By comparison with o- and p-PDA, tetraaminobenzene (TAB) is a highly electron rich aromatic
compound that is potentially of great interest for the development of organic architectures and
coordination complexes. However, the prompt aerial oxidation to DABQDI does not facilitate its usage
but reveals instead to be a convenient method to access quinoidal systems. Historically, Nietzki brought
to light the spontaneous oxidation of TAB under aerobic conditions in 1887 [75, 76]. Nakata et al.
reported in 2005 the sublimation of unsubstituted DABQDI on a Csl plate cooled by closed-cycle
refrigeration at 15 K but the compound was not fully characterized [77]. Although this molecule was first
mentioned 130 years ago, the synthesis and full characterization of the unsubstituted DABQDI ligand
has been published only in 2014 (Scheme 5) [78], the key feature being the precipitation of DABQDI in
MeOH right after its formation in order to prevent further side reactions (hydrolysis, reaction with TAB,

further oxidation...).

H,N NH, Csﬁﬂi%?*Ha'r H,N NH
HoN NH, -2H"-2e-  HN NH,
(79%)
TAB DABQDI

Scheme 5. Aerobic synthesis of DABQDI from TAB [78].
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3.1.2. Self-condensation of anilines

Structures derived from DABQDI have been source of many discussions since the end of the
nineteenth century, especially during the development of the indulines and other parent dyes derived
from anilines [79]. Historically, the first example of DABQDI derivative was the azophenine 27 depicted
in Scheme 6, which formation occurs through self-condensation of aniline with poor yield due to the
production of several by-products. If this quinone was discovered by Kimich in 1875, its constitution
formula was only established in 1888 by Fischer and Hepp [80, 81]. The next year, Bandrowski’s work
on the oxidation of p-PDA led to the isolation of the famous base named after him (Scheme 6) [82]. The
structure of Bandrowski’s base 28 was proposed by Green in 1913 and elucidated by Lauer 25 years
later [83-85]. Aspects of this compound were intensively studied during the twentieth century due to
occurrences in hair dyeing related dermatitis [86-88]. More recently, crystal structures of 27 and 28
have been reported, bringing an ultimate characterization of these historical DABQDI derivatives
(Figure 5) [89, 90]. Interestingly, two molecular structures of azophenine 27 were reported as triclinic
and orthorhombic polymorphs, showing different orientation of the phenyl rings and stabilized by weak

C-H--1 interactions or -1 stacking in the crystal, respectively [89, 91].

NH,

NH,
27 28

Scheme 6. Synthesis of historical DABQDI derivatives [80, 82].

Figure 5. Structure and selected bond lengths (A) of azophenine 27 (left, [89]) and Bandrowski’s base 28 (right,
[90]); Anisotropic displacement parameters at 50%.
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3.1.3. Acylation reaction

Several general strategies were reported for the introduction of substituted amines on DABQDI.
Although the DABQDI, azophenine and Bandrowski’s base have been known for more than a century,
the first alternative to prepare N-substituted analogues has been only reported in 2000 by Braunstein
and Siri [92, 93]. This method - depicted in Scheme 7 - lies in the substitution of TAB using an acyl
chloride reagent to form the aromatic derivative 29-a-c. The resulting amide functions are reduced in
presence of LiAlH4, providing the intermediate 30a-c which undergoes spontaneous oxidation during
aerobic workup, by analogy with TAB. Functionalized quinones 31a-c are then isolated with moderate

to good yields mainly depending on the steric influence of the amide substituents.

Os_R Os_R R R R R
H,N NH RCOC! j\l/ T\J/H LiAIH, Ju N(H IDN Nr
2 2 EtzN, MeCN THF air 7
*4 HCl - —_—
H,N NH, R ='Bu, Me, Et HN NH HN I\ﬂ-l N NH
n 0,
TAB 20-35% R/&O R/&O R) R R) R
29a-c 30a-c 31a R =Bu (18%)

31b R = Me (37%)
31c R = Et (58%)

Scheme 7. Acylation of TAB to access N-substituted DABQDI derivatives [92, 93].

Aside, a multi-step procedure from diamino-dinitro-benzene derivatives allowed to access
unsymmetrically N-substituted DABQDI (Scheme 8) [94]. Acylation of 4,5-dinitrobenzene-1,2-diamine
(32) leads to the formation of compound 33 with an excellent yield, this latter being converted to 34
using SnClz as reducing agent. Treatment with a different acyl chloride allows to form
tetraamidobenzene 35 which does not undergo aerobic oxidation because of the electron-withdrawing
amide functions. Their reduction with LiAlH4 converts 35 into its corresponding tetraamine 36 (not

isolated), that is readily oxidized in presence of air to yield the target quinone 37 as a yellow solid.

0._Bu 0._Bu
BucOCI Y SnCly.H,0

O,N NH,  95% O,N NH 80% HoN NH
32 07 By 07 By

33 34

PhCOCI
MeCN J85%
tBuW (Ph tBuw (Ph ‘Bu._0O Ph.__O
Nj;t["‘” air HN]@NH LiAH, THF ~ FN NH
HN \l\t 15% HN NH HN NH
tBu) Ph tBu) Ph 0~ 'Bu 07 "Ph

37 36 35

Scheme 8. Access to unsymmetrical N-substituted DABQDI derivatives [94].
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3.1.4. Buchwald-Hartwig coupling reaction

An alternative method of N-functionalization is based on the direct coupling of amines on the
tetrabromobenzene precursor 38 using the Buchwald-Hartwig reaction [95-97]. N-alkyl and N-aryl
derivatives 39 are obtained with good to quasi-quantitative yields (Scheme 9). Interestingly, the nature
of the substitution appears to influence the rate of aerobic oxidation to the corresponding quinone 40:
while the conversion occurs within few hours for arylamine derivatives, few days are necessary for the
oxidation of the alkylamine analogues. By analogy with TAB tetrachloride, the oxidation of arenes 39 to

guinones 40 can be prevented through protonation of the nitrogen atoms with HCI before their isolation.

HNR
Pd(OAc), R R R R
:@i Br ’BuONa I|gand HN NH air, cHcl, AN =N
R = alkyl, aryl HN NH R=Bu(99%) NZ NH
(76-99%) & i) & &
38 39 40

Scheme 9. N-substituted DABQDI via Pd(Il) cross-coupling reaction [96].

3.1.5. Michael addition

Harvey and co-workers have recently disclosed a new pathway towards N-substituted DABQDI [98].
The p-benzoquinone reacted with the aniline derivative 41 in presence of excess TiCls and a base to
yield quinone 42 (Scheme 10). The synthon 42 was relevant to study the excited state of an emeraldine
model and has later been used for the preparation of luminescent azophenine-Pt organometallic
complexes [99].

Et;N, TiCl, | 70%

Me3Si =—SiMe;,

— OO

Scheme 10. Preparation of DABQDI from p-benzoquinone [98].

3.1.6. Transamination reaction

A particularly efficient and simple synthesis of N-substituted DABQDI based on transamination was
recently reported (Scheme 11) [100]. During the reaction pathway, TAB tetrachloride is deprotonated

in presence of a primary alkylamine and oxidized under air to the corresponding quinone. The
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ammonium formed during the first step is crucial for the further generation of a charged iminium
intermediate which yields product 40 via transamination. This atom-efficient method allowed to

introduce various alkylamines without using any metal catalyst.

RNH, air B B
HoN NH, R = alkyl HN _N
PR S Ot
H,N NH, 12-88% [}j/ NH
R R
TAB 40
+
R-NH, NH,
[Ox]
.
R-NH; R-NH,
N H H
HoN NH RHg RNHz | N AN
) O g »
HN NH, N N’
H H

DABQDI

Scheme 11. N-substituted DABQDI via transamination [100].

3.1.7. Methylation and aminomethylenation of TAB

Eventually, the formation of charged DABQDI is conceivable by direct methylation or
aminomethylenation of the TAB precursor. Staab and co-worked performed an Eschweiler-Clarke
reaction in order to reach tetrakis(dimethylamino)benzene 43 incorporating four tertiary amines
(Scheme 12) [101]. Following chemical or aerobic oxidation, the bis-cationic quinone 44 was isolated
as a black-violet crystals (Amax = 573 nm in acetonitrile). Analogous derivatives have more recently been
obtained from the reaction of perfluorobenzene with various lithium dimethylamides to form 45, followed

by protodefluorination to reach 43 [102].

HCHO | |

N NY
O e NSNS oy A
-4 HCl - P - P
HoN NH, 21% \ \ - N
TAB 43 44
Na*[biphenyl]‘T 83% J
F F o | |
F F LiNMe, _N N N, N
o
F F 79% N N7 SN N
I L Lo

45
Scheme 12. Access to octamethyl-TAB and the corresponding diamino-benzoquinonediiminium salt [101, 102].

In a different way, Himmel et al. reported an original strategy to access
tetrakis(tetramethylguanidino)benzene 46 by treatment of TAB with N,N,N’,N'-
tetramethylformamidinium chloride (Scheme 13) [103]. This relatively stable molecule was then
oxidized by iodine to yield the corresponding purple charged quinone 47 (Amax ca. 350-470 nm in

acetonitrile).
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Scheme 13. Aminomethylenation of the TAB [103].

3.1.8. Synthesis from benzothiadiazole

Direct C-functionalization of DABQDI is so far unknown, however it is possible to access indirectly
to these derivatives via a TAB precursor. Even if possibilities to access C-functionalized TAB remain
scarce, few examples demonstrate a versatile approach based on the benzothiadiazole platform 48
[104-108]. This precursor is converted to the 4,7-dibromo-5,6-dinitrobenzothiadiazole 49 which can be
coupled with a thiophene unit to from 50 (Scheme 14). The thiadiazole heterocycle and the nitro
functions are finally reduced in the same step in presence of Zn and acetic acid. Because of its inherent
unstability, compound 51 was directly condensed to diketone derivatives to access various quinoxaline
dyes. However, we can reasonably expect its oxidation into C-substituted DABQDI 52 according to all

the previous works on the oxidation of tetraaminobenzene derivatives.

i. Bry, HBr Br / \
©jN\ 80% ON N ST SmBus 3”3“3
s ———————— s
=\ iil. HNO3 HyS0O, =N PdC'z(PPhs
N 30% O:N N 80%
Br
48 49
S SNGZ
H2N NH [ox] H,N NH, Zn, AcOH

Scheme 14. Benzothiadiazole-based strategy to access C-functionalized TAB [104].

\

This hypothesis is consolidated by a recent work published in 2015 by Bunz et al. who reported a
synthesis of ethynyl-functionalized DABQDI 56 based on two successive reductions of bis-
benzothiadiazole 53 using LiAlH4 to yield 54. A mixture of LiAIH4/Cu (4:1) finally allows to reach quinone
56, whose formation results probably from the aerobic oxidation of its tetraamine aromatic precursor 55
(not isolated) (Scheme 15) [109]. Such functionalized platform has been used for the convenient

generation of various azaacenes by condensation with o-quinones.
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Scheme 15. Strategy to access ethynyl-functionalized DABQDI [109, 110].

It is noteworthy that strategies based on benzothiadiazole precursors to access a variety of C-
functionalized DABQDI let foresee tremendous possibilities, especially in view of the numerous efficient
methods reported for the functionalization of benzothiadiazoles [111, 112].

3.2. Properties of DABQDI

3.2.1. Tautomerism

It is well-established that the azophenine quinone and related DABQDI are subject to a double-
proton transfer involving two possible tautomers, as presented in Scheme 16. This fast exchange has
been characterized in solution and at the solid state using *H and >N NMR experiments [113].
Moreover, IR spectroscopy and theoretical calculations demonstrated that this isomerization could be
triggered by UV-light irradiation [77].

Pho P

N\ /N ,N\ N,
Q KI

N g R

h Ph Ph

Scheme 16. Tautomeric equilibria of azophenine 27 in solution.

3.2.2. Acidochromism

In 1966, Dahne and Leupold predicted the so-called “coupling principle” in organic dyes to rationalize
the unique spectroscopic properties of molecules incorporating 12t-electrons, that are best described
as constituted of two 61r-subsystems chemically linked by two C-C single bonds but electronically
independent [114]. Quinone 31a (Scheme 17) perfectly illustrates this principle as shown on its X-ray

structure which clearly established the presence of two independent cationic trimethine cyanine motifs
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linked by two C-C single bonds [101]. Such model allows to explain the particularly red-shifted
absorption of this relatively simple molecule. The hypothesis of a “coupling principle” was experimentally
demonstrated by Braunstein et al., who investigated the acid-base properties of DABQDI 31a which
can be successively protonated twice to form the corresponding mono and dication, 31a-H* and 31a-2H*
respectively, featuring two independent 61T-electrons systems on the same unsaturated cycle [93, 115].
X-ray analysis of crystals of monoprotonated specie 3la-H* reveals the absence of bond length
alternation between the nitrogen atoms of the trimethine unit (in the “upper part” of the molecule)
whereas an alternation of single and double bonds could be observed between the nitrogen atoms of
the lower part of the molecule. As expected, X-ray diffraction study of the diprotonated species 31a-2H*
revealed a full delocalization of the each 61r-subunits and the absence of conjugation between the two
halves of the dyes. The red-shift of absorption measured in methanol/water solution going from 31a
(Amax = 426 nm) to 31la-H* (Amax = 527 nm) and to 31a-2H* (Amax = 564 nm) is attributed to the T—1r*
intraquinone transition. Thus, this remarkable behavior is a rare example of acidochromy for which it is
possible to control the degree of delocalization of two different 1T-subsystems in a single molecule
depending on the pH. It is noteworthy that fluorescence is detectable for neutral quinone 31 when R =

Ph (Aem = 480 nm) and is dramatically quenched upon protonation of the system [115].

Rj rR Rj R Rj R
N NH N NH * N NH
ORI -

+ + = = _H

HN \NL -H HN \I\‘l\ -H HN Nk

R) R R) R R) R

31a 31a-H* 31a-2H*

Amax = 426, 340 nm Amax = 527, 372 nm Amax = 564, 374 nm
s o

=

Scheme 17. lllustration of the coupling principle in 12-11 electrons quinone 31a (localized vs delocalized distribution
upon protonation evidenced from X-ray analyses) and corresponding coloration in CH2Cl2 solution (R = 'Bu) [93].

3.2.3. Redox properties

The deprotonation of DABQI ligand generally occurs during the formation of coordination complexes
(see Section 4), generating DABQDI? in which the two negative charges can be symmetrically
delocalized between the trimethine units. This dianion can undergo two consecutive one-electron
reductions to afford radical DABQDI3- then tetraanion DABQDI* (Scheme 18). Consequently, these
redox possibilities offers the opportunity to stabilize diamagnetic or paramagnetic species using this

bridging ligand.
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Scheme 18. Redox states of the deprotonated DABQDI ligand (adapted from ref. [116]).

In 2005, the redox versatility of DABQDI was further illustrated by oxidation of quinone 31 by AgOTf
which lead to the formation of a red filtrate [117]. After electrochemical investigations, it turned out that
following one-electron oxidation, two competitive pathways from 31** tends to the generation dimer 32,
as the first example of reversible C-C coupling without dehydrogenation of a quinone derivative
(Scheme 19).

AgOTf R,. .

oYU SUsey ey

RN R e |y NHR RHN” 7 S\HR
R oot~ oTf

31
R = neopentyl

NR RN _NR
R
dimerization | RHN* NHR

SNHR L oTf ]
32 (34%)

Scheme 19. Reversible dimerization of DABQDI [117].

4. Coordination chemistry of 2,5-diamino-para-benzoquinonediimines

4.1. Unsubstituted DABQDI ligand

Although 1,4-dihydroxybenzoquinone (DHBQ) is probably the most used quinoid ligand (more than
200 complexes based on mono-, dinuclear compounds, and polymers) [8], its stepwise metalation
leading to dinuclear and oligomeric complexes has not been described to date. Surprisingly, the
corresponding nitrogenated ligand DABQDI has been much less investigated since only two articles by
Lever et al. in in 1993 and 2000, reported its use as ligand [68, 118]. In both cases, the DABQDI was
prepared in situ in order to overcome its difficult isolation in good yield. Although the ruthenium complex
57 (Scheme 20) reported in 1993 was only characterized by NMR spectroscopy, this compound is - to
the best of our knowledge - the first example of use of the unsubstituted 2,5-diamino-p-
benzoquinonediimine (DABQDI) as ligand. In presence of base, TAB tetrachloride was converted into
DABQDI, for which coordination to ruthenium was accompanied by an isomerization to the
corresponding ortho-quinone. Complex 57 displays a weak low energy absorption band at 641 nm,
which is dramatically red-shifted to 905 nm upon protonation of the ligand (57-2H*), as the MLCT is

reinforced.
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Scheme 20. Structure of Ru(ll) complexes introducing an unsubstituted DABQDI ligand [68].

Upon treatment of TAB with [Ru(bipy)2(MeOH)z]?* (in presence of oxygen and water), the formation
of a dinuclear Ru(ll) complex 58 could be observed (Scheme 21) [118]. Surprisingly, during the course
of the reaction, the expected bridging DABQDI ligand was converted to 1,2,4,5-tetraimino-3,6-
diketocyclohexane, following a 1,4-Michael addition of two hydroxide molecules on an intermediate
binuclear specie.

i. Et;N, MeOH

+
i. [Ru(bipy),(MeOH), 2" ooy I

HoN NH, . air, reflux, 5 h . /N\ /N\R ]

-4 HCl
or AN s o
HN NH, i. EtsN, EtOH N N
TAB i. [Ru(acac),(CHsCN),] 0

ir, reflux, 24 h
air, reflux, 58, L = bipy , n = 4 (10-90%)

Amax (MeCN) = 627 nm, & = 28500 M"'.cm™’!
59, L =acac, n =0 (65%)
Amax (DCM) = 544 nm, € ca. 50000 M-!.cm""’

Scheme 21. Dinuclear Ru(ll) complexes of 1,2,4,5-tetraimino-3,6-diketocyclohexane (bipy = 2,2'-bipyridine; acac =
acetylacetonate) [118, 119].

The complex 58 exhibits strong absorption in the red region which is easily tune by electrochemical
reduction of the ligand. Calculations and spectroelectrochemical measurements revealed a non-
negligible mixing of the ruthenium orbitals through the bridging ligand, which increased upon reduction
of the complex 58 to +3 (Amax = 1176, 810 nm) and +2 (Amax = 758 nm) oxidation states (Figure 6).
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Figure 6. Absorption spectra of complex 58 and reduced forms (ca. 6.10° M) in acetonitrile containing 0.3 M
BusNPFs .Solid line: E = -0.27 V. Short-dashed line: E= 0.1 V. Long-dashed line: E = 0.55 V (potentials vs SCE).
Reprinted with permission from Ref. [118]. Copyright 2000 American Chemical Society.

Lately, complex 59 featuring acetylacetonate ancillary ligands instead of bipyridines was prepared
and shows intense and narrow absorption at 544 nm, assigned to a MLCT transition [119]. Compared
to bipyridine, the acetylacetonate ligands favor the two consecutive metal-centered oxidations of 59 to
the dicationic species 592*, which displays ca. 670 nm. Upon oxidation to 59*, moderate mixed valence
character implying Ru(ll)/Ru(lll) centers was identified by EPR (Figure 7), with g component splitting
matching a lower Ru(lll) species (4d° configuration), but however with no observation of IVCT band in
the NIR. In contrast, upon reduction to 59°, the MLCT transition is shifted to 628 nm and a weak band
is noticed ca. 1040 nm (¢ = 2200 M-1.cm-?), which, combined with EPR experiments showing broad

signals at 298 and 110 K, suggests mixed orbital contributions from ligand and metal centers.
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Figure 7. EPR spectra of (a) 59 and (b) 59* in dichloromethane (0.1 M BusNPFe) at 110 K with microwave
frequencies of 9.4745 (a) and 9.4729 GHz (b), respectively. Reproduced from Ref. [119] with permission from The
Royal Society of Chemistry.

So far, only one report deals with the direct metalation of unsubstituted DABQDI ligand that could
successfully be isolated in a large scale in 2014 [78]. In presence of Ni(acac)z, its metalation reaction
easily form planar Ni-DABQDI tapes 60 which length depends on the solvent used for the reaction, the

precipitation of the complex being the factor limiting the oligomerization process (Scheme 22).
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Scheme 22. Synthesis of Ni tapes of different lengths depending on the solvent (acac = acetylacetonate) [78].

Importantly, although theses complexes can be viewed as “extendable” since each oligomer can
evolve in solution and rearrange into a longer form, they are also stable (that is, much more inert with
respect to the oligomerization) depending on the solvent. In N,N-dimethylsulfoxide, the tetramer (i.e.
the pentanuclear species) displays a broad absorption spamming from the UV up to 900 nm, in the NIR
region (Figure 8). TD-DFT calculations pointed out that the red-shift which accompanied the
oligomerization was mainly due to a very efficient extension of the effective conjugation pathway (Figure
8).

T T T T T T T e |
300 400 500 600 700 800 900 1000
A/nm

Figure 8. Absorption spectra (top) and M06/6-31G(d) delta density plots (bottom) between the excited and ground
states for Ni tapes 60 of different lengths. Red (blue) regions indicate increase (decrease) of the density upon
absorption [78]. Reproduced by permission of The Royal Society of Chemistry.
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4.2. N-substituted DABQDI ligand

Complexes based on C-substituted QDIs are hitherto unknown but it is relevant to mention that N-
substituted DABQDI ligands have attracted much more interest compared to unsubstituted DABQDI,
as their easy access and high solubility paved the way to their use in the preparation of mononuclear

and dinuclear complexes.

4.2.1. Mononuclear complexes

Kaim and co-worker reported in 1998 that the treatment of azophenine with one or two equivalents
of [Cu(PPhz)4][BF4] leads in both cases to the formation of a mononuclear complex 61 (Chart 4) [120].
After crystallization of the specie, it was first observed that the original 1,4-quinone isomerized to a 1,2-
quinone during chelation to Cu(l). A second interesting feature was the presence of an interaction
between a fluorine atom of the BF4 ion and the pendant N-H hydrogens of the o-diamine part of the
ligand, thus explaining the stability of the complex. A metal-induced tautomerism was also evidenced
to take place during the coordination of azophenine to [Re(CO)sCl] complex [121]. In this instance,
additional stabilization of the mononuclear complex 62 was brought in the solid state by Cl-H
interactions between the N-H hydrogens of the ortho-diamino motif and the chlorine atom of a neighbor
complex. UV-Vis absorption of the copper (61) and rhenium (62) complexes shows broad absorptions
spamming from the UV up to 700 nm with high extinction coefficients and the low energy bands were
attributed to MLCT transitions. Interestingly, tungsten analogs 63a-b reported by Braunstein et al. in
2004 revealed no need of stabilization by H-bonding interactions. These W(0) complexes display
absorption centered in the red region and allow to evidence a possible tuning of the absorption maxima
by variation of the nitrogen substituents [122]. More recently, reaction of the DABQDI ligand with
Ni(ClO4)2 hexahydrate in DCM provided the A and /A enantiomers of mononuclear complex 64, the Ni(ll)
center adopting a distorted octahedral geometry. The bond length analysis disclosed the new electronic
distribution within the 4,5-diamino-0-BQDI ligand, which implies that metal-induced tautomerism occurs

during formation of the complex [123].
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Chart 4. Monometallic complexes introducing an isomerized 4,5-diamino-0-BQDI [120-123].

4.2.2. Dinuclear complexes

4.2.2.1. Dinuclear complexes from aromatic TAB

The first attempts to generate dinuclear complexes resulted from deprotonation and oxidation of N-
substituted tetramethylsulfonyl-1,2,4,5-tetraaminobenzene ligand 65, described by Peng et al. in 1992
[124]. Interestingly, the X-ray structures of the dinuclear Cu(l) complex 66a exhibited non-alternant bond
lengths within the N-C1-C2-C3-N bridges and particularly long bonds between C1-C1’ and C3-C3
(Scheme 23). These data confirmed that oxidation of the TAB precursor occurs during the coordination

reaction, generating a non-aromatic DABQDI-type ligand.
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Scheme 23. Cu(l) and Ni(ll) complexes of N,N',N”,N"-tetramethylsulfonyl-DABQDI (py = pyridine) [124].

In their attempts to prepare new ditopic carbenes, Hahn et al. investigated the formation of N-
heterocycles from a tetrasubstituted TAB [125]. While, on the one hand, the reaction of 69 with
Ge[N(SiMes)2]z leads to the formation of the expected benzo bisgermylene complex 70, the reaction
with Se[N(SiMes)2]2 in presence of oxygen triggered on the other hand the oxidation of the TAB to the
corresponding DABQDI and the bisstannylene 71 was isolated as a red-purple compound (Scheme
24). Molecular structure of 71 displayed the typical bond lengths corresponding to a 61 + 611 bridging

DABQDI unit (vide supra) and assed the electronic delocalization within the stannylene heterocycles.
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Scheme 24. Preparation of benzobisgermylene and quinobisstannylene [125].

Using their tetrakis(tetramethylguanidino)benzene precursor 47 (Scheme 13), Himmel and co-
workers reported several examples of polynuclear complexes for which the bridging ligand adopted
aromatic (Zn(ll), Cu(l), Pt(Il)) or quinoidal structures (Cu(ll)) and properly characterized most of them
by means of X-ray diffraction [126]. Among them, hexacationic complex 72 was identified in 2009 as
the first example of dinuclear Cu(ll) bridged by a tertiary amine-containing DABQDI derivative (Scheme
25). A antiferromagnetic coupling was evidenced between the two Cu(ll) centers with J =-35.4 cm™. In
a prolongation of these works, the authors demonstrated the possibility to prepare neutral, monocationic
and dicationic (73) analogues by slight modifications of the reaction parameters [127]. In the case of
73, a weak antiferromagnetic coupling between the Cu(ll) was evidenced. However, a strong
ferromagnetic coupling was additionally measured between the radical cation bridging-ligand and the

metallic extremities in the case of the cationic analogue.
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Scheme 25. Polynuclear complexes from a tetrakis(tetramethylguanidino)benzene precursor [126-128].

Starting from a Cu(l) complex bridged by an aromatic ligand (74a), oxidation in presence of iodine
led to the formation of a polymeric complex 75 [128]. The authors suggested that the unusual structure
of this polynuclear complex, notably the Cu(ul)2Cu unit, could be preferred because of |-~ interaction.
Semi-conductor properties have been evidenced for black polymer 75, with an estimated band gap of
1.05 eV. Interestingly, the treatment of 74b with bromine led to the oxidation of the complex to form the
Cu(ll) dinuclear specie 76 and the reaction was accompanied by a substitution of the central ligand with
Br atoms. Thereafter, analogue of 75 has been developed starting from a 2,3,5,6-
tetrakis(tetramethylguanidino)pyridine [129]. Moreover, a green Ag(l) polymer obtained from 47 was

identified as a semi-conductor with an estimated band gap ca. 3 eV [130].
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4.2.2.2, Dinuclear complexes from N-substituted DABQDI

The first metalation reaction of DABQDI affording the corresponding dinuclear complex was reported
in 2000 by Braunstein and Siri [92]. A dinuclear Pt(ll) complex incorporating a DABQDI bridging unit
(78, Scheme 26) was obtained by reaction of 31a with 2 equivalents of [PtCl2(COD)] in basic conditions.
X-ray analysis evidenced the square planar geometry of the metal centers and the bond length analysis
revealed a totally delocalized T1-structure between the two trimethine units, linked by two longer single
C-C bonds (1.53 A). Moreover, it also revealed an evolution of the cyclooctadienyl (COD) ligand during
the course of the metalation reaction. Dicationic intermediate complex 77 (not isolated) underwent a
deprotonation of the COD moiety in presence of trimethylamine, leading to 78 with both (1,2-n?-6-0-
cycloocta-1,4-dienyl) ligands being o,1m-bonded to the metal centers [131]. The main absorption band
of 78 centered at 504 nm is attributed to a MLCT transition, while a characteristic T—1r* intraquinone
CT is observed at 479 nm.

NEt3 2Cl
r‘BU 'Bu 2 ptCl,(COD)
4 NEt
NmNH o ‘ ‘
HN SN - 2 NEtgHCI T 2NEGHC! NEty HCI
‘Bu) fBu) Et N
3
31a 77 78 (47%)

Amax = 504, 479 nm
Scheme 26. Mechanism of formation of dinuclear Pt(ll) complex [92, 131].

Metalation of DABQDI ligands with M(acac). could be also successfully carried out affording
dinuclear species with metal centers and N-substituents of different nature (Scheme 27). Ni(ll) and
Pd(Il) complexes 79a-c and 80a-b exhibit similar electronic structures with two 61r-electron subsystems
allowing a high delocalization between the two metals (see bond length on Figure 9) [131, 132]. The
series 79a-d allows for a comparison of the influence of the N-substituents on the electronic absorption
of the Ni(ll) complexes. A red-shift from 510 to 555 nm is observed going from neopentyl to phenyl
substituents. However, this tendency is surprisingly not observed in the case of Pd(ll) analogues 80a-
b, these complexes showing absorption centered ca. 490 nm. Cyclic voltammetry of 79a shows two
reversible one electron oxidations at 0.05 and 0.91 V vs. Fc*/Fc and higher potentials for more electron
poor 79b. Intriguingly, upon oxidation of 79a, appearance of two bands at 1030 and 910 nm was noticed
[132]. Theoretical calculations pointed out that the oxidation was mainly related to the bridging quinone
unit. However, in presence of additional pyridine, EPR analysis of 79a* at 4 K exhibited two broad
signals (g = 2.13 and 4.16), which revealed a ferromagnetic coupling between Ni(lll) and Ni(ll) centers,

the formed specie being therefore a mixed-valence complex of class Il [133].
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Scheme 27. Structure of dinuclear Ni(ll) and Pd(Il) complexes incorporating a DABQDI bridge [123, 131, 132].

It is worth mentioning that complex 79a has been evaluated as candidate pre-catalyst for the
oligomerization of ethylene [131]. In presence of diethylaluminium chloride co-catalyst, the complex
showed moderate activity but high selectivity for the production of C4 and Cs olefins. Afterwards, an
azophenine Ni(acac) dinuclear complex has been successfully used as efficient catalyst for the
polymerization of norbornene and methyl methacrylate [134]. In 2015, the dinuclear complex 79d has
been used for the polymerization of styrene and the engineering of the bulky N-susbtituents provided

efficient pre-catalysts [97].

Figure 9. Structure and selected bond lengths (A) of complex 79a [132]; Anisotropic displacement parameters at
50%; H atoms are omitted for clarity.

Works reported by Fujihara et al. described the preparation of the B(lll) dinuclear complex 82 by
deprotonation of the appropriate ligand 81 with butyllithium followed by chelation to BFs*OEt2 (Chart 5)
[123]. This complex exhibits bond order similar to the free diprotonated ligand (i.e. two independent 611-
electron systems), with however an absorption located at the edge of the UV-Vis region (Amax = 447
nm). The deprotonated ligand was mixed with [(Ir(Cp*)CI)2Cl2] to prepare the first example of dinuclear
Ir(1ll) complex bridged by a DABQDI ligand (83). This complex exhibits two highly delocalized 1r-electron

subunits and an intense absorption in the same range that the Ni(ll) analogue 79d (Scheme 27).
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Chart 5. B(Ill) and Ir(lll) complexes of DABQDI [123] (Ar = p-Et-Ph; Cp* = pentamethylcyclopentadienyl).

Yang and collaborators reported in 2012 the first complexes of DABQDI chelated to alkali metals,
85-86, presented in Scheme 28 [135]. In presence of two equivalents of "BuLi, quinone 84 yielded the
dinuclear specie 85, the two lithium atoms being distorted tetrahedral and slightly out of the plane of the
two chelating nitrogen atoms. In contrast, the ligand underwent polymerization in presence of sodium
in 1,2-dimethoxyethane. The structure of 86 displays similarities with its Li analogue, with two chemically
linked 61T-electron subunits, but however, in this case, a higher coordination number of the alkali metal.
Salt metathesis using ZnCl. was efficiently performed on complex 85 and polymer 86 to afford the
corresponding tetranuclear units 87 and 88, respectively. The authors mention the red to purple color
changes for the compounds they characterized, but unfortunately this work does not give any

information about the absorption or redox properties of these original complexes.
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Scheme 28. Alkali metal-containing DABQDI complexes (R = 2,6-Pr2-CeHs; thf = tetrahydrofuran; dme = 1,2-
dimethoxyethane) [135].

In 2013, Sarkar and co-workers reported a series of bridged dinuclear complexes of Cu(ll)
introducing deprotonated DHBQ [0,0,0,0], 2,5-dianilino-1,4-benzoquinone [O,NAr,O,NAr] or
azophenine 27 [NPh,NPh,NPh,NPh] ligands to investigate their electrochemical and magnetic
properties [136]. Interestingly, while the oxo-ligand-based complexes showed a distorted octahedral
environment around the metal, the Cu(ll) centres in derivative 89 (Figure 10) adopted distorted square-
pyramidal coordination geometries. Susceptometry measurement using a superconducting quantum

interference device (SQUID) revealed a high intramolecular coupling between the two copper atoms,
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with an isotropic exchange coupling constant J = -23.2 cm-1. TD-DFT calculations pointed out that this
larger value was mainly related to the superior polarizability and the elevated proportion of total spin
density held by the N donor atoms of the ligand. A high exchange coupling constant is particularly
relevant for the development of single molecule magnets since it guarantees a larger separation

between spin ground and excited states, thus preventing fast relaxation of the magnetization [9].

The redox properties of 89 could not be screened because of the poor stability of the complex.
However spectroelectrochemistry has been investigated in the case of a dinuclear Pt(ll)-azophenine
complex 3.35 featuring peripheral azobenzene ligands [137]. Complex 90 possesses an irreversible
oxidation and three reversible reductions in THF which have a major influence on the electronic
absorption (Figure 10). The neutral specie exhibits an absorption maximum at 619 nm which is red-
shifted to 770 nm upon one-electron reduction and accompanied by the appearance of a particularly
broad band centred ca. 1870 nm. Second and third reduction of 90 lead to a dramatic decrease of the

lowest energy band and intense absorption at 1351 and 1191 nm, respectively.
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Figure 10. Azophenine-based dinuclear complexes 89-90 [136, 137] and absorption spectra of 90 under various
redox states (TPyA = tris(2-pyridylmethyl)amine). Reprinted with permission from ref. [137]. Copyright 2014
American Chemical Society.

In the continuity of the promising magnetic assets measured on 89, Harris and co-workers prepared
and crystallized from azophenine the analogous dicationic complex 91 containing two Fe(ll) centers
and the corresponding reduced cationic species 92 (Figure 11) [116]. Analysis of the bond lengths of
the ligand showed once again high conjugation within the N-C-CH-C-N fragments for both complexes,
with a noticeable decrease of the N-Fe bonds length in the reduced specie, testifying of a stronger
ligand-metal interaction. Mossbauer spectroscopy confirmed that the first reduction occurred on the
deprotonated azophenine ligand, thus noted as DABQDI3~, which explained its highest affinity for the
Fe(ll) centers. The investigation of the magnetic properties of 91 revealed a weak exchange coupling
between the two ionic centers (J = -2.90 cm). However for the reduced specie 92, the J constant was
estimated to the order of 900 cm-1, a record value which attests of a strong antiferromagnetic exchange

between the radical ligand and the iron atoms.
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Figure 11. Structure and selected bond lengths (A) of dinuclear Fe(ll) complex 91 and its reduced form 92 [116];
Anisotropic displacement parameters at 50%; H atoms and counter-ions are omitted for clarity.

Lately, Harris and collaborators repeated the study on a series of dinuclear complexes of Cr(lll),
Mn(Il), Fe(ll) and Co(ll) and using a slightly bulkier tetramethyl azophenine derivative (L, Figure 12)
[138]. The voltamogramms of the series are mainly characterized by one and three reversible one-
electron reductions for 94-96 and 93, respectively. The weak variation of reduction potentials, from -
1.93V (94) to 1.68 V (96) is consistent with an azophenine ligand-centered process. In the case of 93,
azophenine reduction occurs at -0.50 V, and the two additional processes beyond -1.50 V are attributed
to Cr(lll) reduction to Cr(Il). Once the one-electron reduction occurred on the deprotonated ligand,
impressive values of exchange coupling constants were determined, up to -626 cm for the Cr(ll)
complex 97. It is noteworthy that the steric bulk brought by the additional methyl on the phenyl rings is
probably to account regarding the three-fold lower J value for 99 (J = -307 cm-1) compared to 92. The
M-N bond distance between the ligand nitrogen and the metal within 93-96 can be linearly correlated
to the radical exchange constant of 97-100, the lower distances in the reduced species giving rise to
the higher J values for the oxidized complexes.
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Figure 12. Efficient dinuclear single-molecule magnets developed by Harris et al. and cyclic voltammograms (v =
0.1 V.st) for solutions of 93 (MeCN), 94 (THF), 95 (THF) and 96 (THF). Adapted from Ref. [138]. Published by The
Royal Society of Chemistry.

4.2.3. Tetranuclear complexes

Siri, Braunstein and co-workers highlighted a drastic ancillary ligand effect that occurred by replacing
the [Pd(acac)z] reagent with [Pd(OAc)z]. Whereas the metalation of DABQDI 31a with [Pd(acac)] led
to the formation of a dinuclear complex 80a (Scheme 27), the use of [Pd(OAc)] afforded instead a
tetranuclear Pd(Il) complex 101 (Figure 13) [139]. While NMR analysis revealed a high symmetry
complex, X-ray diffraction allowed to conclude that the structure was highly stabilized by the r-stacking
of the two benzoquinone units (3.80 A). The absorption of the tetranuclear species is characterized by
a band centered at 428 nm, which is blue-shifted compared to the dinuclear complex 80a (Amax = 491
nm). Two successive one-electron oxidations lead to the 101* and 1012* species (resp. 0.45 and 0.77
V vs. SCE), and a third oxidation was reached at higher potentials (1.50 V vs. SCE). Unfortunately, the

fourth oxidation of the dimer could not be observed due to the oxidation of the electrolyte.
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Figure 13. Tetranuclear Pd(ll) complex 101 and side-view of its structure (R = CH2'Bu) [139]; Anisotropic
displacement parameters at 50%.

5. Conclusion

2,5-diamino-1,4-benzoquinonediimines (DABQDI) can be considered as an emerging class of
promising ligands in coordination chemistry whereas their first preparation was reported more than a
century ago (Figure 14). The first member - N-substituted with phenyl groups (azophenine) — was
discovered by Kimich in 1875 through self-condensation of aniline. Few years later (1887), the
unsubstituted parent molecule was reported by Nietzki when he observed the unstability of 1,2,4,5-
tetraaminobenzene (TAB) under air. Then, this type of N4 ligands was (surprisingly) not investigated
during more than a century, whereas its oxygenated analogue Os was the object of numerous studies
in coordination chemistry. If Lever et al. mentioned the possible isomerization of DABQDI upon
metalation in 1993, Kaim et al. was the first to fully characterize a (mononuclear) complex in 1998. From
2000, year in which Braunstein published the first N-alkylated ligand and its dinuclear complex [Pt(l1)],
the coordination chemistry of these N-substituted ligands attracted the interest of a large scientific
community for the synthesis of complexes with unusual properties (M = Ru, Fe, Cu, Pd, Ni, Zn, Ir, Sn,
W, Re, Na, Li, B).
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Figure 14. Timeline of BQMIs synthesis and use as ligand.
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In 2014, our group reported the first direct metalation of unsubstituted DBQDI (127 years after its
first report), revealing a drastic different behavior by comparison with the N-substituted analogues.
Because of its possible isomerization process upon coordination, 2,5-diamino-1,4-
benzoquinonediimines (DABQDI) can be viewed as a ligand that combines the structural elements of
ortho- and para-benzoquinonediimines (0-BQDI and p-BQDI) which are bidentate monotopic and
monodentade ditopic ligands, respectively. These two classes of BQDI ligands have been also reviewed
in order to parallel their properties to those of the complexes based on DABQDI depending on the metal
center(s). For instance, the well-known non-innocent, i.e. redox active, 0-BQDI ligands — which play a
crucial role in the complexes depending on the degree of Tr-backdonation — might be used as model for
understanding the properties of the mononuclear compounds based on 0-DABQDI. Similarly, p-BQDI
bridging ligands can be viewed as model compounds for highlighting the influence of two 61-subunits
in DABQDI ligands in the metal-metal interactions of the dinuclear complexes (i.e. two conjugated
pathways for DABQDI instead of one in p-BQDI).

In summary, 2,5-diamino-1,4-benzoquinonediimine (DABQDI) offers important possibilities into
coordination chemistry because of 1) the presence of N-substituents that can be so far tuned almost at
will, and 2) the easy introduction of metal centers of different nature depending on the targeted
application. Reports on the use of these ligands are seldom described and mainly focused on few
examples among others 12m-electrons quinones. This review report in details the synthesis and
coordination chemistry of DABQDI ligands with the hope to highlight their exceptional versatility and to
stimulate researchers to extend the use of these ligands and their corresponding complexes to embrace

new discoveries.
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