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A chelate like no other: exploring the synthesis,
coordination chemistry and applications of
imidoyl amidine frameworks

Alexandros A. Kitos, 2 Niki Mavragani, 2 Muralee Murugesu 2 and
Jaclyn L. Brusso (&) *

Since the remarkable work by Werner, the design and use of chelating ligands have played an essential
part in coordination chemistry. While ligands such as 2,4-pentanedione (acac) and 1,5-diazapentadienyl
(NacNac) have been established in the literature for over a century and their rich coordination chemistry
is well known, 1,3,5-triazapentadiene ligands remain the significantly less explored members of this
family. Also known as imidoyl amidine (ImAm), the coordination chemistry of this ligand framework has
recently attracted a great deal of attention due to its multiple binding sites, ability to be incorporated
into organic and inorganic materials, and diverse applicability (catalysis, biomolecular probes, materials
science, etc.) making them a class of chelates like no other. The scope of this review is to provide a
critical overview of the research progress on the chemistry of ImAm as well as complexation with
different metal ions. General synthetic routes and new insights for the preparation of ImAm are discussed
along with their use as starting materials or intermediates in organic and coordination chemistry in the
development of materials that have found use in fields ranging from magnetic, conducting and luminescent
materials to catalysis and biomedical applications. Concluding remarks including the limitations and
perspectives of ImAm are discussed.

1. Introduction

Classical p-diketones or 1,3-diketones (R;COC(R,)COR,) repre-
sent one of the most valuable classes of ligands for metal ion
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Scheme 1 Structure of 1,3-diketones (RiCOC(R,)CORy), bis(carbonyllamide
(bca), 1,3-diketoiminate (NacNac) and imidoyl amidine (ImAm).

along with their industrial applications." Substitution of the
central a-carbon in R;COC(R,)COR; for nitrogen affords
the bis(carbonyl)amide ligand (bca; Scheme 1), which has
been employed in coordination complexes for a variety of
applications in materials chemistry including single-chain
magnets, spin crossover (SCO) materials, metal-organic frame-
works (MOFs) and luminescent complexes.” Since the earliest
development of the coordination chemistry of dinitrogen analogues
of 1,3-dicarbonyl compounds (ie., 1,5-diazapentadienyl,
B-diketiminates or NacNac) by Bradley’ and Holm,* a great
deal of research has focused on the use of NacNac leading to it
becoming one of the most employed monoanionic nitrogen-
based ligands in the field (Scheme 1).° Indeed, NacNac ligand
frameworks have been much less explored compared to the
R;COC(R,)COR; analogues but their complexes show various
applications in many fields.®

The less explored member of this family (compared to
R;COC(R,)COR;, bca and NacNac) is the trinitrogen analogue
of the 1,3-dicarbonyls, i.e., 1,3,5-triazapentadiene or imidoyl
amidine (Scheme 1). While both terms are equally applied in
literature, for the purposes of this article the latter (imidoyl
amidine) will be used exclusively with the corresponding
abbreviation ImAm. The presence of an additional N-donor
atom (compared to NacNac) in ImAm has triggered the atten-
tion of coordination chemists. In addition to the N-N bidentate
chelate coordination mode (also known as U-shape fashion)
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of NacNac, ImAm ligands can also coordinate in a tridentate
fashion (W-shape) when donor atoms are incorporated onto the
substituents at the B-carbon atoms or act as linkers between
metal ions in their deprotonated/anionic form.” The ability of
these frameworks to adopt multiple coordination modes (vide
infra) forming stable five- and six-membered chelate rings, can
be exploited to efficiently target coordination to various metal
ions including heterometallic systems. Moreover, the central
N-atom can easily switch between its protonated and deproto-
nated form based on the pH conditions and act as an “on-off”
switch, particularly attractive for luminescent applications.®
Computational studies of trinuclear heterometallic coordina-
tion complexes of Fe with Zn", Ni"!, Cu™ or Co", based on
ImAm ligands with pyrazole functional groups, revealed that
weak exchange interactions are expected to occur between the
metal centers, undergoing a two-step SCO process.” Another
interesting feature of the ImAm framework is the ability to
functionalize the carbon atoms (R,) and/or the nitrogen atoms
(R, and Ry), leading to a vast array of organic molecules with
desirable properties. Despite these advantages and the potential
of ImAm ligands, complexes containing a pre-synthesized ImAm
are rather rare compared to other 1,3-dicarbonyl derivatives and
analogues. This can be attributed to the challenge associated
with isolating non-coordinated ImAm frameworks, which until
recently’! the synthesis was poorly developed.

Having established facile synthetic methodology for the
isolation of ImAm chelates and their derivatives, enables one
to tap into the potential of this versatile framework. To that
end, the scope of the present review is to provide new insights
into the preparation of ImAm along with its usage as building
blocks in organic chemistry and employment as ligands in
coordination chemistry. Our aim is to cover the recent research
progress on the chemistry and applications of ImAm, excluding
biguanidine and related derivatives as they have already been
reviewed' and will therefore not be addressed herein.
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2. Brief introduction to the organic
chemistry of the imidoyl amidine
frameworks

2.1 Tautomerism of imidoyl amidines

Imidoyl amidines are multifunctional, nitrogen-rich molecules
bearing formally fused amidine, imide and amine groups
forming a characteristic unsaturated N-C-N-C-N chain. As
such, ImAm can exist in two main tautomeric forms, namely
1,3,5-triaza-1,3-pentadienes (i.e., amino-imino; Scheme 2a) and
1,3,5-triaza-1,4-pentadienes (i.e., imino-imino; Scheme 2b),
depending on the position of the double bond. Upon coordi-
nation of deprotonated ImAm ligands to a metal center, delo-
calization of the double bond system over the entire molecule
occurs'’ while the C-N bonds are usually localized in the
neutral form."® Based on the number of hydrogen atoms attached
to the nitrogen atoms, ImAm can be classified as primary (three
N-H groups), secondary (two N-H groups), tertiary (one N-H
group) or quaternary (where no N-H groups are present).

2.2 Synthetic approaches for the development of imidoyl
amidines

The majority of literature references that contain ImAm involves
their preparation through metal assisted reactions (vide infra) with
only a few examples of the synthesis of such organic molecules
without metal mediated transformations.”*>' Thus far, reported
methods for the preparation of ImAm chelates mostly lead to
heavily N-substituted ImAm with bulky substituents at the term-
inal nitrogen atoms and/or strong electron-acceptor functional
groups at the carbon atoms, as shown in Scheme 3." Since these
synthetic routes have already been discussed in detail by
Kopylovich and Pombeiro,** herein we will only focus on the
main advantages and disadvantages of each of these proce-
dures. For example, the preparation of non-coordinated ImAm
via the Pinner reaction'® (Scheme 3a) leads to rather low yields
and a large number of by-products, making this a relatively
inefficient preparative route. A more versatile and simplified
method proposed by Ley and Muller'® (Scheme 3b) leads to
relatively good yields and provides a pathway towards the
isolation of a large number of ImAm (where R;, R, R; can be
either phenyl groups or different substituted phenyl groups).
As highlighted in Scheme 3c step I, N-imidoylimidoates
can be obtained by the reaction of imidoate hydrochlorides
with N-imidoyl chlorides under basic conditions and, upon
further reaction with a primary or secondary amine (Scheme 3c

H
Ry N_Ry Ri~_N_R
WNT \I —_ Y
H H 'H H‘N N'H
amino-imino form imino-imino form
(a) (b)

Scheme 2 The 1,3,5-triaza-1,3-pentadienes or amino—imino (a) and
1,3,5-triaza-1,4-pentadienes or imino—imino (b) tautomeric forms of
ImAm ligands.
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step II), tertiary or quaternary ImAm frameworks can also be
isolated. This was well demonstrated by Héger et al. for the
synthesis of tertiary and quaternary ImAm ligands and their
complexation with various transition metal ions as well as boron
difluoride.* Alternative synthetic routes involve the prepara-
tion of N-tiobenzoylbenzamidines proposed by Titherley and
Hughes,"”” which are then converted to the corresponding
ImAm by the desulfurization reaction with an amine or amidine
(Scheme 3d)."> Condensation of perfluorocarbon (or perchloro-)
activated amidines with similarly activated nitriles (Scheme 3e,
reaction I) or by the reaction of a perfluoroalkylnitrile with
an excess of anhydrous ammonia (Scheme 3e, reaction II)
affords halide substituted ImAm."® The main disadvantage of
these substituted ImAm frameworks is their rather unstable
nature, which leads to cyclization thereby converting them to
the corresponding triazines.'® An alternative procedure for the
synthesis of ImAm containing perfluoro moieties involves the
reaction of perfluoro-5-aza-4-nonene with primary amines
(Scheme 3f).° This synthetic route gives access not only to
halide substituted ImAm but also to N-substituted ImAm,
depending on the initial amine used for the synthesis.

As mentioned, these preparative routes typically afford
heavily N-substituted ImAm with bulky substituents at the
terminal nitrogen atoms and/or strong electron-acceptor func-
tionalities at the carbon atoms. Additionally, the overall yields
reported are poor and, in most cases, the starting materials
are not commercially available, thus adding more steps to
their synthesis. Recently, we developed a high yielding one-
pot metal free synthetic procedure for the preparation of
carbon substituted ImAm.>* This procedure gave access to
the isolation of N-2-pyridylimidoyl-2-pyridylamidine (Py,ImAm)
and N-2-pyrimidylimidoyl-2-pyrimidylamidine (Pm,ImAm),
starting from commercially available 2-pyridinecarbonitrile
and 2-pyrimidinecarbonitrile, respectively (Scheme 4). The
synthesis of both compounds involves the reaction of ammonia
gas with the appropriately substituted nitriles. In the case of
Py,ImAm, the reaction is carried out under increased pressure
affording a 63% yield. The Pm,ImAm is isolated by allowing
2-pyrimidinecarbonitrile to react slowly with ammonia over a
period of two weeks at room temperature and under atmo-
spheric pressure resulting in a 76% yield. Encouragingly, the
versatility of this procedure enables the preparation of various
ImAm in high yields depending on the substituted nitriles in
use. With that said, attempts to synthesize N-2-thienylimidoyl-
2-thienylamidine (Th,ImAm) by reacting 2-cyanothiophene
with NH;(g) led to negligible yields of the desired product
regardless of the temperature or pressure conditions used.?>?
This was overcome by treating 2-thienylamidine with sodium
hydride thereby strengthening the nucleophilicity of the ami-
dine, which subsequently reacts with 2-cyanothiophene to form
Th,ImAm in high yields and purity (Scheme 4).

2.3 Imidoyl amidines as building blocks in organic materials

Although their synthesis has not been widely investigated,
ImAm moieties have attracted interest as building blocks in
the development of new organic frameworks. For example, ImAm

This journal is © The Royal Society of Chemistry 2020
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have been successfully used as intermediates in the formation
of triazines'® and as starting materials for the synthesis of
aminotriazines (Scheme 5).>* In the past few decades these two
classes of compounds have been extensively studied in various
fields, such as medicinal chemistry due to their excellent
antitumor and anti-inflammatory activity,”>** in coordination
and materials chemistry>® as ligands for the preparation of
Metal Organic Frameworks (MOFs) with significant CO, cap-
ture capabilities,>” as well as in catalysis.*®

Additionally, ImAm moieties have been successfully used as
starting materials for the preparation of boratriazines (BTA).
Complexation of ImAm with boron leads to a new class of
materials, similar to those of boron dipyrromethene (BODIPY),

This journal is © The Royal Society of Chemistry 2020

Scheme 5 Synthesis of triazines and aminotriazines using ImAm as
starting material. Reagents and conditions on (c): (I) NHs, acetonitrile
(MeCN), 110 °C, 72 h; (Il) MeCN, 110 °C, 120 h.

which have been studied for their sharp fluorescence peaks,>”
high thermal resistance,’® strong UV-absorption® and excellent
stability.>® Recently, the incorporation of boron into ImAm
frameworks was reported, yielding compounds which may be
considered as unfused analogues to the extensively studied
BODIPY dyes.*'” In Scheme 6, the general synthetic route
for the synthesis of 2,2-difluoro-4,6-bis(2-pyridyl)-1,3-dihydro-
1,3,5,2-triazaborinine (Py,F,BTA) and 2,2-difluoro-4,6-bis
(2-pyrimidinyl)-1,3-dihydro-1,3,5,2-triazaborinine (Pm,F,BTA)

Mater. Adv., 2020, 1, 2688-2706 | 2691
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Scheme 6 General synthetic route used for the synthesis of 2,2-difluoro-
4,6-bis(2-pyridyl)-1,3-dihydro-1,3,5,2-triazaborinine (Py,F,BTA) and 2,2-
difluoro-4,6-bis(2-pyrimidinyl)-1,3-dihydro-1,3,5,2-triazaborinine (Pm,F,BTA).
Reagents and conditions: (Py,F,BTA) trietnylamine (EtsN), tetrahydrofuran
(THF), 60 °C; (PmyF,BTA) EtzN, dichloromethane (DCM).

is illustrated. Furthermore, the tridentate (NNN) coordination
site in Py,F,BTA and Pm,F,BTA is expected to promote coordi-
nation through the chelating effect to a metal center.*® Taking
advantage of the ligating properties of these boratriazines, a
series of Py,F,BTA and Pm,F,BTA coordination complexes with
iron and cobalt salts that exhibited interesting magnetic prop-
erties (i.e. strong ferromagnetic interactions and field induced
Single-Molecule Magnet (SMM) behavior) were reported.*® As
shown, it is possible to maintain the chelating ability of these
organic ligands while tuning the physical properties of the
construct. This approach may give access to interesting photo-
catalytic activity thanks to the photoactive features of the
system and careful choice of the metal ion.

Organic radicals represent another field in which ImAm
have been employed as starting materials, in particular for
the synthesis of thiatriazinyls (TTA).*" In 1984, Oakley and
co-workers first isolated and structurally characterized 3,5-bis-
(phenyl)-1,2,4,6-thiatriazinyl (Ph,TTA) triggering the scientific
interest for the preparation of such molecules.**” Commonly,
1,2,4,6-thiatriazinyls can be prepared from the reaction of
trichlorocyclotrithiazene with amidines®* or from the reaction
of ImAm with excess SCl,.*>* Boeré and coworkers proposed a
general synthetic route for the synthesis of asymmetrical 5-aryl-
3-trifluoromethyl-1,2,4,6-thiatriazinyls where ImAm treated
with SCl, affords S-chlorothiatriazines, which can then be reduced
with Ph;Sb yielding the corresponding radicals (Scheme 7).**
Recently, we developed the synthetic methodology for the
preparation of symmetrical TTA such as 3,5-dipyridylthiatriazinyl
(Py,TTA) and bis-(2-thienyl)-1,2,4,6-thiatriazinyl (Th,TTA).>* In
the case of Py,TTA, reaction of Py,ImAm with S,Cl, affords the
thiadiazolium dication, which upon treatment with Ph;Sb
undergoes a two-electron reduction affording Py,TTAH. Upon
oxidation of Py,TTAH with N-chlorosuccinimide (NCS), in the
presence of base, the radical form of Py,TTA is isolated
(Scheme 7). In their crystal packing, Py,TTA and Th,TTA form
dimeric species via S---S contacts at ~2.6 A. Electron paramag-
netic resonance (EPR) spectroscopic studies on symmetrical and
asymmetrical TTA revealed that the unpaired spin density is
localized on the heterocyclic TTA ring. Additionally, cyclic
voltammetric studies suggested that there is a monomer-dimer
equilibria in solution.?**" Lastly, the coordination chemistry of
Py,TTA has been explored, affording complexes with transition
metal ions and lanthanides that exhibit interesting magnetic
properties (i.e. SMM behavior), with the ligand in either the
anionic or oxidized form.*®
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Scheme 7 General synthetic routes for the synthesis of (a) asymmetrical
5-aryl-3-trifluoromethyl-1,2,4,6-thiatriazinyls, (b) symmetrical 3,5-dipyridyl-
thiatriazinyl (Py,TTAH) and 3,5-bis-(phenyl)-1,2,4,6-thiatriazinyl (Ph,TTA), and
(c) 3,5-bis-(2-thienyl)-1,2,4,6-thiatriazinyl (Th,TTA).

2.4 Metal-assisted formation of imidoyl amidine ligands

From a historic perspective, the first ImAm complex was
reported in 1984.>” The methylimidoyl-methylamidine ligand
was generated in situ via a metal assisted transformation, when
acetamidine was reacted in the presence of nickel metal ions.
Subsequent work led to other metal assisted transformations
to afford ImAm frameworks, such as the metal-mediated hydro-
Iytic decomposition of oximes***” or triazines,**? the nucleo-
philic addition to dicyanamide,” the template condensation
of nitriles and/or amidines at a metal center,*¥” as well as
in situ reactions of a metal ion and a nitrile under solvothermal
conditions.*¥ In 2011, a review by Kopylovich and Pombeiro**
covered this topic in an excellent way. Thus, all these synthetic
approaches will not be described herein in detail. In the
following sections, coordination complexes and significant
progress in the field of the last decade will be covered.

38e

3. The coordination chemistry of
symmetrical imidoyl amidine chelates

While the coordination chemistry of ImAm is significantly
influenced by the Ry, R, and R; substituents, functionalization
at the central nitrogen atom (i.e., R;) is rare with this site either
protonated or involved in coordination to transition metal ions.
The R, and R, groups, on the other hand, can either contribute

This journal is © The Royal Society of Chemistry 2020
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Scheme 8 The crystallographically established coordination modes of
ImAm.

to the coordination sphere of the metal ion by having donor
atoms such as oxygen, nitrogen or sulfur, or not contribute at
all. Furthermore, the presence of aryl-, aromatic or halogen-rich
moieties are likely to stabilize discrete coordination complexes
by forming stronger supramolecular networks (via H-bond,
n-n interactions, halogen bonds, etc.). In general, there are
three coordination modes that most commonly appear in the
literature (Scheme 8). The U-shaped coordination mode allows
for the ImAm ligand to act as a bidentate chelate forming a six-
membered ring, which represents the most common coordina-
tion mode of ImAm based complexes and has yielded a large
number of mononuclear complexes. On the other hand, ImAm
can also act as ligands either in the W-shape (through the
middle N atom) or terminal mode (through the peripheral
N atom), leading mostly to mononuclear complexes. By utiliz-
ing both the U- and W-shape coordination modes, the syn-anti
and syn-syn bridging motifs have led to the isolation of poly-
nuclear complexes. The main difference between these two
coordination modes is that the middle nitrogen atom in the case
of the syn-syn bridging mode coordinates to two metal centers,
while in the case of syn-anti, it binds to only one metal ion.

3.1 ImAm chelates without additional donor atoms in the
substituents

In Scheme 9, ImAm chelates with no additional coordinating
groups such as H, Me, Ph, CF3, C¢Fs, C3F5, etc. are presented.
The synthesis of the dimethyl ImAm ligand (L') was achieved
in situ in the presence of a Ni" metal center.”® Although
deprotonation of the central N-atom can be relatively facile,
depending on the reaction conditions, it is not always achieved.
This was aptly illustrated in the work of Thiele et al. where they
obtained the mononuclear cationic complex [Ni"(L"),]-Cl (1) in
which one of the L' ligands was neutral while the other was
anionic (Fig. 1).>*” By changing the metal source from NiCl,
to NiSO, enabled isolation of a mononuclear Ni" complex,
where both ligands were in their neutral form.>*’ In both
complexes, the ligand acts as a chelate stabilizing the 3d metal
ion in a slightly distorted square planar geometry. The same
group also reported a similar square planar mononuclear Ni"
complex with in situ preparation of L” in which both ligands are
deprotonated.>*®

This journal is © The Royal Society of Chemistry 2020
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Replacement of hydrogen as the R, substituent by bulkier
aryl or aromatic groups can lead to structurally interesting
ImAm ligands such as L°, L* and L°. Pernik et al. employed
these bulky frameworks in the formation of mononuclear
and dinuclear complexes of Li', K', Ca™ and Mg"."® In contrast
to the previous examples, in this work the ligands were pre-
synthesised prior to reactions with metal salts. In all these
complexes, the deprotonated ligands act in the U-shaped
coordination mode. In a similar manner, the H-atom of the
R; group can also be replaced, as demonstrated by Bolafio
et al.*" They reported the in situ synthesis of the L° ligand upon
coordination to a Rh™ center leading to the formation of the
trication [(tbpy),-Rh™(L®)J[OTf]; (2) (tbpy = 4,4'-di-tert-butyl-
2,2'-bipyridine; OTf = CF;S0;; Fig. 2), representing one of
the few examples of ImAm-based complexes where the central
N-atom is substituted. In 2, the Rh™ metal center has a slightly
distorted octahedral geometry with two tbpy and one L ligand
completing the coordination sphere.

Replacement of the H-atoms in the methyl groups of L" with
chlorides affords the ligand L7, which was also prepared in situ
as reported by Shixaliyev et al. where they isolated a family of
mononuclear square planar complexes of the generalized type
{M"[L"],}-2(Me,S0O), where M = Ni" (3), cu™ (4) or Pd" (5)
(Fig. 3).*? Strong H-bonds of the form N-H---O (where
O belongs to a dimethylsulfoxide (Me,SO) lattice solvent
molecule) as well as Cl- - -Cl halogen bonds create an elaborate
2D supramolecular network. Due to the chemical and thermal
stability as well as enhanced solubility in halocarbons (i.e.,
dichloromethane, chloroform, chlorobenzene, etc.) that these
halogenated ImAm complexes exhibit, the researchers explored
the catalytic properties of similar mononuclear complexes of L
of the general formula [M™(L7);]-x(Me,SO), where M = Mn'" (6)
with x = 1; Fe" (7) with x = 2; and Co™ (8) with x = 2.** As in the
previous study, 6-8 were prepared using a one pot synthetic
procedure. In each complex, three L’ ligands are coordinated
to the metal center in a bidentate fashion leading to a slightly
distorted octahedral geometry about the metal ions. As previously
observed, the H-atoms of the amine groups were engaged in
strong H-bonding with a Me,SO lattice solvent molecule and
halogen bonds lead to the formation of a supramolecular
organization. These complexes were tested as catalyst precur-
sors for the additive-free microwave (MW) assisted homoge-
nous oxidation of secondary alcohols (such as 1-phenylethanol)
to the corresponding ketones by aqueous tert-butylhydroperoxide
(TBHP) or H,0, without an added solvent. Although the Mn™" and
Fe™ complexes showed notable catalytic properties, the best yields
were achieved for the Co™ analogue.

The introduction of bulkier groups such as chlorobenzene
(i.e., ligand L®) in the R; groups was achieved by Kopylovich
et al. in a one pot synthesis starting with halogenated benzoni-
triles in the presence of PdCl,.** This led to the formation of the
cationic [Pd"(L®),]*" (with the ligand L® being in the neutral
form) and the neutral square planar Pd" complex [Pd"(L?),]
(9, where both ligands are in the monoanionic form).

The presence of halogen atoms in both the R; and R, groups
of ImAm has inspired the synthesis of ligands with rich halogen

Mater. Adv., 2020, 1, 2688-2706 | 2693
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Scheme 9 Examples of ImAm ligands that do not possess additional donor atoms in the Ry, R, or Rz groups.

¢
Fig. 1 The molecular structure of the cationic complex 1,%°° where the L
ligand exists in both its neutral and anionic form. Lattice solvent molecules

and counter ions have been omitted for clarity. Colour code: C: grey, H:
white, N: blue, Ni": light blue. Reproduced using reported cif.

content due to their potential catalytic applications.*”™*> To
that end, ligands such as L°, L', L' and L' have been
prepared and, upon reaction with Cu' sources, have led to the
isolation of mononuclear complexes. In the work of Ponduru
et al., [Cu'(L°)MeCN] (10) was isolated upon treatment of L’
with CuO in acetonitrile.**” In 10, the ligand acts in a chelating
fashion in the U-shape coordination mode and the copper
center adopts a trigonal planar geometry (Fig. 4). This complex
was tested as a possible catalyst for the oxidation of anthracene,
naphthalene and pyrene to the corresponding quinones
by usage of H,0, as an oxidant under mild conditions without
the presence of an acid co-catalyst. Similar work was also
published by the same group utilizing L'°, L'* and L'® as

2694 | Mater. Adv., 2020, 1, 2688-2706

Fig. 2 The molecular structure of the cationic complex 2.** For clarity
reasons H-atoms, disorder conformers and lattice counter ions have been
omitted, as well as partial transparency has been employed. Colour code:
C: grey, N: blue, Rh": purple. Reproduced using reported cif.

ligands, which led to the isolation of analogous mononuclear
complexes of Cu'.**”

Despite the prominence of U-shape chelating coordination
mode that these ligands exhibit, other coordination modes have also
been reported. In the work of Dias et al. a series of mononuclear
Cu' and Ag' complexes were isolated.*® In [Ag'(L%)(CN"Bu),] (11),
the L’ ligand coordinates in a terminal W-shaped fashion
through the central N-atom with the three-coordinate Ag metal

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 The 2D supramolecular organization of 3.42 Cl. -
represented as dashed blue lines, while H-bonds as dashed red lines.
Colour code: C: grey, N: blue, O: red, Cl: green, Ni": light blue. Repro-
duced using reported cif.

pE

Fig. 4 The molecular structure of the cationic complex 10.%% For clarity
reasons H-atoms and disorder conformers have been omitted, as well as
partial transparency has been employed. Colour code: C: grey, N: blue, F:
green, Cu": orange. Reproduced using reported cif.

center adopting a distorted trigonal planar geometry (Fig. 5a).
Changing from L’ to L'?, which possesses bulkier R, substitu-
ents, leads to the formation of the isostructural Ag' complex
[Ag'(L"®)(CN'Bu),] (12). By addition of triphenylphosphine to
Ag,0 in the presence of L° and L'?, two isostructural complexes
of Ag' [Ag'(L°)(PPh;),] (13) and [Ag'(L'*)(PPh;),] (14) were iso-
lated. In these complexes both ligands act in a terminal fashion
through one of the terminal N-atoms, while the three-
coordinate Ag" metal center is in a distorted trigonal planar
geometry (Fig. 5b). Apart from these, they also reported a
mononuclear Cu' complex, [Cu'(L°)(CN‘Bu),] (15) with L°
where the ligand binds to the metal in a U-shape manner as
previously illustrated. In 15, the metal center is four-coordinate
in a slightly distorted tetrahedral geometry. This work high-
lights the versatility of ImAm ligands, which can bind to metal
ions in several different manners. Additionally, computational
analysis at the PM3 level of theory on the U- and W-shape
coordination motifs has shown that these are the lowest
energy conformations.*® Moreover, due to the almost evenly
distributed electron density among the three N-atoms
within the HOMO, these ligands are flexible enough to adapt
relatively easily by altering their coordination mode in order
to placate any steric-electronic demands of the coordination
fragment.
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Fig. 5 The molecular structure of the cationic complex 11 (a) and 14 (b).4°
For clarity reasons H-atoms and disorder conformers molecules have been
omitted, as well as partial transparency has been employed. Colour code: C:
grey, N: blue, F: green, Ag" light blue. Reproduced using reported cifs.

The coordination possibilities of ImAm ligands that bear
non coordinating groups was fully explored by Bakthavachalam
et al. in a series of Li' and AI"™ complexes with L'%."” They
illustrated that by employing various reaction conditions,
mono- and dinuclear complexes of Li' and A" metal centers
could be isolated (Scheme 10). Due to structural similarities
only three of the com