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Abstract: The reaction of organic molecules mediated by a metal center (template synthesis) can
result in a final connectivity that may differ from the one obtained in the absence of the metal. The
condensation of carbonyl fragments with primary amines form C=N iminic bonds, the so-called
Schiff bases, which can act as ligands for the templating metal center by means of the lone pair
on the nitrogen atom. This review focuses on the template methods for the reaction between a
carbonyl compound (mainly salicylaldehyde) and a primary aliphatic diamine able to prevent the
double condensation on both amine groups and obtain tridentate N,O ligands. These adducts, still
having one free amino group, can further react, yielding tetradentate salen-type Schiff base ligands.
A screening over the transition metals able to show such a template effect will be presented, with
particular attention to copper(Il), together with their peculiar reactivity and the available crystal
structure of the metal complexes and related coordination geometries.

Keywords: template effect; Schiff base ligands; metal coordination; imine formation; oligonuclear
complexes; aliphatic diamine; salicylaldehyde; transition metals

1. Introduction

The term template synthesis can be referred to ligand-based reactions that occur between
two or more organic molecules coordinated to a metal center. This emphasizes the pre-
organization of the organic derivatives, now called ligands, given by the coordination
sphere of the metal ion, so that, in its absence, the same organic reaction might produce
different products. The template effect induced by the metal center plays an important
role in coordination chemistry and it can be divided in two main ones: first, a metal ion
is able to hold the reactive functional groups in a position so that the reaction between
them may occur (kinetic template effect), and second, once the reaction has occurred, a
thermodynamic more stable product, stabilized by chelation to the metal ion, is present as
a ligand (thermodynamic template effect) [1]. The modification of the electronic properties
(acidity, flexibility, conjugation, etc.) of the ligands upon coordination is also the reason that
explains the variability of the observed reactivity. Crown ethers [2] are among the most
famous examples of organic molecules obtained through a template synthesis; it involves
the alkylation of alcohols in the presence of alkali metals or other cations with variable
ionic radjii to preferentially obtain cyclic poly-ethers with modulated sizes [3,4]. The alkali
metal ion employed during the syntheses of crown ethers can then be easily expelled from
the cavity, liberating the crown ether for its subsequent use. It has also to be noted that
some reactions can proceed similarly in the absence of the templating ion, even if usually
with lower yields and selectivity.

The condensation of a carbonyl moiety RR’C=0 (R, R’ = alkyl or aryl groups for ke-
tones, R” = H for aldehydes) with a primary amine R“"NH, (R” = alkyl or aryl group) forms
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an iminic RR"C=NR” bond, which is referred to as azomethine or secondary aldimmine
when R’ = H [5]. The term Schiff base is now commonly applied to these compounds
since the first report by Hugo Schiff more than one and a half century ago [6], and the
lone pair of the iminic nitrogen atom makes Schiff bases popular as ligands for metal
centers [7]. Among the innumerable known Schiff bases, the most used, studied, and
applied are the polydentate ones, in which other coordinative sites are combined with the
iminic nitrogen atom within the organic ligand skeleton. In fact, metal complexes with
macrocyclic [8-18] and acyclic [10,13,17-21] polydentate Schiff base ligands show enhanced
thermodynamic stability due to the chelating effect [22]. The most famous acyclic Schiff
base is the tetradentate N,O, N,N’-bis(salicylidene)ethylenediamine, Hysalen (Figure 1),
which is obtained by the condensation of two moles of salicylaldehyde, H-salH, and one
mole of ethylenediamine, en, which has been now known for almost one century [23]. By
modification of the diamine derivative, the analogues Hpsalophen, Hjpsaltn, Hpsalchxn, and
the shorter Hysalmen, Hpsalben [24-28] (Figure 1), have been described. The choice of a
different carbonyl moiety is also reported, as shown for structures Hyacacen and Hyhapen
(Figure 1). These Schiff bases have been probably used for coordinating almost all the
metals of the Periodic Table [29,30] due to the hosting tetradentate pocket, and applied
in catalysis [31], biomimetic systems [32] and materials for their optical, electronic, and
magnetic features [33-35].
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Figure 1. Molecular structures of tetradentate N,O, salen-type Schiff bases.

All the structures reported in Figure 1 are symmetric with respect to the carbonyl
moieties condensed on the diamine. If unsymmetrical diimine is required, two sequential
reaction steps are necessary, each of them able to introduce a different carbonyl portion.
However, especially with aldehydes and aliphatic diamines, due to their higher reactivity
compared to ketones [36] and aromatic diamines, it is usually very difficult to obtain
mono-condensation of only one amine group with one aldehyde moiety, yielding the
so-called tridentate N>O half units, HL (for example, N-salicylideneethylenediamine from
salH and en). To the best of our knowledge, the reaction of equimolar amounts of en
or 1,3-diaminopropane (tn) with G-salH (G = variable substituents) gives invariably the
doubly-condensed symmetric product Hpsalen or Hpsaltn even when a 4-fold excess of
the diamine is used [37-39]. Nevertheless, there are examples in which diamines such as
1,2-diaminocyclohexane (chxn) [40—-45] and 1,2-phenylenediamine (1,2-phen) [40,46—49]
can react with G-salH (G = H, 5-tBu, 3,5-tBuy, 3-COOH, etc.) under strictly controlled
conditions to give the mono-condensation product, which is ready to subsequently con-
dense with a second different carbonyl derivative yielding unsymmetrically substituted
tetradentate derivatives ready for metal complexation [40,41,47,48]. In addition, diamino-
maleonitrile (dmn) efficiently reacts with only one molecule of H-salH, leading to the
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tridentate ligand [50,51], which subsequently forms complexes for example with cop-
per(Il) [50] and nickel(II) [52]. Less reactive ketones (acetophenone, acetylacetone, etc.)
instead of G-salH make the isolation of the tridentate HL Schiff bases possible [53-55], and
then the subsequent second condensation to the unsymmetrically substituted tetradentate
ligands and their metal complexes [56-59].

A powerful strategy to gain control on the condensation between aliphatic diamines
(such as en and tn) and different carbonyl compounds can rely on the template effect. The
method exploits the presence of a metal center able to properly direct the reacting species
through coordination. Indeed, the condensation reaction can also occur when the two
organic reagents are already coordinated to the metal ion, leading directly to a metal
complex with the imine. The templating center can be in some cases removed from the
Schiff base, as in the case of crown ethers, by applying competing complexation reactions,
such as with nickel(II) and dimethylglioxime (Hdmg) [60], or replaced by metal scram-
bling [61]. By the way, this is feasible for mononuclear complexes or isolated monometallic
coordination environments, while it may become complicated or even not achievable when
polynuclear species with bridging coordinating atoms are formed upon condensation of
the surrounding Schiff base ligands.

Due to the vastness of studies on Schiff bases, which have been known and applied by
chemists since the early stages of coordination chemistry, during the last century and far
from being exhaustive, this review focuses on the essential template effect given by transition
metal ions, with particular attention to copper(Il), in obtaining tridentate N, O half units
and tetradentate salen-type Schiff base ligands derived from G-salH and primary aliphatic
diamines, not accessible without the presence of the metal center, and their complexes.

2. Template Effect of Copper(II)
2.1. Tridentate N»O Schiff Bases and Their Omplexes

Copper (II) has revealed to be a very versatile and efficient templating metal ion for
obtaining tridentate N,O half units, and several approaches have been described for the
last four decades. The first method here described employs an auxiliary monodentate
ligand L in the reaction process to isolate the mononuclear complexes of general formula
[Cu(CL)(L)](X) (X~ = anion) [39,53,62—-70]. The reaction occurs at room temperature in
methanol, and the sequence of addition of the reagents in the reaction mixture is funda-
mental, usually entailing copper(II) salt, G-salH, and L’ first in a 1:1:3 ratio, and then the
aliphatic diamine. This ensures first the coordination of G-sal™ as a bidentate ligand and
two molecules of L to copper(Il) yielding the intermediate [Cu(G-sal)(L'),]*, Equation (1a):
then, it can undergo condensation to one among the two primary amino functions once
the diamine is added, yielding the N,O tridentate Schiff base ligand L~ and concomitant
replacement of one molecule of L’ by the remaining free amino group, Equation (1b) [62].

G-salH + CuX; + 3L — [Cu(G-sal)(L"),](X) + HL'X (X' =NOs7, ClO4"; L = py, imH, pip) (1a)

[Cu(G-sal)(L'),](X) + diamine — [Cu(CL)(L)](X) + L’ + H,O (diamine = en, tn, pn, chxn, dpen) (1b)

The auxiliary ligands L usually employed are pyridine (py) [39,53,62,63,65,66,68-70],
imidazole (imH) [62,66], and piperidine (pip) [67,69], while the copper(ll) salts are ni-
trate [62,63] or perchlorate [39,53,62,63,65,66,68-70]. The py/ClO4~ combination is among
the most applied since it probably ensures the highest purity and yield of the isolated prod-
ucts. This method revealed to be very versatile in terms of the variability of the substituent
on the G-salH and its position on the aromatic ring. Unsubstituted H-salH has been mainly
employed [39,62,65,66], but the presence of electron withdrawing (5-NO; [39,63,68]) or
releasing (3-OMe [53,67,69], 5-OMe [39]) groups is also well tolerated by this synthetic
path. The aliphatic diamine can also vary from en [39,53,62,63] to tn [39], 2-methyl-1,2-
diaminopropane (pn) [53,65], 2,2,-dimethyl-1,3-diaminopropane [67,69], and the chiral
chxn and diphenylethylendiamine (dpen) [67-70].
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The efficacy of this method, which takes advantage of the thermodynamic template
effect [67], relies on two features: (i) copper prefers a square planar geometry, and (ii) the
ancillary ligand L' can saturate the coordination sites in the intermediate [Cu(G-sal)(L"),]*
in solution and in the final product [Cu(CL)(L)](X) in the solid state to ensure such a
coordination environment (Figure 2). Indeed, the crystal structure of several derivatives
has been obtained during the years [39,65-68,70], and all of them show the copper(Il) ion
surrounded by the N,O ligand L~ and a molecule of auxiliary ligand L’ in the equatorial
plane. The Cu-O bond distances usually settle around 1.90 A, while the Cu-N ones are
usually longer and depend on the nitrogen atom involved. The iminic nitrogen atom is
usually more strongly coordinated to copper(Il) with shorter distances (around 1.95 A)
than the ones involving the amino group and the ancillary ligand L (around 2.00 A),
and this can be ascribed by its central position in the chelating tridentate N,O ligand
and its contemporary involvement in two metallacycles. It is worthy to compare the two
derivatives [Cu(flL)(L")](C1O,) with L’ = imH [66] and py [65] and both with H1 = derived
from en. The Cu-N distance with imH is markedly shorter (1.968(2) A) than the one with
py (2.037(5) and 2.016(4) A for the two independent molecules in the asymmetric unit),
while all the other coordination bonds are practically coincident, suggesting a stronger
interaction of imH compared to py. The departure from the ideal square planar geometry
is usually given by slight tetrahedral distortions, being higher in the case of tn derivatives
compared to en ones.

(a) (b)

Figure 2. Molecular structures of two mononuclear copper(Il) complexes with tridentate N,O Schiff base ligands: (a)

[Cu(HL)(py)](ClO4) (HL- from H-salH and tn, dimeric assembly of two cationic species through short Cu---O interactions,
dashed green lines), CSD/CCDC VOGTOB/684254 [39], and (b) [CuL)(imH)](ClO4) (L~ from H-salH and en, N-H:--O
intermolecular hydrogen bond between two cations in dashed green line), CSD/CCDC SIFZOW /1258852 [66]. Reproduction
of the structures with Mercury® 4.3.1 software [71], color code: Cu = orange, O = red, N = blue, C = gray, H = white,

perchlorate anions omitted for clarity.

Additional interactions usually occur in the copper(Il) apical position with the sur-
rounding anions, especially perchlorate showing Cu---OClOj3 distances ranging from 2.50
to 3.00 A [39,65,68], with solvent molecules such as water, as in the case of [Cu(OMeL)(pip)]
(ClO4)-H,O (®MeL~ from 3-OMe-salH and chxn) with Cu---OH, = 2.582(10) A [67], or
with an adjacent mononuclear unit, forming dimeric assembly through Cu---O(phenoxido)
interactions, which can be as short as 2.4008(9) A in the complex [Cu(HL)(py)](ClO4) HL-
from H-salH and tn) (Figure 2a) [39]. Then, the metal center is usually referred to as
pentacoordinate in a square pyramidal geometry with a long apical distance. The NH free
moiety of imH in [Cu("'L)(imH)](ClO4) ("L~ from H-salH and en) forms a hydrogen bond
(H-bond) with the phenoxido oxygen atom of an adjacent unit (Figure 2b), giving rise to a
zig-zag chain in the solid state; this acidic proton can be further deprotonated by the addi-
tion of an excess of triethylamine yielding the dinuclear complex [Cuy(p-im)(HL),](ClOy)
with a bridging im™ anion [66].
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Differently from mononuclear complexes derived from en and tn, which are usually
employed as synthetic precursors (see the following discussion), the mononuclear deriva-
tives [Cu(CL)(py)](ClO,) from meso-dpen (G = H, 3-OMe) were screened for their in vitro
cytotoxic activity against cancer cell lines [70], while [Cu(GL)(py)](ClO4) from (1R,2R)-(+)-
dpen or (15,25)-(+)-chxn (G = 5-NO,), thanks to their non-centrosymmetric crystal packing
in the solid state, were synthesized and analyzed for their solid-state nonlinear optical
(NLO) properties [68].

The second method that employs copper(Il) as template center to obtain mono- con-
densation of G-salH with aliphatic diamines, especially en or tn, does not use any ancillary
ligand but relies on the high-dilution of the reactants. The synthetic procedure consists of
the addition of a concentrated solution of Cu(ClOy),-6H,0 and diamine (=~ 0.4 mol L™1) in
a MeOH:H,O 1:1 solvent mixture to a boiling diluted methanolic solution of the sodium
salt of the G-salH (=2 0.01 mol L™!), Equation (2). Then, the reaction mixture is refluxed for
2-3 h, and the product, as a dinuclear species of general formula [Cup(u-CL);](ClOy),, can
be recovered as solid upon concentration of the mother liquor [39,64,72-74].

2 G-salNa + 2 Cu(ClOy4), + 2 diamine — [Cuy(p-CL);](ClO4); + 2 NaClOy + 2 H,O (diamine = en, tn) 2)

This method is less common than the one previously described, probably because of
the higher amount of employed solvent and the refluxing conditions, but it has also proved
good versatility with respect to the substituents on the aromatic ring (G = H [39,72,73],
5-Me [72], 5-OMe [39], 5-R with R = C5H110, C6H130, C7H150, and C9H19 [74]), and
the aliphatic diamine, en [39,72-74] or tn [39,64,73]. From a structural point of view, two
[Cu(CL)]* moieties are linked together by bridging phenoxido oxygen atoms, which act as
fourth ligand to complete the square planar coordination of copper(Il) [39,75] (Figure 3a).
These complexes are characterized by a pair of ‘long” Cu-O bonds, ranging from 1.95 to
2.00 A, which keep together the two mononuclear half units, as distinguished from the
other pair of ‘short’ Cu-O coordination bonds, falling in the typical range 1.90-1.95 A.

@
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Figure 3. Molecular structures of (a) the dinuclear [Cuy (u-OMe1),](ClO04); (P°MeL- from 5-OMe-salH and en), CSD/CCDC
VOGVET/684257 [39], and (b) the trinuclear [Cus(us-OH)NO2L);](ClO,), -acetone (NO2L- from 5-NO,-salH and en,
Cu---O(acetone) interaction as dashed green line) CSD/CCDC VOGVU]J /684260 [39]. Reproduction of the structures with
Mercury® 4.3.1 software [71], color code: Cu = orange, O = red, N = blue, C = gray, H = white, perchlorate anions omitted

for clarity.

Further interactions with the perchlorate anions or additional solvent molecules occur
in the fifth apical position of one or both copper(ll) ions, as observed for the mononuclear
derivatives. With this regard, the comparison between [Cuy( u-H1),]1(ClOy), [64] and
[Cuy(u-HL), (1-MeOH)[(C104); [39,75], both derived from H-salH and tn, can reveal some
details on the electronic needs of copper(Il). The absence of bridging solvent led to multiple
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short interactions with the perchlorate anions ranging from 2.511(2) to 2.854(2) A on both
sides of the coordination square plane, resulting in a zig-zag arrangement of dinuclear
species in the solid state [64]. On the other side, the presence of the bridging methanol
gives rise to short interactions with both copper(Il) ions (Cul---O1(MeOH) = 2.650(3) and
Cu2---O1(MeOH) = 2.480(3) A [39]) pushing the perchlorate anions farther, which only
interact with the copper(Il) that shows the longest distance with methanol with a weaker
interaction than before (Cul---O1ClO3) = 2.948(11) A) on the other side of the square plane.

The high-dilution template method under the same reaction conditions of boiling
methanol affords trinuclear species of general formula [Cu3(p3—OH)(GL)3](ClO4)2 when
operating in a basic medium, Equation (3) [39,66,76-80]. Of sure interest is the combined
effect of the electronic features of the substituent on the G-salH on the reaction product: the
electron donor methoxy group (G = 5-OMe) leads invariably to the dinuclear species even
in excess of NaOH as source of the bridging OH group, while the electron withdrawing
nitro group (G = 5-NO,) yields only to the trinuclear compounds also in defect of base [39].
Furthermore, the electronic effect exerted by the substituent G in position 5 (Me, H, Br, NO,)
is able to efficiently modulate the Cu---Cu magnetic super-exchange in these spin-frustrated
systems [76].

3 G-salNa + 3 Cu(ClOy), + 3 diamine + NaOH — [Cug(u3-OH)(CL)3](ClOy), + 4 NaClOy + 3 H,O (diamine = en, tn)  (3)

A triply-bridging hydroxido ligand occupies the fourth coordination site of each of
the three copper(Il) ions with a bond distance slightly varying around 2.00 A and giving
rise to a global propeller-like structure formed by the three [Cu(SL)]* blades. Additional
elongated Cu---O apical positions (2.30-2.50 A) are occupied by the oxygen atom of the
adjacent blade, thus increasing the coordination toward square pyramidal and with a partial
cubane Cu3zOy core (Figure 3b) [76]. Further additional apical interactions of the copper(Il)
ions with perchlorate anions and/or solvent molecules are also active in practically all the
known derivatives [39,76,78,80].

The addition of a base (excess of Et3N or stoichiometric NaOH) to a suspension of the
mononuclear [Cu(GL)(L)](ClOy) or dinuclear [Cuy(pu-CL),](ClO,), derivatives in methanol
leads to their conversion into the trinuclear species [Cus(u3-OH)(CL)3](ClOy); as a result
of the increasing concentration of OH™ ions into the basic medium [39,64,66,78]. This
conversion method is particularly convenient for obtaining the trinuclear derivatives since
it avoids the use of harsh reaction conditions and high amounts of methanol. It is of sure
interest to highlight the effect of the position of the substituent G and its steric requirements,
since the treatment of [Cu(GL)(py)](CIO4) with a 3:1 molar excess of Et3N gave invariably
the dinuclear species of general formula [Cuy(u-OH)(CL),](ClO,) when G = 3-OMe, while
it gave the trinuclear complexes when G = H, independently of the diamine used (en, chxn,
or 2-methyl-1,2-diaminopropane) [78].

Indeed, mono-, di-, and tri-nuclear compounds have been suggested to be in equi-
librium in solution with their mononuclear solvated species [Cu(CL)(solv)]* (solv = H,O,
MeOH), which can readily interconvert depending on the concentration, pH, and temper-
ature [39,62,64,66,78]. Structural evidences of the existence of such solvated species can
be found in the isolation in the solid state of the complex [Cu®O2L)(H,0)](ClO,4)-2H,O
(NO2L~ from 5-NO,-salH and en) from the reaction mixture for the synthesis of [Cus(us-
OH)(NO2L),;](C10y4), [39] (Figure 4a), and of the complex [Cu(PL)(dmf)](ClOy)
(dmf = coordinated dimethylformamide, 'L~ from H-salH and tn) by the recrystallization
of a DMF solution of [Cu(HL)(py)](ClO4) with diisopropyl ether [64] (Figure 4b). In addi-
tion, electron paramagnetic resonance (EPR) spectroscopy allowed to observing the forma-
tion in solution of the solvated species [Cu(t'L)(MeOH)]* (L~ from H-salH and tn) upon
dissolution of the dinuclear complexes [Cup(pu-N —N)HL),](Cl04); (N—N = 4,4/ -bipyridine
and piperazine), in turn obtained from the mononuclear [Cu(HL)(py)](CIO4) [81].
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Figure 4. Molecular structures of the solvated species (a) [CuNO2L)(H,0)](ClO4)-2H, O (NO2L~ from
5-NO;-salH and en, apical Cu---O interaction with the perchlorate anion and hydrogen bonds with
the co-crystallized water molecules as dashed green lines), CSD/CCDC VOGTUH /684255 [39], and
(b) [Cu(PL)(dmf)](CIO4) (L~ from H-salH and tn, dimeric assembly of two cationic species through
short Cu---O(phenoxido) interactions as dashed green lines), CSD/CCDC ZAWZEE/827358; only
one of the two independent molecules is depicted [64]. Reproduction of the structures with Mercury®
4.3.1 software [71], color code: Cu = orange, O = red, N = blue, C = gray, H = white, perchlorate
anions omitted for clarity in (b).

Alternatively, in the presence of a stronger coordinating anion compared to ClO4~,
such as CI7, N3~, NCO~, NCS, etc., the dinuclear species [Cup(u-X)2(CL),] are obtained
and stabilized in the solid state. There are examples where they can be obtained directly
by the reaction of CuXj;:diamine:G-salH in a 1:1:1 ratio, which is followed by the addition
of an excess of sodium salt of the anion X~ if different from the one of the copper(Il)
salt (G = H [82], 3-OMe [83], naphtalaldehyde [84], 5-Cl [85]), Equation (4), but they
can be more conveniently prepared by the conversion of suitable precursors, such as
[Cu(GL)(py)](ClO4) [69,86] and [Cuy(u-CL),](ClOy), [72,86], by the addition of an excess of
NaX. In these complexes, the anion X~ occupies the fourth coordination site of copper(II)
within the square plane with a short bond length, and it acts as bridging ligand toward a
second [Cu(“L)]* unit with a longer distance and occupying a fifth apical position. Then,
each of the two metal centers can be considered pentacoordinate in a square pyramidal
geometry with a long apical distance [72,82-84,87]. This coordination situation gives rise
to a ladder-like structure where the two square-planar coordination environments are not
coplanar, implying peculiar Cu---Cu magnetic super-exchange interactions [82,84,88].

2 H-salH + 2 CuCly + 2 en — [Cuy(u-Cl),(F'L),] + 2 HCL + 2 H,O (4a)

2 3-OMe-salH + 2 Cu(ClOy); + 2 en + 2 NaN3 — [Cup(11-N3)o(OMeL),] + 2 HCIO, + 2 NaClOy + 2 H,O  (4b)

Indeed, taking advantage of the lability of py in [Cu(®L)(py)](ClOy4) (°L~ from en,
G = 5-NO,, H) or the possibility to disrupt the dinuclear units in [Cup(u-SL),]1(ClOy),
(5L~ from en, G = 5-OMe, H) upon the addition of lithium chloride together with HCI for
py-containing starting complexes, the electronically modulated complexes with molecular
formula [Cu(®L)(Cl)] have been recently reported and studied for their in vitro cytotoxic
activity against different cancer cell lines [86]. Notably, while the derivatives with OMe
and H show the dinuclear units [Cuy(u-Cl1),(CL),] in the solid state through two bridging
chloride ions as previously observed [82], a 1D polymeric chain assembly [Cu(u-Cl)(NOZL)],
with only one bridging chloride ion with shorter Cu---Cl interactions compared to the
dinuclear species is the most stable structure when the electron withdrawing nitro group
impoverishes the copper center [86].
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2.2. Unsymmetrically Substituted Salen-Type Copper(Il) Complexes

Reaction of the mono-, di- and tri-nuclear copper(Il) complexes with N,O triden-
tate Schiff base ligands described above, and in particular the mononuclear ones, with
a differently substituted G’-salH or another carbonyl derivative allows obtaining the
unsymmetrically substituted N,O, and N3O salen-type copper(Il) complexes [62,63,65—
67,69,70,72,74,89]. Reaction conditions usually involve the suspension or dissolution of the
half-unit complex in methanol and addition of the second G’-salH or carbonyl derivative
together with a deprotonating base (Et3N or NaOH). Upon heating under reflux, the con-
densation reaction occurs, and the final product precipitates from the reaction medium
due to the low solubility of these neutral derivatives in a polar solvent such as methanol,
Equation (5).

[Cu(CL)(L)](X) + G’-salH + NaOH — [Cu(G-G’-salen)] + L’ + NaX + H,O  (5)

It is noteworthy that the reaction of mononuclear [Cu(OMeL)(py)](ClO4) (OMe1 - from
3-OMe-salH and chxn) with pyrrole-2-carboxaldehyde (p-2-c) without the addition of base
and at room temperature leads first to the coordination of the carbonyl group as a fifth
apical ligand and isolation as single crystals suitable for X-ray diffraction of the species
[Cu(®MeL)(py)(p-2-c)](ClOy), which highlights the role of the kinetic template effect [67].
The pyridyl ligand strongly deviates from the square coordination plane of copper(Il) to
accommodate the upcoming aldehyde group with a short Cu-O bond of 2.402(4) A [67].
The presence of NaOH as a base to deprotonate the pyrrolic ring and refluxing conditions
for 20 min allowed the condensation between the coordinated primary amino group of the
tridentate ligand and the carbonyl moiety, leading to the final tetradentate N3O Schiff base
ligand with the concomitant expulsion of py (thermodynamic template effect) [67].

It is not easy to generalize, since the unsymmetrical substitution can be obtained with
several derivatives, which drive the best conditions for this second template reaction. There
are applications of this synthetic method in several fields, from obtaining [Cu(5-G-5'-G’-
salen)] liquid crystal compounds with modulated melting points (G and G’ are long-chain
alkyl or alkoxy groups) [74] to push—pull [Cu(5-A-5'-D-salen/saltn)] derivatives for the
study of their NLO properties (A = NO,, H; D = H, Me, OMe, NMe,) [63]. The use of the
chiral diamines dpen and chxn leads to complexes that have been studied for example for
their NLO properties [63,68] as well as for their in vitro anticancer activity [70]. The OMe
as substituent in position 3 of the sal moieties is instead beneficial for obtaining hetero-
oligo-nuclear clusters with 4f elements such as gadolinium [69], but also terbium and
dysprosium [69,89], which are interesting for their magnetic properties and the presence of
strong ferromagnetic interaction between the paramagnetic centers [90]. The formation of
such derivatives occurs thanks to the second coordination pocket suitable for lanthanides
given by the oxygen atoms of the OMe groups in combination with the phenoxido atoms
already involved in the coordination of copper(ll) acting as bridges.

Molecules of [Cu(5-A-5'-D-salen/saltn)] tend to couple in head-to-tail dimers in
the solid state due to dipole—dipole alignment from the charge asymmetry caused by
the different substitution, together with a fifth Cu---O(phenoxido) apical interaction [63]
(Figure 5a). Bulky substituents on the ligand, such as in dpen [70] or in 2-methyl-1,2-
diaminopropane [89] derivatives, reduce this tendency as they allow only weaker interac-
tions (Figure 5b). The presence of a (CH;)3 bridge linking the iminic nitrogen atoms also
confers high flexibility to the tetradentate ligands, which can lead to a variable tetrahedral
distortion of the copper(Il) coordination environment [63,89]. For example, this deviation
from square planar geometry can be quantified by the angle 8 between the CuON planes of
the two sal moieties (¢ = 0 and 90° for pure square planar and pure tetrahedral geometries,
respectively); this angle reaches the value of 28.8° in [Cu(3-OMe-3'-OMe-5-COOMe-sal-
2,2-Me,-tn)] [89].
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Figure 5. Molecular structures of the unsymmetrically substituted copper(II) complexes (a) [Cu(5-
NO,-5'-NMe;,-saltn] (shown as head-to-tail dimer with short Cu:--O(phenoxido) apical contacts
as dashed green lines), CSD/CCDC NEXGED/608124 [63], and (b) [Cu(3-OMe-sal(1S,2R)dpen],
CSD/CCDC ADIMEI/ 1041832 [70]. Reproduction of the structures with Mercury® 4.3.1 software [71],
color code: Cu = orange, O =red, N = blue, C = gray, H = white.

3. Nickel (II) and Unsymmetrically Substituted Saltn Ligands

In addition to the previous methods with copper(Il) [39,63], the mono-condensation of G-
salH and tn to obtain the half unit HSL can be easily achieved by the template effect of nickel(II),
as shown by Elder a few years ago [37]. Thanks to the preferred octahedral coordination
environment of nickel(Il) and the (CH,); bridge between the two amine groups in tn, the
mononuclear complexes [Ni(CL),] can be isolated from the reaction of G-salH, tn, and Ni(AcO),
in a 2:2.5:1 ratio (the diamine is sometimes used in a higher excess) [37,38,91-94] in refluxing
ethanol, Equation (6a). In these derivatives, the nickel(Il) ion is hexacoordinate by two tridentate
N2O Schiff base ligands GL~ with an octahedral N4O, coordination environment (Figure
6a) [95]. There are examples of this synthesis for similar complexes also with different carbonyl
derivatives [96,97] or diamines, such as N-substituted tn [98,99]. Differently from what was
reported for copper (II), this synthetic methodology cannot be used with en due to the shorter
bridge of only two carbon atoms between the two amine groups, which probably does not
confer enough flexibility for hosting two tridentate ligands on the same nickel(II) ion. In this
case, the symmetric [Ni(salen)] is inevitably the most stable product formed [94]. Several
G groups are tolerated by this synthetic method, ranging from H [37,38,87,91,94] to electron
withdrawing (5-NO; [94], 3,5-diNO, [95], 3,5-Cl, [38], 5-Br [93,94,100]), electron releasing (5-
Me [94], 3-OMe [91], 5-OMe [100]), and fused-ring 2-hydroxynaphthaldehyde [91,92]. The
diamines 2-methyl-1,3-diaminopropane [93] and 1,3-diaminopentane [97] can also be applied,
which is a synonym of the versatility of such a template synthesis.
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Figure 6. Molecular structures of (a) [INi(NO2L),] NO2L- from 3,5-diNO,-salH and tn),
CSD/CCDC TIPXUL /128426 [95], and (b) [Ni(3,5-Cl-thiosaltn)] (N,OS ligand derived from 3,5-
Clp-salH, H-thiosalH and tn, which are shown as head-to-tail dimeric assembly), CSD/CCDC
LOBLET /145689 [38]. Reproduction of the structures with Mercury® 4.3.1 software [71], color code:
Ni = aquamarine, Cl = green, S = yellow, O =red, N = blue, C = gray, H = white.
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At this stage, it is possible to proceed with the sequestration of nickel(IT) from [Ni(L)]
as [Ni(dmg),] obtaining HECL as free ligand [60,75,87,100-105], Equation (6b), and this differ-
entiates the method from the ones reported above, where no attempts to remove copper(Il)
from the ‘half unit’ derivatives are reported. Once the N,O Schiff base is liberated, the
primary amino group can easily react with a second carbonyl derivative yielding unsym-
metrically substituted tetradentate salen-type ligands, which can undergo complexation
with metals such as copper(II) [60,100-102,105] and nickel(II) [60,102], Equation (6c).

2 G-salH + 2 tn + Ni(AcO), — [Ni(°L),] + 2 AcOH + 2 H,0 (6a)
[Ni(®L),] + 2 Hdmg — [Ni(dmg),] + 2 HOL (6b)
HCL + G’-salH —(—H,0)— G-G’-Hpsaltn —(M")— [M(G-G’-saltn)] (6¢)

Alternatively, the reaction of [Ni(CL),] complexes with [Ni(G’-sal);(HO);] ones
(G’ # G) leads to ligand scrambling and condensation to the unsymmetrically substituted
[Ni(G-G’-saltn)] derivatives [37,38,94], Equation (7). This reactivity revealed to be selective
with no traces of symmetric complexes detected, and it takes advantage of the kinetic
template effect, which stabilizes the dinuclear species [Ni(p-L),(G’-sal)z] as intermediates
of the ligand exchange mechanism [94,106], followed by the thermodynamic product [94].

[Ni(CL),] + [Ni(®'sal),] — 2 [Ni(G-G’-saltn)] + 2 H,O 7)

Unsymmetrically substituted [Ni(5-A-5'-D-saltn)] complexes, where G is an electron
withdrawing group (A) and G’ is an electron donor group (D), have been studied for
their linear and nonlinear optical features from both the experimental and the theoretical
points of view as efficient push—pull systems [94]. Few nickel(Il) derivatives have been
also structurally characterized and, as observed for copper(ll), molecules tend to couple in
head-to-tail dimers in the solid state due to dipole—-dipole alignment [38,94] (Figure 6b).
In these cases, the tetrahedral distortion from square planar geometry reaches its highest
value of 24.5° in [Ni(3,5-Cl,-thiosaltn)], where nickel(IT) has an N,OS coordination set, and
the high difference between the Ni-O (1.851(5) A) and Ni-S (2.166(2) A) bond distances is
the responsible for such a distortion [38].

4. Template Effect of Other Metals
4.1. Iron(111), Chromium(1I1), and Cobalt(III)

Other metal ions that favor an octahedral coordination, such as iron(IIl) [107-110],
chromium(III) [111-117], and cobalt(III) [44,85,116-126], are known to show a reactivity for
obtaining [M(GL)Z](X) species with various X~ anions, similarly to nickel(Il). Differently
from before, these metals allow to obtaining N,O tridentate Schiff base ligands with
diamines bearing two carbon atoms connecting the amine groups (en, pn, etc.), which is
probably due to their smaller ionic radius (0.55, 0.62, and 0.55 A for low spin iron(III),
chromium(III), and low spin cobalt(Ill), respectively) compared to nickel(II) (0.69 A)[127],
and this enables the use of shorter diamines.

The examples reported for iron(IIl) are peculiar and show both the template effect
of this metal ion and also its preferential stabilization in a low spin state [107,108] with
two tridentate ©L~ ligands embracing the metal ion in an octahedral environment. The
direct reaction in refluxing methanol of an iron(II) or iron(Ill) salt with a mixture of G-
salH and aliphatic diamine in a 2:1 ratio, thus suitable for salen ligands, gave invari-
antly Fe(®L),](X) derivatives with mono-condensed tridentate ligands. This has been
observed for different aldehydes (H-salH [109], 2-hydroxy-1-naphthalaldehyde [110], and
2-mercaptobenzaldehyde [107]), diamines with two or three methylene units (en [107,109]
and 2,2-dimethyl-1,3-diaminopropane [110]), and variable iron sources (FeCl; [107], hy-
drated Fe(ClOy)s [110], FeCl, with concomitant oxidation to iron(III) [107]). It is note-
worthy that the reaction of [Fe(salen)(Cl)] with en in ethanol leads to its conversion to
[Fe(HL),](Cl) [108] where the initial kinetic template effect brings en within the coordination
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sphere of iron(IlI), and then the thermodynamic template effect allows the formation of the
most stable product. The anion X~ in the final product can be the same as in the iron source
(C1~ [107,108]) or different for the addition of a different anion (SCN™ [109,110]) (Figure 7a).
It is also important to highlight a peculiar structural difference: meridional coordination of
GL~ is preferred when short en is employed [107-109] while facial coordination is present
in the compound with the long 2,2-dimethyl-1,3-diaminopropane [110].
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Figure 7. Molecular structures of (a) [Fe(tIL),](NCS), CSD/CCDC KETVEL/603305 [109], and (b) [Co(*IL),](I)-H,O (dimer),
CSD/CCDC COSALI/1129940 [117], (L™ from H-salH and en in both cases, hydrogen bonds in dashed green lines).
Reproduction of the structures with Mercury® 4.3.1 software [71], color code: I = purple, Co = dark violet, Fe = dark green,

S = yellow, O =red, N =blue, C = gray, H omitted for clarity.

The template effect of chromium(Ill) has been exploited with two different approaches,
one by reacting the precursor [Cr(H-sal);] with en or pn, similarly to nickel(II) [37], and
addition of the sodium salt with anions such as I~, Br—, ClO4—, and NO5;~ [112,117],
Equation (8a), and the second by hydrolytic conversion of Hjpsalen in the presence of
[Cr(urea)s](Cl)3-2H,0 [115], Equation (8b). The crystal structures of several [Cr(HL),1(X)
compounds are reported from en [111,113,115] or pn [114,116] and different anion X~
(I~ [111,113], C1O4~ [114,116], C1™ [115]). All of them show the meridional coordination
of the tridentate ligands by virtue of the short en and pn diamines, as shown by iron(IlI),
and exist as couple of enantiomers, which could be resolved by the chirality induction
of the enantiomerically pure (R)-pn [114,116] or by anion exchange with the hydrogen
(R,R)-O,0’-dibenzoyltartrate [117]. The derivative [Cr(HL),](C1)-H,O (L~ from en) was
studied for its possible interactions with DNA strands, showing how the amine protons
in the ligand favor their hydrogen bonding to DNA and thus stabilize the metal-DNA
adduct [115].

[Cr(H-sal)3] + 2 diamine + NaX — [Cr(HL);](X) + Na(sal) + 2 H,O (diamine = en, pn) (8a)

[Cr(urea)g](Cl); + 2 Hysalen — [Cr(HL)z](Cl) + 2 H-salH + 6 urea + 2 HCI (8b)

[Co™(GL),](X) complexes are always obtained from cobalt(ll), which undergoes oxida-
tion in the reaction mixture, and this is necessary due to the kinetics inertness of cobalt(III),
which prevents its reactivity [22]. The general procedure involves the reaction of G-salH,
diamine, cobalt(Il) salt (usually acetate, chloride, perchlorate, and tetrafluoroborate) and
the sodium salt of the desired final X~ (N3~, ClO4~, NCS™, I7) in refluxing methanol
or ethanol, Equation (9). Several G groups are tolerated (H [116-119], 5-NO; and 3,5-
diNO, [125], 5-C1 [85], 4-COOH [123], 6-diazonaphthalene-1,3-disulfonic acid disodium
salt [120], 3-OMe [126]), as well as different diamines (en [85,117,120], pn [116,118,119],
chxn and dpen [44], tn [123,124,126]). Not all reported cases are template synthesis, and
previous isolation of the half units are also reported, even if sometimes in mixture with the
salen-type ligands and used without further purification [44,119,122]. This procedure takes
advantage of the reported marked hydrolytic behavior of cobalt, with several examples of
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formation of [Co(SL),](X) derivatives starting from salen-type ligands [121,123,126,128,129]
as well as ligands derived from ketones [130].

2 G-salH + 2 diamine + CoX’y + NaX — [Co(CL),](X) + NaX’ + HX’ + 2 H,O 9
(diamine = en, pn, chxn, dpen, tn) ©)

Structural data for cobalt(III) complexes show the coordination of GL- ligands in
a meridional fashion for en, pn, and chxn derivatives [44,85,116-119,122,125,129], while
the facial arrangement is preferred with the longer tn [121,126]. Further interactions with
anions or co-crystallized solvent molecules are also present (Figure 7b). [Co(CL),1(X)
complexes have been deeply studied for their catalytic performances in C-C coupling reac-
tions [44,122], asymmetric epoxidation of chalcones [131], and electrocatalytic hydrogen
generation [125,132] with relevant results, but they have been also investigated as DNA
binding and cleavage agents [133]. The possibility to either liberate the tridentate Schiff
base or react the [M(CL),]* complexes with a second carbonyl derivative to obtain unsym-
metrically substituted tetradentate Schiff base ligands coordinated to M is not reported for
M = iron(Ill), chromium(III), and cobalt(II).

4.2. Vanadium(V), Molibdenum(1V), and Tungsten(IV)

Vanadium(V) expresses a template effect comparable to copper(Il), and this allows the
isolation of dinuclear dioxovanadium(V) complexes [VO,(5L)], with coordinated N,O
half units derived from G-salH (G = H, 5-Br, 3,5-Cl,, 3-OMe) and en or pn [134]. In this
case, the addition of the reagents is different from that reported for copper(Il), following
the order VO(OEt); and en (or pn) first, yielding an intractable off-white intermediate, and
then G-salH, leading to the precipitation of the final complexes. The two vanadium(V) ions
possess an octahedral coordination environment and are bridged by two oxo ligands, one
from each metal, as confirmed by the X-ray crystal structure of the complex from H-salH
and pn (Figure 8a). There are no reports, until now, about the possibility to react [VO,(CL)],
with a different carbonyl moiety to obtain unsymmetrically substituted tetradentate ligands
coordinated to vanadium(V).

« % -
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Figure 8. Molecular structures of (a) dinuclear [VO,(F'L)], ({L~ from H-salH and pn), CSD/CCDC
HAKROA /1171813 [134], and (b) [PPhy],[Mo(CN);O0(t'L)]-5.5H,0 (FIL~ from H-salH and en),
CSD/CCDC HEZZUH /113815 [135]. Reproduction of the structures with Mercury® 4.3.1 soft-
ware [71], color code: Mo = turquoise, V = light green, O = red, N = blue, C = gray, H = white or
omitted, PPhy* cations and water molecules omitted for clarity.

Molybdenum(IV) and tungsten(IV) were also reported to support the mono-condensation
and isolation of coordinated tridentate ligands [135]. Reaction of KzNa[M(CN)4O;]-6H,O
(M = Mo or W) with H-salH and en (or tn) in methanol leads first to the precipitation of yellow
needles of Hjpsalen (or Hpsaltn) as a by-product. The precipitation of the final complexes
[PPhy]o[M(CN);0(HL)]-5.5H,0 with the N,O tridentate ligands is achieved by addition of the
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bulky cation PPhy*. The molecular structure of the molybdenum derivative with en reveals
that L~ acts as a bidentate ligand through the phenoxido and imino atoms, while the primary
amino group does not coordinate the metal ion (Figure 8b), and this missing coordination can
be the reason for the formation of Hpsalen.

4.3. An Example of Template Method with Zinc(Il) and Salophen Derivatives

We have already reported that 1,2-phen can undergo mono-condensation of H-salH
also in the absence of the femplate effect of metal centers [47], and that unsymmetrically sub-
stituted derivatives can be formed [136]. Nevertheless, after the examination of aliphatic
diamines en, tn, pn, etc., it is worthy to report a different but interesting example of template
synthesis involving this aromatic diamine and zinc(Il). The reaction of [1,1’-biphenyl]-
3,3’ 4,4'-tetraamine (bis-1,2-phen) with G-salH (G = H, 3-tBu) allows the isolation of deriva-
tives A with mono-condensation on the two sides (Figure 9a) [137,138]. The subsequent re-
action with a second G-salH can lead to two equal unsymmetrically substituted Hysalophen
pockets, which can coordinate different metal ions [138]. Condensation on only one side
of A can be alternatively obtained under diluted conditions and by using stoichiometric
amounts of both 3,5-diNO,-salH and Zn(OAc),-2H,0, and mono-metalated complexes
in one complete salophen pocket are readily isolated in good yield. On the other side,
mixtures of components, such as unreacted diimine and mono- or bi-metalated structures,
are obtained if either higher concentrations or other reaction stoichiometries are applied.
This mono-metalated derivative can now react with a third 3-X-5-Y-salH (X = OMe, tBu,
Me, H, allyl, Br, Cl, NO,; Y = H, allyl, Br, Cl) to obtain two unequal salophen compartments
and fully unsymmetrically substituted complexes B (Figure 9b) [139].
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Figure 9. X-ray molecular structures of (a) the diamine derivative A from bis-1,2-phen and 3-tBu-salH, CSD/CCDC
JIPZUE /665961 [137], and (b) fully unsymmetrically substituted zinc(II) complex B (X = OMe, Y = allyl) with two addi-
tional axially-coordinated methanol molecules, CSD/CCDC AHO/FUZ724953 [139]. Reproduction of the structures with
Mercury® 4.3.1 software [71], color code: Zn = violet, O = red, N = blue, C = gray, H = white.

Two additional points regarding the previous example are the possibility to undergo
the complete transmetalation of zinc(II) with nickel(II) and selective demetalation of the
X/Y pocket when X = tBu and Y = H [139] by employing imidazole in acetonitrile [140].
This last selectivity can be driven by the steric hindrance of the two tBu groups in position 3,
which may confer lower complex stability [141] and prevent stabilizing dimeric interactions
through Zn---O short contacts [142-144], which instead block the diNO, pocket from being
demetalated.
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5. Conclusions

The template syntheses here described and necessarily applied to obtain tridentate N,O
and tetradentate salen-type Schiff base ligands derived from G-salH and primary diamines
(especially aliphatic en, tn, pn, chxn and dpen) have clearly highlighted several critical but
fundamental points, which can be summarized as follow:

(i) Employment of aromatic vs. aliphatic primary diamines: the first ones, due to
their lower nucleofilicity, permit mono-condensation with G-salH yielding tridentate
N,O ligands also in the absence of metal templating centers, and further transformation
into unsymmetrically substituted tetradentate derivatives, which are ready to coordinate
different metal ions. Aliphatic diamines such as en and tn need instead the template support
to undergo mono-condensation to tridentate L™ half units, followed by unsymmetrically
substituted salen-type complexes.

(ii) Nature of the templating metal: due to different charge, ionic radius, and also
electronic configuration, each metal ion prefers a certain coordination environment, ranging
from square planar for copper(ll) to octahedral for nickel(II), iron(Ill), cobalt(Ill), and
chromium(Ill). This certainly leads to strongly influencing the reaction conditions, the
use of auxiliary ligands to block the double symmetric condensation, and also selection
between en and tn when obtaining N,O tridentate derivatives, as observed for nickel(Il) vs.
iron(III), cobalt(Il), and chromium(III).

(iii) Reactant concentration: the use of diluted conditions revealed to be of funda-
mental importance to obtain both dinuclear [Cuy(CL),](ClOy4), and trinuclear [Cus(ps-
OH)(CL)3](ClOy4), copper(ll) species with tridentate N,O ligands (5L~ from both en or tn)
and in the synthesis of differentiated salophen pockets with zinc(1I).

(iv) Possibility to remove the templating metal center to release the Schiff base: this
was illustrated in the case of nickel(IT) derivatives [Ni(°L),] (°L~ from tn) by the competing
coordination ability of Hdmg toward Ni?* by formation of the very stable and insoluble
strawberry-pink [Ni(dmg),] [145]. Salophen derivatives show the ability to be demetalated,
but they can also undergo efficient transmetallation.

Regardless of the method, all the template syntheses have seen a continuous and
fruitful evolution over time since their first reports, and applications of the complexes
obtained thanks to the template effect of several metal ions are as diverse as catalysis, linear
and nonlinear optics, magnetism, and also biological purposes. Thus, future employments
of template strategies are for sure envisaged in the field of Schiff base compounds, together
with the development of new methods.
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