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ABSTRACT: A simple change of one chloro substituent on the chloranilate ligand with a
cyano group dramatically affects the electronic properties of the anilate moiety inducing
unprecedented luminescence properties in the class of anilate-based ligands and their metal
complexes. Here we report on the optimized synthesis and full characterization, including
photoluminescence, of the chlorocyananilate ligand (CICNAn®") (dianion of the 2-chloro-5-
cyano-3,6-dihydroxybenzoquinone, H;CICNC¢Os), a unique example of a heterosubstituted
anilate ligand whose electronic, optical properties and coordination chemistry have never
been investigated to date, even though it is known since 1966. The synthesis and full
characterization of its tris-chelated metal complexes with Cr(IIl), Fe(Ill), and AI(III) metal
ions are also described herein. These complexes, formulated as [AIM"™(CICNADn);] (A = (n-
Bu),N" or PhyP"; M" = Cr (3), Fe (4), Al (5)), are isostructural. While 3 and 4 are potential
molecular building blocks for the preparation of molecule-based magnets or paramagnetic
conducting organic-inorganic hybrid systems, 5, instead, where the coordinated Al(IIl) metal
ions retains the luminescence of the ligand, represents a unique building block to achieve

heterobimetallic assemblies showing emissive properties under visible light irradiation.

Page 2 of 39



Page 3 of 39

Dalton Transactions

INTRODUCTION

One of the current major challenges in molecular nanoscience is the synthesis of new
molecule-based materials exhibiting more than one physical property within the same crystal
lattice. Of significant importance is the combination of magnetic properties with one or more
additional properties, such as conductivity,' chirality” and luminescence.’ This is due to the
fact that such multifunctional molecular materials can find potential applications in the fields
of molecular electronics, spintronics and photonics.* Molecular electronics is an emerging
area of research based on the construction and fabrication of molecular species showing
peculiar magnetic properties, stability and robustness, which primarily require to retain their
structures and properties in solution in order to undergo processing procedures such as
deposition on electrical conducting surfaces.’

In this context, crystal engineering, the art of designing synthetic crystalline materials
through the knowledge of the electronic, steric, topological and intermolecular interactions
between the functional groups of their constituent building blocks,” offers a powerful tool
for combining different physical properties in these systems. One of the most powerful
strategies to design such materials is based on the use of tectons,”” in particular
metallotectons which are metal complexes able to be involved in well identified
intermolecular interactions. There are several advantages of employing metallotectons to
construct supramolecular architectures or coordination polymers. In particular it is possible to
tune both the coordination geometry around the metal centre, the bonding capability at the
complex’s periphery, and the metallotecton shape, by varying the metal, its oxidation state,
and/or the organic ligands used. It therefore becomes apparent that one of the most important
factors for the construction of new materials with dual physical properties is the choice of the
organic chelating ligand. This often dictates not only the molecular topology, but also the
nature of the intramolecular magnetic exchange interactions and the efficiency of the light
harvesting/emission properties or the capability of working as a sensitizer (‘antenna’) toward
an external luminophore, which can be connected through covalent or non-covalent bonding.

A family of such multi-acting organic ligands is represented by the anilates,'® namely
dianions of 3,6-disubstituted-2,5-dihydroxy-1,4-benzoquinones, which have been increasingly

used as suitable ligands for the preparation of functional molecular building blocks able to be

11-13 14-17

employed for the construction of supramolecular architectures, coordination polymers
or as paramagnetic components of hybrid organic-inorganic systems'® with peculiar physical

properties. The special interest devoted to this class of ligands is related to (i) the ability to
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coordinate metal ions in various coordination modes,'® (i) the ability to further coordinate a
second metal ion due to the presence of two peripheral coordinating C—O groups,'®"*"7 (iii)
non-innocent redox properties and easy reduction process to a radical-anion form.'®'%
Moreover, anilate ligands can be easily functionalized by introducing suitable substituents on
the 3 and 6 positions which are capable of i) modulating the magnetic exchange interactions

a2l ii) giving rise to various supramolecular interactions

between coordinated metal ions,
which affect the dimensionality and the physical properties of the final system,''™"*** and iii)
promoting intramolecular charge-transfer (CT) towards the electron-poor benzoquinone
moiety,23 without affecting the coordinating properties.

The possibility to introduce additional properties to the ligand and the corresponding
metal complexes by functionalizing the anilate moiety through specific substituent groups,
recently attracted our attention, and, in particular, the introduction of luminescent properties
in the class of anilate-based materials was envisaged to afford multifunctional materials with
potential combination or interplay between magnetism and luminescence.

Since the presence of cyano substituents directly connected to the benzoquinone
moiety in its reduced form (1,4-dihydroxybenzene) are known to induce luminescent
properties,”* the heterosubstituted chlorocyananilate (CICNAn®") (dianion of the 2-chloro-5-
cyano-3,6-dihydroxybenzoquinone, H,CICNC4sO4) has been selected as potential luminophore
to introduce a new physical property in this class of ligands without altering their
structural/electronic features.

The chlorocyananilate ligand was briefly described in 1966,% but, surprisingly, to the
best of our knowledge no metal complexes with this ligand have been reported, although its
reactivity towards metal ion coordination is expected to be very similar with respect to the
homosubstituted chloranilate.'

To further explore the chemistry of anilate-based complexes and to enlarge the range
of functionalities achievable in this class of compounds, we report herein the optimized
synthesis of the CICNAn* ligand and its tris-chelated metal complexes with Cr(III), Fe(III),
and AI(IIT), namely [Cr(CICNAn);]*~ (3), [Fe(CICNAn);]*~ (4), [AI(CICNAn);]* (5), with
their full characterization including analytical and structural data, spectroscopic and physical
studies, also supported by theoretical calculations at the DFT and TD-DFT level. The
magnetic properties of 3 and 4, which represent valuable molecular bricks for the preparation
of molecule-based magnets or paramagnetic conducting organic-inorganic hybrid systems are

described, along with the investigation of the optical properties of the ligand in its
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monoprotonated (1) and dianionic (2) form, and its Al(III) complex (5), which represent a

potential building block to afford luminescent heterobimetallic assemblies.

RESULTS AND DISCUSSION

Synthesis. Chlorocyananilic acid can be obtained by treating 2,3-dicyano-5,6-dichloro-1,4-
benzoquinone with a concentrated water solution of potassium hydroxide, followed by

acidification with concentrated hydrochloric acid (Scheme 1).

f i) KOH/H,0 N
! 2
- ~ - '/ ~ =
NC \n/ Cl o~ Y O K*
(0] Cl

Scheme 1. Synthesis of the monoprotonated form of chlorocyananilic acid.

This method provides in good yield CICNAn®™ in its monoprotonated form HKCICNAn (1) as
orange crystalline solid. All attempts to isolate and crystallize the bis-protonated
chlorocyananilic acid (H,CICNAn) were unsuccessful. This is not surprising given the strong
acidity of this ligand due to the presence of the cyano group (pK, value for Hy(CN),An =
—0.5)*® which favors the anionic forms.

In order to get deeper insight on the molecular structure of this ligand, the
chlorocyananilate dianion as [Ph4P]" salt, [Ph4P],[CICNAn]-2H,0 (2), has been prepared and
its crystal structure determined. Compound 2 was obtained by recrystallizing 1 in a basic
aqueous solution containing Ph4PBr.

The tris(chlorocyananilato)metallate(IIl) complexes 3-5 (see Chart 1) were prepared
according to the general synthetic strategy recently reported for obtaining the family of the

analogous tris(haloanilato)metallate(IIT) complexes,* as illustrated in Scheme 2.
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HO o) MCls
3 + 3NaOH + 3ABr ————————-
o) oKt H:0
cl
_ o _
cl o)
CN o) CN

+ 3H,0 + 3NaCl + 3KBr

Scheme 2. General reaction scheme for the synthesis of the [A];[M(CICNAn);] (A = (n-Bu);N" or Ph,P"; M =
Cr(III), Fe(IIT), AI(IIT)) complexes.

These complexes were obtained in high yields (75-95%) through a one-pot reaction between
the trivalent metal ion (M = Cr(Ill), Fe(Ill), or Al(IIl)) and the chlorocyananilate dianion

obtained in situ in an aqueous solution.

Chart 1.

CICNAn*
Cr(Ill) Fe(IIl) AI(III)

[(n-Bu)yN]" 3a 4a 5a
[PhsP]" 3b 4b 5b

Crystal structures. Single crystals of compound 1 were obtained by recrystallization of the
crude product in an acid hydrochloric water solution. Compound 1 crystallizes in the
monoclinic P2;/a space group with one independent HCICNAn™ molecule in the unit cell and
a potassium cation. An ORTEP drawing for 1 with atoms labeling scheme is reported in

Figure 1a.
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Figure 1. a) ORTEP drawing of 1 with thermal ellipsoids at 30% probability level. Selected bond distances:
C(1)-0(1) 1.247 A, C(2)-0(2) 1.215 A, C(5)-0(4) 1.234 A, C(49)-O(3) 1.326 A. b) View of the crystal
structure of 1 where the stacked columns of HCICNAn along the a crystallographic axis are highlighted.

Potassium cations are omitted for clarity.

The molecular structure of the benzoquinone ring shows intermediate features with respect to

2731 and the non

the centrosymmetric quinoidal form typical of the bis-protonated anilic acids
quinoidal form of the dianions.***” In fact, it presents three C—O bonds, in the 1.215-1.247 A
distance range, slightly longer than pure C=0 bonds, whereas one C—O distance of 1.326 A is
typical of single C—O bonds and it is associated to the protonated oxygen. Moreover, the four
C—C distances associated to the O—C—C(—=X)-C—O bonds fall in the shorter 1.344-1.454 A
range than the two other C—C bonds (C(1)—C(2) and C(4)—-C(5)) which are slightly longer
(1.548 A and 1.507A). The C(6)-C(7) and C(7)-N(1) bond distances, of 1.434 A and 1.146
A, respectively, are typical of pure single C—C and triple C—N bonds, indicating that the
cyano substituent is not conjugated with the C(1)—C(6)—-C(5) allylic fragment of the ring.

The crystal structure of 1 shows parallel columns of monoprotonated acid stacked
along the a crystallographic axis which interact through hydrogen-bonds exchanged between
the O(3)-H(3) donor and the O(1) acceptor (O(3)---O(1) distance 2.709 A) (Figure 1b). The
columns are separated by potassium cations exhibiting a nona-coordinated tri-capped trigonal
prism coordination geometry (Figure 2a) by four O atoms, two Cl atoms and two N atoms of

the monoprotonated chlorocyananilate (Figure 2b).
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a)

Ci

Figure 2. Coordination environment around the potassium cations for 1 where a) the tri-capped trigonal prism

geometry and b) the coordinating molecules are highlighted.

Both the K™---O and K'--Cl distances, ranging from 2.722 to 3.311 A, and from 3.369 to
3.449 A, respectively, and the coordination environment exhibited by the potassium cations,
are similar to those already observed for the analogous compound KHCLAn-2H,0.Y

Compound 2 crystallizes in the triclinic centrosymmetric space group P—/ with one
half CICNAn®" molecule, one [PhyP]" cation and one water molecule as independent units in
the unit cell. The chloro and cyano substituents on the CICNAn®  anion were found
disordered in two equivalent positions (0.50 and 0.50 site occupancy factors) related to two
possible orientations of the ligand along an ideal plane formed by the planar benzoquinone
ring.

The molecular structure of 2 shows the typical features of the anilate dianions**™’ i) a
planar structure of the benzoquinone moiety, ii) four C-O bonds of similar length
(1.232-1.243 A), iii) four C—C bonds of similar length (1.414—1.424 A), and iv) two C—C
bonds considerably longer (1.542 A).

The crystal structure of 2 consists of chlorocyananilate anions connected through a
hydrogen-bond in supramolecular chains. This hydrogen-bond involves the Olw water
molecule and the O(2) and N(1) (or CI(1)) atoms of two adjacent ligands (Figure 3a). No
interactions between the chains were observed being separated by the bulky [PhyP]" cations

(Figure 3b).
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Figure 3. View of the crystal structure of 2. a) CICNAn”" anions connected in supramolecular chains through
hydrogen-bonding interactions along the b crystallographic axis, b) two chains separated by [PhyP]" cations.
Selected bond distances and angles: N(1)---O(1w) 2.991 A, O(1w)---O(2) 2.870 A, O1lw-H1A---0(2) 2.013 A,
O(1w)-H(2A)---O(2) 166.51°.

The crystal structures of the M(III) chlorocyananilate complexes consist of homoleptic
tris-chelated complex anions of formula [M(ClCNAn)3]37 (M = Cr(IlI), Fe(III), Al(III)) and
[(n-Bu);N]" or [Ph4P]" cations. These complexes exhibit octahedral geometry with the metal
bound by six oxygen atoms from three chelating ligands. According to the metal coordination
of three bidentate ligands, the metal complexes are chiral, but in the crystal lattice both A and
A enantiomers are present as evidenced by the centrosymmetry of all the space groups. The
molecular structure of the complex anion for 3a is reported in Figure 4 whereas that of 4a is

reported in Figure S1 in the Supporting Information.

041 051

052

042

Figure 4. ORTEP drawing for the anionic complex (A enantiomer) for 3a with thermal ellipsoids at the 30%

probability level along with principal atoms labelling scheme.
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The metal-oxygen bond distances range from 1.965(4)-1.986(4) A and 1.997(3)-2.023(3) A
for the Cr(Ill) and Fe(Ill) complexes, respectively, and are in agreement with the high spin
character of these systems (vide infira) (Table 1).

Table 1. M—-O bond distances (A) for the anionic complex of compounds 3a, 3b and 4a.

Bonds 3a 3b 4a

M-0O(11) 1.965(4) 1.966(3) 1.997(3)
M-0(21) 1.969(4) 1.968(3) 2.019(3)
M-0(12) 1.975(4) 1.968(3) 2.008(3)
M-0(22) 1.977(3) 1.977(3) 2.017(3)
M-0(13) 1.976(3) 1.982(3) 2.023(3)
M-0(23) 1.978(3) 1.973(3) 2.018(3)
Average M—-O  1.973(4) 1.972(3) 2.014(3)

The C-O bond distances are influenced by the metal coordination as evidenced by the fact
that the oxygen atoms bound to the metal lead to C—O distances that are, on average, 0.06 A

longer than those involving the peripheral uncoordinated oxygen atoms (Table 2).

Table 2. C—O bond distances (A) for the anionic complex of compounds 3a, 3b and 4a.

Bonds 3a 3b 4a

C(11)-0(11) 1.292(6) 1.275(7) 1.283(5)
C(21)-0(21) 1.292(6) 1.215(6) 1.282(5)
C(41)-0(41) 1.222(7) 1.229(8) 1.226(5)
C(51)-0(51) 1.230(7) 1.204(9) 1.227(5)
C(12)-0(12) 1.286(6) 1.287(4) 1.292(5)
C(22)-0(22) 1.279(7) 1.286(4) 1.282(5)
C(42)-0(42) 1.233(7) 1.233(5) 1.237(5)
C(52)-0(52) 1.223(7) 1.222(5) 1.228(5)
C(13)-0(13) 1.296(7) 1.290(4) 1.278(5)
C(23)-0(23) 1.287(7) 1.280(4) 1.282(5)
C(43)-0(43) 1.232(7) 1.229(5) 1.217(5)

C(53)-0(53)  1.228(7) 1.222(5) 1.224(5)

10
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The bond distances of the peripheral C—O moieties are, thus, in agreement with a double bond
character. Accordingly, the chlorocyananilate ligand presents the typical o-quinone-like
resonance structure upon metal coordination.'

Compounds 3a and 4a are isostructural, therefore their crystal structures can be
described together. These compounds crystallize in the monoclinic P2;/a space group with
one [M(CICNAn);]>~ (M = Cr(III), Fe(IIl)) complex anion and three [(n-Bu)4N]" cations in
the asymmetric unit. Their crystal packing is characterized by the presence of C—N---Cl
interactions between complex anions having opposite stereochemical configuration (A, A),
responsible for the formation of infinite 1D supramolecular chains parallel to the a
crystallographic axis (Figure 5). The C—N---Cl interactions are characterized by a Cl---N
distance of 3.064 and 3.121 A, for 3a and 4a, respectively, that are shorter than the sum of
chlorine and nitrogen van der Waals radii (3.30 A), and a C—Cl---N angle of ca. 155.0° and
153.5°, for 3a and 4a, respectively. Therefore, the Cl---N interaction can be regarded as a
halogen-bond where the chlorine behaves as halogen-bonding donor and the nitrogen atom as
the halogen-bonding acceptor. This is in agreement with the properties of the electrostatic
potential for the [M(CICNAn);]* (M = Cr(III), Fe(IlI)) anions that predicts a negative charge
accumulation on the nitrogen atom of the cyano group and a positive charge accumulation on
the chlorine (vide infra). No close contacts between the chains were observed since they are

well separated by the presence of [(#n-Bu)4N]" cations (omitted for clarity in Figure 5).

»

}‘\.
Aaas n 0l
b

va

Figure 5. a) Portion of the molecular packing of 4a showing the Cl---N interactions occurring between the
complex anions; b) View of the supramolecular chains along the @ axis. [(7-Bu)4N]" cations are omitted for

clarity.
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Powder X-ray diffraction (PXRD) measurements performed on a polycrystalline sample of
S5a, ie. the [(n-Bu)sN)]5[AlI(CICNAn);] AI(III) complex, show that this compound is
isostructural with its Cr(III) and Fe(III) analogues (Supporting Information, Figure S2).
Compound 3b crystallizes in the monoclinic P2;/n space group with one
[CI‘(CICNAH)3]37 complex anion, three [PhyP]" cations and one water molecule in the
asymmetric unit. This compound is isostructural with respect to the already reported
analogous system having chloranilate as ligand.”> The presence of [PhsP]" cations in the
crystal structure is responsible for the formation of 7—x interactions between the aromatic
rings of the cations and the quinoid ring of the three anilate ligands. In fact, the complex
anions are surrounded by several [PhyP]" cations exchanging 7—r interactions through their

phenyl rings with each chlorocyananilate ligand (Figure 6).

Figure 6. Portion of the crystal structure of 3b where the 7—7 interactions occurring between the complex anions
and the [Ph,P]" cations are highlighted. The ligand—phenyl centroids distances are in the 3.531-4.073 A range.
The shortest C---C contacts are in the 3.289-3.372 A range” The crystallization water molecule and [Ph,P]"

molecules not directly involved in the 7—x interactions are omitted for clarity.

These interactions preclude a close contact between the complex anions whose shortest
intermolecular M---M distances are of ca. 13.50 A.

PXRD measurements performed on polycrystalline samples of 4b and Sb, ie. the
Fe(IIT) and AI(III) complexes having [PhyP]" as counterion, evidenced that these compounds

are isostructural with the above described Cr(IIl) analogue 3b (Supporting Information,

12

Page 12 of 39



Page 13 of 39

Dalton Transactions

Figure S3). Therefore, the crystal packing of 4b and 5Sb can be considered the same as 3b
except for small deviations on the bond distances related to the coordination to a different

metal centre.

DFT Calculations. DFT calculations were performed to gain insight into the charge
distribution of the CICNAn” ligand and the [M(CICNAn)s]*" (M = Cr(IIT) (3), Fe(III) (4),
Al(III) (5)) complexes. Since the coordination environment comprises six oxygen donor
atoms, and according to the geometric parameters obtained by the crystal structures and the
magnetic data (vide infra), the calculations were performed in the high spin state for the
Cr(IIl) (S = 3/2) and Fe(Ill) (S = 5/2) complexes. As previously reported for similar
complexes,'*? Mulliken and natural population analysis (NPA) schemes were employed in
order to provide a more complete description of the atomic charges in the six anionic
complexes.*® In both isolated ligand and complexes, the negative charge is mainly localized

on the four oxygen atoms and on the nitrogen atom of the cyano group (Figure 7).
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Figure 7. Mulliken (green) and NPA (blue) charges for CICNAn®>~ (B3LYP/6-311+G(d)), and for
[Cr(CICNAn);]*, [Fe(CICNAn);]*", and [AI(CICNAnN);]*~ (B3LYP/6-311+G(d)-lanl2tz). The charges of only

one ligand are depicted for clarity.

When comparing the charge profile of the heterosubstituents, Cl and CN, it is evident that the
nitrogen present a higher negative charge accumulation than the chlorine. According to the
NPA scheme, the chlorine atom bears a negligible negative charge, whereas according to the
Mulliken scheme the charge is even positive. Moreover, within the hexaatomic ring, the NPA
analysis shows that the carbon atoms linked to the oxygens bear positive charges, whereas the
carbon atoms linked to the Cl and CN groups have negative charges (Figure 7).

The charge distribution obtained by analysing the atomic charges is also substantiated
by the electrostatic potential (EP) of the ligand and the three metal complexes (Figure 8 and
Figure S7).

13
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[Cr(CICNAN),J*

Figure 8. Electrostatic potential for CICNAn®  (B3LYP/6-311+G(d)) and [Cr(CICNAn);]* mapped on the

isodenisty surface. Color codes thresholds: red —0.3, yellow —0.2, green —0.15, light blue —0.1, blue 0.0. A
comparison of the electrostatic potential for the three metal complexes are reported in Figure S7 in the

Supporting Information.

The isodensity surface mapped with the electrostatic potential shows for all systems that the
oxygen atoms are the source of greater negative charge accumulation followed by the nitrogen
atom of the CN moiety. Moreover, there is a moderate negative charge accumulation on the
carbon atoms linked to the CI and CN groups, whereas the remaining four carbon atoms,
which are linked to the oxygen atoms, exhibit a positive charge. The chlorine atom present a
typical positive charge on the opposite side of the C—CI vector and a ring of negative charge
perpendicular to the same vector, in line with the c-hole model of the electron density
distribution®. The overall charge distribution for the complexes implies that the coordinated
ligand may act simultaneously as a halogen-bond donor (through the Cl substituent) and
acceptor (through the CN substituent and the peripheral oxygen atoms).

As for strictly related systems,''?

when comparing the two paramagnetic complexes,
the Cr(III) complex exhibits a more localized spin distribution on the metal center than the
Fe(Ill) complex (Figure S8). According to the NPA scheme, the spin density is 2.96 on the

Cr(IIT) and 4.26 on Fe(III) centers, respectively (Table 3).

Table 3. Mulliken and NPA charges and spin densities on metal centers together with the expectation

values of the <S> operator for [Cr(CICNAn);]*", [Fe(CICNAn);]*", and [AI(CICNAn);]*".

Mulliken spin density ~Mulliken charges NPA spin density NPA charges <g>>?
[Cr(CICNAnR);]* 2.960 -0.178 2.835 1.351 3.771 (3.750)
[Fe(CICNAn);]* 4.263 -1.630 4.116 1.879 8.760 (8.750)
[AI(CICNAn);]* - 1.551 - 1.928 -

* = in parenthesis, after annihilation of the first spin contaminant

14
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Consistently, in the Fe(III) complex the shape of the total spin density is markedly distributed

over the six oxygen atom of the coordination sphere (Figure S8).

Vibrational Spectroscopy. In the 3100-2900 cm™' region of the FT-IR spectra of 3a, 4a and
Sa, the typical v(C—H) vibrational modes of the [(7-Bu)4N]" counterion are present. The
v(C—N) vibrational mode related to the CN substituent of the chlorocyananilate ligand is
present as a sharp band centered at 2213 cm™'. A comparison between the spectra of 3a, 4a,
and 5a in the 1750700 cm™' region is provided in Figure S9. The presence of the same
vibrational bands, with similar shape and relative intensity, further confirms the same
chemical environment, and therefore the same coordination geometry, for the
[M(CICNAn);]*” (M = Cr(III), Fe(III), AI(III)) complexes, in agreement with single crystal
and powder XRD results.

The band centered at ca. 1650 cm™ is assigned to the v(C=0) vibration mode for the
uncoordinated C=O groups of the ligand.*® A downshift of this band respect to the free ligand
(1676 cm™) is observed and it can be attributed to a weakened double bond character of the
terminal C=0 groups due to the coordination with the metal ion, in agreement with the
structural findings. The weak band present at 1612 cm™, not present in the FT-IR spectra of
their chloranilate analogues,” may be related to a combination band involving CN vibrational
modes. The strong and broad bands centered at ca. 1560 cm ™' and 1530 cm™' for 3a and 4a,
slightly shifted to 1580 cm ' and 1550 cm™' for 5a, can be assigned to v(C=C) + v(C=0)
combination bands.* The band present at 1395 cm ' for 3a and 4a, and at 1340 cm™' for 5a,
is assigned to the v(C—-C) + v(C-O) combination band, whereas the one at ca. 1310 em’ is
assigned to the v(C—C) vibration.”” Compounds 3a, 4a and 5a show two additional bands at
ca. 1325 cm ™' and 1260 cm™' with respect their chloranilate analogues,22 whose origin may be
related to vibrational modes involving the cyano group. The two bands centered at ca. 1030
cm ' and ca. 860 cm ™' can be related to the v(C—C) + v(C—O) + 8(C—Cl), and to the 8(C=0) +
8(C-0) + v(C—Cl), combination bands, respectively.*” Interestingly, an upward shift of these
bands is observed when compared to the same bands of their chloranilate analogues (ca. 995
cm™ and 840 cm™', respectively).” It is noteworthy that in the 700—400 cm™' region the
spectra of the three metal complexes show some differences. Except for the wagging
vibrational mode related to the C—Cl bond centered at ca. 610 cm™" for all compounds,*” three
bands at ca. 580, 510, 420 cm ' are present for 4a, and four bands at 625, 596, 517, 444 cm’!

and at 636, 598, 489, 450 cm ™" are present for 3a and 5a, respectively. These bands, that are
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not present in the ligand and counterion spectra, can be related to vibrational modes involving
M-0 bonds (Figure S10).
The FT-IR spectra of compounds 3b, 4b and Sb show the same features except for the

contributions of the different counterion.

UV-Vis Spectroscopy and TD-DFT Calculations. The UV-Vis absorption spectra of 1 and
2 show similar features in the 230-800 nm region (Figure 9). The absorption spectrum of 2,
recorded in CH3CN for solubility reasons, shows two intense bands in the UV region centered
at Amax = 268 nm and 318 nm, with extinction coefficients of &= 19718 dm® mol' cm™! and
23262 dm® mol™' cm', respectively, and one band in the Vis region centered at Amay = 460
nm, with an extinction coefficient two orders of magnitude smaller (&= 526 dm’® mol' em™).
The same features are observed in the UV-Vis absorption spectra of 1 in H,0, in its
protonated or dianionic form (red and blue lines in Figure 9, respectively) obtained in situ by
adding an excess of concentrated HCI or Et;N to the corresponding solutions, to avoid
possible protic equilibria. These bands are observed at A, = 251 nm (& = 10405 dm® mol™!
cm '), 305 nm (&= 16036 dm® mol ' cm ), and 464 nm (=512 dm’ mol' cm™"), and at Ay
=261 nm (¢= 13361 dm® mol ' cm™), 316 nm (&= 19973 dm’ mol"' cm "), and 487 nm (&=
438 dm® mol ' em™), for the protonated and dianionic forms, respectively (Figure 9). The
UV-Vis spectrum of 1 in its dianionic form is red-shifted when compared to that of its
protonated form. This is very likely due to the energy stabilization of the dianion in water.
Moreover, while the two high-energy bands of 1 under basic conditions, closely resemble
those of the dianionic ligand form of 2, only the low-energy band in the visible region is
clearly affected by solvent polarity, as it is significantly red-shifted in H,O solution (blue line)
with respect to CH3CN (orange line).
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Figure 9. (left) Experimental UV-Vis spectra (230—-730 nm) for 2 in CH;CN solution (orange line), and 1 in H,O
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solution in its protonated (red line) and dianionic (blue line) forms, along with the calculated spectrum for 2 in
CH;CN solution (orange dashed line). Inset shows the Vis region. (right) Spatial plots of frontiers molecular

orbitals of CICNAn* (B3LYP/6-311+G(d) PCM(CH;CN), isovalue = 0.04).

In the diffuse reflectance (DR) spectra recorded on polycrystalline samples of 1 and 2 in the
350-750 nm Vis region, the same absorption band observed in solution at ca. A, = 460 and
490 nm, for 1 and 2, respectively, appears red-shifted and broadened as result of solid state
effects (Figure S11).

DFT and TD-DFT calculations were performed in order to rationalize the electronic
spectra of the chlorocyananilate ligand and its metal complexes. In Figure 9 the calculated
UV-Vis spectrum of 2 in CH3CN using the polarizable continuum model (PCM) method is
reported. An excellent agreement between the calculated UV-Vis profile and the experimental
one is observed. In order to explain the type of transitions occurring for 2 in CH3;CN, it is
appropriate to briefly describe the shape of the frontier molecular orbitals (MOs) of 2 (Figure
9). The most intense transitions (those with the greater oscillator strength, f, see Table S1)
mainly involve four orbitals, namely HOMO-1, HOMO, LUMO and LUMO+1. These
molecular orbitals are all of n-type. In particular, HOMO-1 is an antibonding orbital involving
the nitrogen and oxygen atoms and the carbon atom of the C—CN group. An approximately
opposite shape is exhibited by the HOMO, which is partly localized on the C—Cl moiety. The
LUMO is an antibonding orbital with respect to the C—O fragments and it is localized on the
two O—C—C-O systems, whereas a good portion of the LUMO+1 involves the CN group. The
transition in the Vis region (Amax = 463 nm) is characterized by a low intensity and it is mainly

associated to a HOMO — LUMO transition (Table S1). The most intense bands occur at Amax
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= 318 nm and 261 nm and are associated to the HOMO-1 — LUMO and HOMO —
LUMO+I transitions, respectively. These considerations suggest that the observed transitions
are dependent on the different functionalization of the anilate moiety, with the chlorine atom
and cyano group affecting the shape of the frontiers MOs.

It is useful to compare the electronic properties of the symmetric homosubstituted
ClLAn*" ligand with those of 2 (Figure S12). The shapes of the frontier molecular orbitals
(HOMO and LUMO) are very similar, but in 2 the presence of two different
functionalizations on the quinoid ring, namely the Cl and CN substituents, leads to a
symmetry breaking. Consequently, the HOMO in 2 is not centrosymmetric whereas the
LUMO maintains the center of symmetry. This makes the HOMO — LUMO transition, and
the corresponding absorption band in the Vis region (computed at 463 nm), partly allowed in
2. On the opposite, in CLAR* both the HOMO and LUMO are centrosymmetric and the band
in the Vis region is predicted to have a null intensity (Figure S12 and Table S2). This is
confirmed by the experimental absorption spectrum of CLAn®" where the intensity of the

visible band is considerably lower than 2.

The UV-Vis absorption spectra of 3a, 4a and 5a metal complexes are reported in

Figure 10.
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Figure 10. (above) Experimental (solid lines) and calculated (dashed lines) UV-Vis spectra (230-730 nm) for 3a
(red line), 4a (blue line), and 5a (orange line) in CH3;CN solution. Inset shows the Vis region. (below) Spatial
plots of the frontiers molecular orbitals of [AI(CICNAn);]*~ computed by TD-DFT/PCM(CH;CN) B3LYP/3-
21+G, isovalue = 0.04).

Overall, the spectra of the complexes show similar features with respect to the free ligand,
with two intense absorption bands in the 200—400 nm region, and a less intense absorption in

the 360-760 nm Vis region. These bands are slightly red-shifted with respect to that of the
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free ligand as a consequence of ligand stabilization due to coordination, and this effect is
more pronounced in the case of 3a and 4a metal-d complexes according to the more covalent
character of the bond compared to the 5a AI(IIl) complex. For all complexes, the lowest
absorption band appears to be resolved into multiple bands, and this fine structure is more
complex for 3a and 4a. Given the values of the extinction coefficients falling in the
5000—-8000 dm® mol™ cm™ range, these bands are too intense to be related to d-d transitions.
The Vis spectrum of 5a, instead, seems to result from a convolution of two different bands
centered at Aax = 440 nm and 490 nm (Figure 11).

4000
3500
3000
2500
2000
1500
1000

500

Molar Absorbivity (dm3 mol-'cm™)

380 430 480 530 580 630
Wavelength (nm)

Figure 11. UV-Vis spectrum (380—630 nm) for Sa (orange solid line) in CH;CN solution superimposed with the
calculated spectrum (brown dashed line) as sum of two deconvoluted absorption bands (red and yellow solid

lines). The orange dashed line represents the UV-Vis spectrum of the free ligand 2 in the same solvent.

The presence of two bands in that region is further confirmed by the DR spectrum of 5a in the
crystalline state (Figure S13) where these bands are more resolved, red-shifted (Am.x = 425
and 515 nm) and broader than the one observed in solution, as a result of solid state effects.

The spectra of compounds 3b-5b do not show any differences in comparison with
what above described for compounds 3a-5a, except for the contribution of the different
counterion in the UV region.

TD-DFT calculations were also used on the closed-shell system [AI(CICNAn);]*” in
order to assign the Vis absorption band. The first five transitions computed with the TD-DFT
are listed in Table S3. The calculation points to the presence of bands of small intensity
around 500 nm. The bands with the highest oscillator strength (3 and 5, Table S3) are

computed at 470 and 508 nm and each one originate from the main contribution of two
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transitions with similar probability, involving the HOMO — LUMO+1 and HOMO-1 —
LUMO (580 nm), and HOMO — LUMO+2 and HOMO-1 — LUMO+1 (470 nm) orbitals.
These findings may provide a solid explanation to the above mentioned considerations made
on the convolution of two main bands centered at 440 and 490 nm, giving rise to the broad
absorption band observed in the experimental Vis region centered at ca. 470 nm. According to
the calculated molecular orbitals, these transitions have Ligand-to-Ligand CT character
without involvement of the metal. The MOs involved into the transitions are very similar to
those of the free ligand. In fact, the HOMO-2, HOMO-1 and HOMO are n antibonding
orbitals involving the C—CN and C-Cl moieties, whereas the LUMO, LUMO+1 and
LUMO+2 are & antibonding orbitals involving the C=0 groups (Figure 10).

A significantly different behaviour occurs for the open-shell systems [Cr(CICNAn);]*
and [Fe(CICNAn);]*". According to the quadruplet (S = 3/2) and sextet (S = 5/2) ground states
for 3 and 4 respectively, a considerable number of transition can be expected. In order to
properly model the absorption band, twenty and fifty transitions were computed for 3 and 4,
respectively. The calculated spectra consist of a complicated series of transitions in which
more than one electron excitation contributes to a given optical absorption (Tables S4 and
S5). For the Fe(Ill) complex the predicted number of bands in the Vis region is significantly
higher with respect to the Cr(IlI) complex (Figure S14). Moreover, the visible band is well
reproduced for the Cr(IIl) complex whereas for the Fe(Ill) complex, there are transitions with
predicted moderate intensity occurring at approximately 760 nm (Table S5) that causes a
considerable enlargement of the predicted band with respect to the experimental one (see
Figure 10). An interesting feature that differentiate 3 and 4 with respect to 5 is that in the
latter all the transition have Ligand-to-Ligand CT character, whereas in the formers most of
the bands have Ligand-to-Metal CT character (Figure S15 and Tables S4 and S5). This may
provide a route for the non-radiative decay responsible of the luminescence quenching of 3

and 4 (vide infra).

Photoluminescence Studies. The chlorocyananilate ligand shows emissive properties upon
photoexcitation in the lowest absorption band, and the observed emission spectra of 1 and 2

are reported in Figure 12.
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Figure 12. UV-Vis (dashed lines) and emission (solid lines) spectra (350-750 nm) for 2 in CH3CN solution

(orange line), and 1 in H,O solution in its protonated (red line) and dianionic (blue line) forms.

The emission spectra of 1 were collected for the same solutions used for UV-Vis absorption
measurements, under drastic acidic and basic conditions to ensure that the observed properties
are related to the ligand in its protonated and dianionic forms, respectively. In both cases,
when exciting in the lowest absorption band, emission in the green region, at ca. Ay, = 550
nm, is observed. Excitation spectra (Figure S16, Supporting Information) show a red-shift of
the excitation maximum from 370 to 400 nm of the dianionic form of the chlorocyananilate
ligand with respect to the acidic one, in accordance with the blue-shifted absorption spectrum
of the protonated form when compared to the absorption band of the dianion in the same
solvent. When a CH3CN solution of 2 is irradiated at 400 nm, an emission band centered at
ca. Amax = 585 nm, related to the ligand in the dianionic form, is observed. Interestingly, on
going from H,O to CH3;CN a negative solvatochromism on varying the solvent polarity is
observed for the emission band. Emission quantum yields (@) were estimated with the relative
method (see Experimental Section) and their values for 1 in the dianionic and protonated

forms, and 2, are summarized in Table 4.

Table 4. Excitation (Ae.) and emission (A.,,) wavelengths, and emission quantum yield values (@) for

compounds 1 and 2.

Compound Solvent Adee (M) Aoy (nm) D (%)
’ H,0 (excess of HC1) 370 540 5.5(1)
H,O (excess of Et;N) 400 550 5.5(1)
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2 CH;CN 400 585 1.4(1)

The comparable quantum yields values of 1 in the protonated and dianionic forms, suggest
that the electrons located on oxygen atoms are not predominantly involved in the electronic
transition responsible for the luminescent properties. This consideration is further supported
by the fact that the position of the emission band of the protonated form is almost unchanged
(Amax = 540 nm) when compared to that of the dianion. It should be also pointed out that the
lower value of the quantum yield for 2 is affected by a higher absorption value at the
excitation wavelength. This can be related to the fact that the observed band may be
considered as a convolution of the band of interest with an additional absorption band not
leading to radiative states.

Whereas 3a and 4a are essentially non-emissive, likely due to the Ligand-to-Metal CT
character of the electronic transition in the Vis region leading to non-radiative excited states
(vide supra), the Al(III) complex 5a still retains ligand-centered emission. Absorption and

photoluminescence (PL) spectra in the Vis region of 5a in CH3CN solution are reported in

Figure 13.
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Figure 13. UV-Vis absorption (dashed lines), and continuous wave PL (solid lines) spectra (350740 nm) for 5a
in CH;CN solution. In the inset the excitation spectrum monitored at 605 nm is reported. Colour codes: red and
yellow dashed lines = deconvoluted absorption bands, red solid line = PL upon irradiation at 390 nm, yellow
solid line = PL upon irradiation at 530 nm. PL intensities were normalized for absorption at excitation

wavelength.

Upon excitation in the Vis region, 5a displays intense emission at Amsx = 605 nm.
Interestingly, the related excitation spectrum, reported in the inset of Figure 13, consists of
two main bands centered at 390 and 530 nm. This is in agreement with the previous

considerations made for the absorption spectrum, i.e. that two different absorption bands are
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convoluted into the experimental observed one (Figure 11). Emission quantum yields (@) for
S5a at the two excitation wavelengths values was estimated with the relative method (see

Experimental Section) and the obtained values are reported in Table 5.

Table 5. Excitation (A.) and emission (A.,) wavelengths, and emission quantum yield values (@) for

Sa.

Compound Aexe (NM) Aem (nM) D (%)
390 605 1.2(1)
S5a
530 605 0.8(1)

Interestingly, the maximum quantum yield is achieved when exciting on the higher energy
side of the 380—540 nm absorption band (see Figure 13).

It can be concluded that coordination to AI(III), does not significantly affect the
luminescence properties of the free ligand, inducing a slight red-shift in the emission
wavelength while maintaining the same emission efficiency with comparable quantum yields.
As far as the absorption and PL properties of compound Sb are concerned, the same

considerations made for Sa are applied.

Magnetic measurements. The temperature dependence of the magnetic susceptibility for 3a
and 4a are shown in Figure 14 as y,,T versus T plots. The y,,T values at room temperature, of
ca. 1.9 cm’ K mol™" and 4.4 cm® K mol™ for 3a and 4a, respectively, are close to the expected
values (1.875 cm® K mol™" and 4.375 cm® K mol™) for isolated Cr(Ill) (S = 3/2, g = 2) and
high spin Fe(Ill) (S = 5/2, g = 2) metal ions. These values remain constant in the whole
temperature range, and only below 10 K the y,T products of both 3a and 4a show a slightly
increase. The observed behaviors in the high temperature region (7 > 10 K) are typical of
magnetically isolated S = 3/2 (3a) or S = 5/2 (4a) ions, whereas the observed increases at low
temperature are likely due to very weak magnetic interactions between the isotropic magnetic
sites. On the basis of the crystal structures (vide supra) that highlight the presence of short
Cl---N contacts between complex anions, the magnetic data have been modelled in the frame

of the mean-field approximation using the Curie-Weiss law.
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Figure 14. Temperature dependence of y, T between 1.80 and 300 K for polycrystalline samples of 3a (blue
circles) and 4a (black circles). The solid red lines are the best fits obtained using the Curie-Weiss law. Inset:

Field dependence of the magnetization for 3a and 4a (same colour codes) at 1.80 K, for magnetic fields between

0 and 5 T. The red solid lines are the best fits obtained using a S = 3/2 (3a) or S = 5/2 (4a) Brillouin function.

This model satisfactorily reproduces the magnetic properties of compounds 3a and 4a in the
whole temperature range, with g = 2.00(1) and 2.01(1), and zJ/kg = +11 mK and +9 mK, for
3a and 4a, respectively. The magnitude of the inter-complex magnetic interactions, of the
order of a few mK, falls well in the range expected for dipolar magnetic interactions but this
observation does not rule out the possibility to have extremely small coupling also mediated
by CI---N interactions. The field dependence of the magnetization at 1.8 K supports the S =
3/2 and § = 5/2 ground spin state of the Cr(Ill) and Fe(Ill) ions since the corresponding
Brillouin functions for § = 3/2 and § = 5/2 spin states, satisfactorily reproduce the
experimental data with g = 2.10(8), and 1.93(5) for 3a and 4a, respectively (Inset in Figure
14). Thus, 3a exhibits Cr(II) ions with a S = 3/2 ground spin state, 4a exhibits Fe(III) ions in
high spin configuration with a S = 5/2 ground spin state, and both compounds show a typical
paramagnetic behaviour of isolated ions.

The thermal variation of the magnetic susceptibility for 3b and 4b are shown in Figure
15 as y,T versus T plots. The y,T values at room temperature, of ca. 1.9 cm® K mol ™" and 4.4
cm’® K mol ™', for 3b and 4b, respectively, are close to the expected values (1.875 cm® K mol™
and 4.375 cm® K mol ™) for isolated Cr(IIT) (S = 3/2, g = 2) and high spin Fe(III) (S = 5/2, g =
2) metal ions. The y,T values remain constant down to ca. 20 K, then, y,T for 3b shows a
slightly increase to 2.2 cm® K mol™" at 1.80 K, while for 4b shows a slightly decrease to 4.1

cm’ K mol™" at 1.80 K. The observed behaviours in the high temperature region (7> 20 K) are
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typical of magnetically isolated S = 3/2 (3b) or § = 5/2 (4b) ions, whereas the observed
increase/decrease at low temperature are likely due to weak magnetic interactions between the
isotropic magnetic sites. On the basis of the crystal structures (vide supra) that highlight the
presence of quite isolated complex anions surrounded by [Ph4P]" cations, the magnetic data
have been modelled in the frame of the mean-field approximation using the Curie-Weiss law

to evaluate the strength of these interactions.
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Figure 15. Temperature dependence of y, T between 1.80 and 300 K for polycrystalline samples of 3b (blue
circles) and 4b (black circles). The solid red lines are the best fits obtained using the Curie-Weiss law. Inset:

Field dependence of the magnetization for 3b and 4b (same colour codes) at 1.80 K for magnetic fields between

0 and 5 T. The red solid lines are the best fits obtained using a S = 3/2 (3b) or S = 5/2 (4b) Brillouin function.

This model satisfactorily reproduces the magnetic properties of compounds 3b and 4b in the
whole temperature range, with g = 1.99(1) and 2.02(1), and zJ/kg = +344 mK and —237 mK,
for 3b and 4b, respectively. The magnitude of the inter-complex magnetic interactions of the
order of mK falls well in the range expected for dipolar magnetic interactions, the only
expected type of magnetic interactions for these compounds given the absence of direct
intermolecular contacts between magnetic centers. Interestingly, the small magnetic
interactions observed in compounds 3b and 4b show similar magnitude, in agreement with
their isostructurality, but different sign, i.e. ferromagnetic in 3b and antiferromagnetic in 4b.
The field dependence of the magnetization at 1.8 K supports the S = 3/2 and S = 5/2 ground
spin state of the Cr(IIl) and Fe(IIl) ions since the corresponding Brillouin functions for S =
3/2 and S = 5/2 spin states satisfactorily reproduce the experimental data with g =2.13(5) and
1.90(5), for 3b and 4b, respectively (Inset in Figure 15). Thus, 3b exhibits Cr(III) ions with a
S = 3/2 ground spin state, 4b exhibits Fe(Ill) ions in high spin configuration with a S = 5/2
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ground spin state, and both compounds show a typical paramagnetic behaviour of quasi-

isolated ions.
CONCLUSIONS

The optimized synthesis and full characterization of the novel chlorocyananilate ligand
(CICNAn*), a unique example of a heterosubstituted multi-acting anilate tecton, bearing one
chlorine atom and one cyano group, have been reported and its electronic, luminescent
properties and coordination chemistry investigated. The synthesis and physical properties of
its tris-chelated isostructural metal complexes with d (Cr(Ill), Fe(Ill)) and p (Al(III)) metal
ions are also described, representing, in the family of anilate-based materials, the first
examples containing an asymmetrically substituted anilate ligand where the substituent
exchange strongly affects their chemical and physical properties. In particular, from the
structural point of view, the peculiar ability of this multi-acting tecton to behave
simultaneously as a halogen-bonding donor and acceptor, increases the number of
supramolecular interactions exchanged by its metal complexes leading to an interesting
molecular packing consisting of 1D supramolecular chains. In addition, its asymmetric
structure has influence on the shape and energy distribution of the molecular orbitals involved
into the electronic excitations. In particular, the HOMO — LUMO transition in the Vis region
leads to an excited state associated to light emission properties unprecedentedly observed in
the class of anilate-based materials. Furthermore, the AI(III) complex, [AI(CICNAn);]* is an
appealing red luminophore under convenient visible light irradiation. The corresponding
isostructural complexes with d-metal ions, namely [Cr(CICNAn);]>™ and [Fe(CICNAn);]>
exhibit the typical paramagnetic behavior of this family of mononuclear complexes''*.
Therefore, while the rational design and synthesis of chlorocyananilate-based complexes with
closed-shell trivalent metal ions such as Al(IIl) represent a promising molecular strategy and
a powerful tool for introducing luminescence properties into multifunctional molecular
materials, open-shell d-metal complexes are suitable to be employed as molecular building
blocks for the preparation of molecule-based magnets'® or organic/inorganic
conducting/magnetic hybrid systems'® It has to be pointed out that the isostructurality of all
complexes allows for combination of molecular building blocks with different physical
properties simply on changing the coordinated metal ion, without altering the topology and

the supramolecular architecture of the desired functional molecular material.
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As perspective, more detailed photophysical studies are in progress in order to check
the chlorocyananilate ability to work as antenna ligand towards 4f~metal ions, whose intense,
sharp and long-lived emissions, make such potential lanthanide-based compounds particularly
interesting for a variety of optical uses such as display devices and luminescent sensors or as

excellent candidates for the construction of magnetic/luminescent molecular materials.

EXPERIMENTAL SECTION

Synthesis.

KHCICNAn (1). 2,3-dicyano-5,6-dichloro-1,4-benzoquinone (5 g, 0.022 mol) was suspended
in H,O (150 mL) and the mixture was stirred and heated at ca. 60 °C. A 6 M KOH aqueous
solution (30 mL) was slowly added to the orange solution that became deep-red. After 30 min
under stirring at 60 °C, the 2,3-dicyano-5,6-dichloro-1,4-benzoquinone was completely
dissolved, and the solution was concentrated to half of the initial volume and kept at 4 °C
overnight to favor the precipitation of the potassium salt of chlorocyananilate. The dark-red
needle-like crystals were filtered and washed several time with a 3 M KOH aqueous solution,
then with acetone, and air-dried. The potassium salt (3 g) was then dissolved in HO (100 mL)
by heating, then the solution filtered and acidified with concentrate HCL. The deep-red
solution was concentrated to ca. 50 mL by rota-evaporation, until the incipient precipitation of
1 as red-orange shiny crystals suitable for X-ray analysis. (yield 40%). Elemental analysis
caled. (%) for C;HCINOLK: C 37.95, H 0.45, N 6.32; found: C 37.58, H 0.39, N 6.25. 1°C
NMR (125 MHz, D,0): & = 177.1, 169.0, 117.8, 112.5, 92.2, 86.5. FT-IR (fna/cm ', KBr
pellets): 3462(w, broad), 3069(m, broad), 2236(vs), 2207(s), 1676(m), 1636(m), 1625(m),
1578(vs), 1400(m), 1361(w), 1300(m), 1271(m), 1184(m), 1004(m), 863(m), 801(m), 779(m),
752(w), 653(w), 607(m), 550(w), 479(w). ESI-MS, m/z found (caled) = 197.75 (197.96)
[CICNAn—H]; UV-Vis (H;O solution acidified with concentrated HCI, 4,,,,/nm (e;/dm3 mol™!
cm V)): 251 (10405), 305 (16036), 464 (512); UV-Vis (H,O solution basified with NEt,
Amad/nm (g/dm® mol™" cm™)): 261 (13361), 316 (19973), 487 (438).

[Ph4P],[CICNAnR]-2H,0 (2). 1 (50 mg, 0.20 mmol) was dissolved under heating in a H,O
solution (100 mL) containing NaOH (20 mg, 0.50 mmol) and Ph4PBr (210 mg, 0.50 mmol).
By cooling slowly the solution, 2 precipitates as orange shiny crystals suitable for X-ray

analysis. Elemental analysis calcd. (%) for CssHaCINOgP,: C 72.41, H 4.86, N 1.54; found:
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C 72.35, H 4.73, N 1.59. FT-IR (#nq/cm ', KBr pellets): 3479(m, broad), 3057(w), 2208(w),
2188(m), 1624(m), 1586(w), 1558(s), 1530(vs), 1484(m), 1435(s), 1376(w), 1340(w),
1314(w), 1196(w), 1109(s), 997(m), 827(w), 763(m), 725(s), 694(m), 609(m), 530(vs),
461(w). UV-Vis (CHCN;j solution, Aue/nm (¢/dm’® mol™' cm™)): 268 (19718), 318 (23262),
460 (526). ESI-MS, m/z found (caled) = 197.75 (197.96) [CICNAn-H]; 535.88 (536.08)
[[Ph4P][CICNAN]]".

[(r-Bu)4N]5[Cr(CICNAnR)3] (3a). An aqueous solution (5 mL) of CrCl;-6H,O (61 mg, 0.22
mmol) was added dropwise to an aqueous solution (50 mL) of KHCICNAn (154 mg, 0.65
mmol), NaOH (26 mg, 0.66 mmol) and (n-Bu);NBr (213 mg, 0.66 mmol). After ca. 30 min
of stirring at 60 °C, 3a starts to precipitate as red-violet solid partially soluble in water. The
mixture was allowed to cool to 25 °C, and the precipitate separated from the mother liquor by
filtration. The filtrate was washed several times with fresh water and dried in desiccator under
vacuum. Compound 3a was crystallized in MeOH to give red shiny crystals suitable for X-ray
analysis. Yield: 85%. Elemental anal. Calcd for CeoH03Cl3CrNgO12: C, 60.40; H, 7.93; N,
6.13; Found. C, 60.29; H, 7.92; N, 6.20. FT-IR (ﬁmax/cm_l, KBr pellets): 2963(m), 2934(w),
2876(m), 2213(m), 1644(m), 1612(w), 1562(s), 1528(vs), 1480(m), 1395(vs), 1324(m),
1306(m), 1262(m), 1032(m), 882(w), 862(m), 740(w), 624(m), 610(m), 596(m), 517(w),
444(w). UV-Vis (CH;CN solution, Aye/nm (e/dm® mol™ cm™)): 253 (39521), 323 (40932),
450 sh, 480 (6098). ESI-MS, m/z Found (Caled) = 142930 (1429.52) [[(n-
Bu)yN],[Cr(CICNAnN)s]]"; 443.29 (443.53) [[(n-Bu)sN][Cr(CICN,An);]*".

[Ph4P]5[Cr(CICNAR);]-H,O (3b). This compound was synthesized as red shiny crystals
according to the procedure described for 3a, using CrCl;-6H,O (61 mg, 0.22 mmol),
KHCICNAn (154 mg, 0.65 mmol), NaOH (26 mg, 0.66 mmol) and Ph4yPBr (277 mg, 0.66
mmol). Yield: 79%. Elemental anal. Calcd for Co3;Hg,Cl3CrP3N3043: C, 66.46; H, 3.72; N,
2.50; Found. C, 66.02; H, 3.67; N, 2.47. FT-IR (5max/cm_l, KBr pellets): 3063(w), 2211(s),
1636(m), 1610(w), 1560(s), 1526(vs), 1484(m), 1438(s), 1393(vs), 1306(m), 1263(m),
1188(w), 1165(w), 1108(s), 1031(m), 997(m), 863(m), 755(m), 724(s), 690(s), 625(m),
608(m), 595(m), 527(s), 443(w). UV-Vis (CH5CN solution, Aq/nm (e/dm® mol™' ecm™)): 253
(47504), 261 (46693), 275 (25544), 327 (45629), 450 sh, 479 (5615). ESI-MS, m/z Found
(Caled) = 132295 (1323.37)  [[Ph4P]o[Cr(CICNAN);]];  982.84  (983.98)
[[Ph4P][Cr(CICNAnN)s;]-H]"; 491.72 (491.99) [[Ph4P][Cr(CICNAN)s]]*.
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[(n-Bu)4N];3[Fe(CICNAn);3] (4a). This compound was synthesized as dark-red shiny crystals
according to the procedure described for 3a, using FeCl; (35 mg, 0.22 mmol), KHCICNAn
(154 mg, 0.65 mmol), NaOH (26 mg, 0.66 mmol) and (n-Bu);NBr (213 mg, 0.66 mmol).
Yield: 95%. Elemental anal. Calcd for CgoH;osCl3FeNgO1,: C, 60.24; H, 7.91; N, 6.11; Found.
C, 60.04; H, 7.90; N, 6.12. FT-IR (ﬁmax/cm_l, KBr pellets): 2963(m), 2934(w), 2876(m),
2213(m), 1653(m), 1612(w), 1560(s), 1529(vs), 1480(m), 1395(vs), 1327(m), 1308(m),
1257(m), 1026(m), 883(w), 859(m), 740(w), 611(m), 577(m), 511(w), 418(w). UV-Vis
(CH5CN solution, Aye/nm (e/dm® mol™" em™)): 254 (44032), 310 (34486), 354 (41694), 434
(6373), 465 (7572), 494 (7725). ESI-MS, m/z Found (Caled) = 1133.27 (1133.37) [[(n-
Bu)sN];[Fe(CICNAn);]]; 890.01 (890.90) [[(n-Bu)sN][Fe(CICNAn);]-H]"; 445.34 (445.34)
[[(n-Bu)sN][Fe(CICN,An);]*".

[Ph4P]3[Fe(CICNAN)3;]-H,O (4b). This compound was synthesized as red shiny crystals
according to the procedure described for 3a, using FeCl; (35 mg, 0.22 mmol), KHCICNAn
(154 mg, 0.65 mmol), NaOH (26 mg, 0.66 mmol) and PhsPBr (277 mg, 0.66 mmol). Yield:
85%. Elemental anal. Calcd for Co3HgyC3FeP3N3Oy3: C, 66.31; H, 3.71; N, 2.49; Found. C,
65.76; H, 3.46; N, 2.50. FT-IR (f./cm ™', KBr pellets): 3063(w), 2211(s), 1636(m), 1610(w),
1560(s), 1526(vs), 1484(m), 1438(s), 1393(vs), 1306(m), 1263(m), 1188(w), 1165(w),
1108(s), 1026(m), 997(m), 860(m), 756(m), 724(s), 690(s), 610(m), 577(m), 528(s), 419(vw).
UV-Vis (CH5CN solution, Ane/nm (¢/dm’ mol™ cm™)): 250 (53308), 260 (52409), 275
(26494), 309 (36290), 355 (42171), 433 (7340), 463 (8310), 490 (8217). ESI-MS, m/z Found
(Caled) = 132692  (1327.22)  [[Ph4P]o[Fe(CICNAn);]];  988.81  (988.83)
[[Ph4P][Fe(CICNAN);]-H]; 493.67 (493.92) [[PhsP][Fe(CICNAN);]]*>".

[(n-Bu)4N]3[AI(CICNAR);] (5a). This compound was synthesized as orange shiny crystals
according to the procedure described for 3a, using Al,(SO4)3-18H,0 (73 mg, 0.11 mmol),
KHCICNAn (154 mg, 0.65 mmol), NaOH (26 mg, 0.66 mmol) and (n-Bu)sNBr (213 mg,
0.66 mmol). Yield: 94%. Elemental anal. Calcd for CgoH103Cl3AINgO12: C, 61.53; H, 8.08; N,
6.24; Found. C, 61.07; H, 8.01; N, 6.14. FT-IR (ﬁmax/cm_l, KBr pellets): 2963(m), 2934(w),
2876(m), 2214(m), 1649(m), 1613(w), 1583(s), 1550(vs), 1480(m), 1403(vs), 1336(m),
1313(m), 1265(m), 1036(m), 882(w), 865(m), 740(w), 636(m), 612(m), 598(m), 549(vw),
489(w), 450(w). UV-Vis (CH3CN solution, Aue/nm (e/dm® mol™ cm™)): 249 (45041), 257
(40522), 323 (57591), 469 (3476). ESI-MS, m/z Found (Calcd) = 1588.85 (1589.42) [[(n-
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Bu)sNJs[AI(CICNAn);]]"; 1102.29 (1104.50) [[(n-Bu)sNJ2[AI(CICNAN);]]; 430.78 (431.02)
[[(n-Bu)sNJ[AL(CICN>An);]*".

[Ph4P]5[AI(CICNAR);]-H,O (5b). This compound was synthesized as orange shiny crystals
according to the procedure described for 3a, using Al (SO4);-18H,0 (73 mg, 0.11 mmol),
KHCICNAn (154 mg, 0.65 mmol), NaOH (26 mg, 0.66 mmol) and Ph4sPBr (277 mg, 0.66
mmol). Yield: 85%. Elemental anal. Calcd for Co3sHg,C3AIP3N3O3: C, 67.46; H, 3.77; N,
2.54; Found. C, 66.59; H, 3.49; N, 2.44. FT-IR (5max/cm_l, KBr pellets): 3063(w), 2212(s),
1647(m), 1610(w), 1583(s), 1548(vs), 1484(m), 1438(s), 1402(vs), 1355(m), 1314(m),
1263(m), 1188(w), 1165(w), 1108(s), 1031(m), 997(m), 866(m), 755(m), 724(s), 690(s),
637(m), 608(m), 595(m), 527(s), 490(vw), 450(vw). UV-Vis (CH3;CN solution, A,.,/nm
(g/dm’ mol™" em™)): 249 (49354), 257 (46909), 276 (20633), 314 (56351), 470 (3464). ESI-
MS, m/z Found (Calcd) = 1976.02 (1977.14) [[PhsP]s[AI(CICNAN);]]"; 1297.93 (1298.36)
[[PhsP]o[AI(CICNAN)s]]; 959.81 (959.97) [[PhsP][AI(CICNAnN);]-H]; 479.22 (479.49)
[[Ph4P][AI(CICNAN);]]>.

Characterization. FT-IR spectra were performed on KBr pellets with a Bruker Equinox 55
spectrophotometer. C, H, N analyses were performed with a Thermo Electron Analyzer CHNS
Flash 2000. ESI-MS spectra were performed with a Bruker Esquire 3000 Ilonic Trap (TOF
analyzer) in negative and positive mode. UV-Vis absorption spectra (800—200 nm) were
recorded in CH3CN or H,O on a Varian Cary 5 spectrophotometer. NMR spectra were
recorded on a Bruker Avance DRX 300 spectrometer (300 MHz for 'H, 75 MHz for C).
Chemical shifts are expressed in parts per million (ppm, ), downfield from TMS as an
external reference. The following abbreviations are used: singlet (s), doublet (d), triplet (t),

quartet (q), doublet of doublets (dd).

Photoluminescence Spectroscopy. Continuous wave emission spectra (450-750 nm) were
collected in CH3CN or H,O solutions with a Horiba-Jobin Yvon Fluoromax-4
spectrofluorimeter using a direct current (DC) Xenon lamp. All spectra were spectrally
corrected for detector response. Bandpass was set as 5 nm slit width for each measurement.
Emission quantum yields (@) were evaluated using the relative method*' by means of the
following equation

1—-1074r [ n?

= pp—————
R'1-10-4 Iz ng?
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where Az and A are the absorbances of the reference and the sample, respectively, at the
excitation wavelength, /x and / indicate the integrated emission signal of the reference and the
sample, respectively, and ng and » indicate the refractive index of the solvent for the reference

and the sample, respectively. [Ru(bpy);]Cl, (@ = 0.063) was used as reference.

Single Crystal X-Ray Crystallography. Single crystal X-ray diffraction measurements were
performed on a Bruker Nonius Kappa CCD diffractometer, using graphite-monochromated
MoK, radiation (4 = 0.71073 A). The structures were solved by direct methods (SHELXS-97)
and refined on F* with full-matrix least squares (SHELXL-97),** using the Wingx software
package.” The non-H atoms were refined with anisotropic displacement parameters. In the
crystal structure of compounds 2, 3a, 3b, and 4a, the cyano and chloro substituents were
found disordered in two equivalent positions related to two possible orientations of the ligand
along an ideal plane formed by the planar benzoquinone ring. These atoms were refined with
mixed sites occupancy factors. The results of the refinements converge for all compounds to a
ca. 50/50 probability (0.48/0.52, 0.49/0.51, 0.45/0.55, 0.49/0.51, for 2, 3a, 3b, and 4a,
respectively) to find the chloro and cyano substituents in the two positions. This indicates the
absence of a preferential orientation of the ligand in these crystal structures. Such disorder
was not found in the crystal structure of 1. In addition to the disorder related to the orientation
of the ligands just described, in the crystal structure of 3b one of the ligands was found
globally disordered in two slightly displaced positions that were refined with isotropic thermal
parameters and with site occupancy factors of 0.77/0.23. The same situation, with slightly
different occupancy factors, was also observed in the isostructural compounds
[PhyP]s[Fe(CLAN);]'H,0 and  [PhyPls[Fe(Br,An)s]-H,O  already  reported.””  The
crystallization water molecule of 3b was refined without the hydrogen atoms. Graphical
material was prepared with Mercury CSD 3.3.* A summary of the crystallographic data and
the structure refinement for compounds 1-4 is reported in Table 6. Crystallographic data for
the structures have been deposited in the Cambridge Crystallographic Data Centre (see
Supporting Information).

Table 6. Summary of X-ray crystallographic data for 1, 2, 3a, 3b, 4a.
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1 2 3a 3b 4a
Empirical formula C7HC1KNO4 C55H44C1NO(,P2 C69H108C13FCN6O|2 C93H60C13CI'N3P3O|3 C69H108C13FCN6012
Formula weight 237,64 912.30 1371.96 1678.70 1375.81

Crystal size, mm .6 x 0.09 x 0.03  0.50 x 0.30 x 0.10  0.60 x 0.12 x 0.07 0.32x 0.28 x 0.10  0.80 x 0.60 x 0.10

Crystal system Monoclinic Triclinic Monoclinic Monoclinic Monoclinic
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Space group P2,/a P-I P2,/a P2,/n P2,/a
a, A 7.039(1) 9.9874(5) 20.219(2) 13.202(2) 20.167(1)
b, A 17.051(3) 11.0867(11) 13.162(3) 18.819(5) 13.190(3)
¢, A 7.106(1) 12.2489(9) 29.914(5) 32.627(7) 29.964(7)
a, deg. 90 88.863(8) 90 90 90
B, deg. 102.389(15) 68.550(6) 108.729(10) 91.914(14) 108.603(11)
Y, deg. 90 66.460(7) 90 90 90
v, A? 833.0(2) 1144.6(1) 7539(2) 8101(3) 7554(2)
z 4 1 4 4 4
T,K 293(2) 293(2) 150(2) 150(2) 150(2)
p(calc), Mg/m® 1895 1.324 1.209 1.376 1.210
f, mm’! 0.941 0.207 0.317 0.367 0.365
6 range, deg. 3.19-26.99 1.81-28.79 1.88-24.10 1.25-26.50 1.88-24.50
GooF 1.063 1.022 1.076 1.057 1.027
Rl 0.0447 0.0583 0.0907 0.0734 0.0699
WwR2 0.1043 0.1327 0.2062 0.1784 0.1420

R1 = S||F |-|FV/Z|F,), wR2 = [E[W(F,2—F 2)2)/E[w(F ,2)21)"2 » w = 1/[62(F,2) + (aP)? + bP], where P =

[max(F,2,0) + 2F 2]/3.

Powder X-Ray Crystallography. Wide-Angle Powder X-Ray Diffraction (PXRD) patterns
on polycrystalline samples were recorded on a Panalytical Empyrean diffractometer equipped
with a graphite monochromator on the diffracted beam, and a X’Celerator linear detector. The
scans were collected within the range 5-40° (26) using CukK,, radiation (1 = 1.540 A). The
simulated patterns were generated from the atomic coordinates of the single-crystal structure
solutions ~ using the Mercury CSD 3.3  program*  (copyright CCDC,
http://www.ccdc.cam.ac.uk/mercury/) using a FWHM (full width at half maximum) of 0.15
and a 2@ step of 0.05.

Computational Details. Density functional theory calculations were performed on the
isolated CICNAn?" anion and on the [M(CICNAn);]*~ (M = Cr(III) (3), Fe(III) (4), AI(III) (5))
complexes. The geometry of the anion was optimized with the B3LYP hybrid density
functional**® and the 6-31+G(d) basis set."’ The geometries of the metal complexes were
optimized with the B3LYP density functional and the LANL2DZ basis set with Hay and
Wadt effective core potential (ECP)**° for Fe, Cr and halogen atoms and the 6-31G basis set
for the C, N, O, and Cl atoms.”**' Single point calculations were performed on the complexes
by using the B3LYP density functional and the LANL2TZ with Hay and Wadt ECP for the Fe
and Cr metal ions,sz'54 whereas C, N, O, CI and Al atoms were treated with the 6-311+G(d)
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basis set.” Natural bond orbital analysis and natural atomic charges were obtained from the
natural population analysis (NPA) performed with the NBO 3.1 program™ incorporated in the
Gaussian03 package. Spin density and electrostatic potential diagrams were generated with
the Gabedit®” and MOLDEN>® programs. To address the solvation effects in acetonitrile, the
polarizable continuum model (PCM)® was also applied using gas-phase optimized
geometries. TD-DFT®*®! PCM calculations in CH;CN were performed to obtain the energies
of the ten lowest singlet electronic transitions for the ligand and the AI(III) complex. Twenty
and fifty transitions were computed for the Cr(Il) and Fe(Ill) complexes, respectively, using
the B3LYP density functional and the lanl2dz basis set on the metal ion and the 3-21G basis
set on the remaining atoms.” SWizard® was used to analyzed the electronic transitions
obtained from TD-DFT calculations. All the calculations were performed with the Gaussian

03 program suite.**

Magnetic measurements. Susceptibility measurements were performed in the temperature
range 1.8-300 K with applied magnetic fields of 0.1-1 T on polycrystalline samples of
compounds 3-4 with masses of 11.48, 6.73, 8.98, and 4.11 mg, for 3a, 4a, 3b, and 4b,
respectively, by using a Quantum Design MPMS-XL-5 SQUID susceptometer. The isothermal
magnetization measurements were performed on the same samples at 1.8 K with magnetic
fields up to 5 T with the same equipment. Susceptibility data were corrected for the sample
holders previously measured using the same conditions and for the diamagnetic contributions
as deduced by using Pascal’s constant tables.® PXRD measurements have been performed on
the same polycrystalline samples that were measured in the SQUID. They show experimental
patterns that correspond to the simulated X-Ray patterns obtained from the single crystal X-
Ray structures, confirming that the solved structures are representative of the entire measured

samples. PXRD data are reported in the Supporting Information (Figures S4-S6).
ASSOCIATED CONTENT

Supporting Information

X-ray crystallographic file in CIF format, additional Figures as mentioned in the text.
Crystallographic data for the structures have been deposited in the Cambridge
Crystallographic Data Centre, deposition numbers CCDC 1052898 (1), CCDC 1052897 (2),
CCDC 1052896 (3a), CCDC 1052895 (3b), CCDC 1052894 (4a). These data can be obtained

34

Page 34 of 39



Page 35 of 39

free

Dalton Transactions

of charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data_request/cif.
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