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Abstract

The aim of this thesis is the application of bidentate [N,P]-donor ligands for the
preparation of luminescent metal complexes with centres having d'° electronic
configuration belonging to the first row of the d-block.

The Staudinger reaction between a stoichiometric ratio of
bis(diphenylphosphino)methane (dppm) and phenylazide (PhNs) afforded a stable
asymmetric iminophosphorane that was employed to coordinate d'® metal centres. The
ligand  1-((diphenylphosphaneyl)methyl)-N,1,1-triphenyl-phosphanimine  (dppmN®h)
shows a greenish fluorescence at the solid state.

The reaction of dppmNP" with suitable Cu(l) and Zn(Il) precursors allowed to obtain air-
sensitive homoleptic and halide complexes. The luminescence of homoleptic complexes
is centred in the green region and involves excited states composed by ligands and
metals orbitals. The luminescence of Zn(ll) derivative is noticeably greater.

Cu(l) halide complexes are most likely coordination polymers characterized by greenish
luminescence, enhanced by traces of organic solvent. Experimental data suggest that the
interaction with the solvent molecules increases the radiative decay rate.

Zn(Il) halide complexes are poorly soluble in organic solvents. Lifetime measurements on
the chloro- and bromo-complexes at room temperature clearly indicate that the emission
is a fluorescence from the coordinated ligands, while the presence of iodide in
coordination sphere favours a non-radiative decay, probably anticipated by intersystem
crossing.
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concerning the luminescent features of materials are often supported by computational

investigations®.

1.2 Luminescence in d-block elements

Some metal complexes of d-block elements can give photoluminescence thanks to metal-
centred transitions in the partially filled d-shell. Transitions of this type are influenced by
different aspects, such as the nature of the ligands and the geometry of the complex. The
description of the orbital structure can be modelled according to both the crystal field and
the molecular orbitals theories. The first approach considers the ligands as negative point
charges surrounding the metal and the interactions are electrostatic. The loss of
degeneration and the occupation of d-orbitals determine a stabilizing contribution, the
crystal field stabilization energy. The molecular orbital theory instead describes the
interactions as superpositions of metal and ligand orbitals, these last grouped in
symmetry-adapted linear combinations (SALCs). The interactions can be potentially built
starting from any of valence metal orbital, but only those having adapted energy and
symmetry interact with the appropriate SALC to form a bond with the ligand. Molecular
orbitals can be bonding, non-bonding or antibonding and their occupations stabilize or
destabilize the complex. Non-bonding orbitals do not form bonds, but can be involved in
electronic transitions®. The localization of the molecular orbitals can be evaluated from
the coefficients of the linear combinations. The molecular orbital theory offers more
possibilities to describe the different electronic transitions on the basis of the orbitals

involved”’.

Elements belonging to the d-block can form luminescent complexes, categorized on the
basis of the origin of the emitted photon. The first category is composed by complexes
where the emissions come from multielectronic wavefunctions deriving from d-orbitals.
The orbitals of the ligands are implicated in the population of the emitting levels, in the
determination of the excited state energies and in the definition of the coordination
sphere, thus influencing spectroscopic properties such as wavelength maximum,

bandwidth, excitation range and lifetime&.

A second category of luminescent complexes is characterized by the direct participation
of ligand orbitals in the emission process because of the charge transfer between ligands

and metal. When the electron moves from a metal-centred d-orbital to an antibonding p-
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1.3 Copper and its luminescence

Copper is a first-row transition elements having Z=29 and it belongs to group 11, the
coinage metals group, with silver and gold. Its electronic configuration is [Ar]4s'3d*° and
the two main oxidation states are Cu' (d*°) and Cu'(d®). It has two stable isotopes, 3Cu
and %°Cu, whose abundances are respectively 69% and 31%. Copper can be found in
nature as sulfide, oxide or carbonate. Commons minerals for its extraction are
chalcopyrite CuFeS:2, chalcocite Cu2S, cuprite Cu20 and malachite [Cu2CO3(OH)2] 3. The
coordination chemistry of copper at the elemental state is possible only at extremely low
temperatures, while the known complexes of Cu'! generally behave as strong oxidants.
The common oxidation states of copper are Cu' and Cu'". The standard reduction potential
in aqueous solution at 25°C are 0.15 V for Cu?* + e < Cu* and 0.52 V for Cu* + e <

Cu®. Cu'is thus unstable in water and tends to disproportionate. This behaviour is to be
ascribed to the higher charge/area ratio of the divalention, whose interactions with water
overcome the second ionization energy*4. Despite that, poorly soluble salts resist to
disproportion and the introduction of suitable ligands increases the stability of copper(l)
in solution. Copper(l) organometallic complexes are generally soluble in organic solvents,
depending upon the nature of the ligands in the coordination sphere. The coordination
numbers of copper(l) are 2, 3 or 4, and the coordination geometries are primary
determined by the minimization of the steric repulsions. The electronic distribution of the
metal centre is symmetric because of the completely filled d*° configuration, and d-d metal
centres transition are not possible. Copper(l) complexes are thus typically colourless in
the absence of coordinated chromophores. The luminescent behaviour is usually
associated, in particular in mononuclear complexes, to MLCT mechanisms thanks to the
coordination of appropriated ligands. Upon excitation the metal centre is formally oxidized
to copper(ll), while the ligands are reduced, thus p-conjugated systems play a pivotal role.
Minerals do not exhibit luminescent proprieties since copper is normally present in the
divalent, air-stable oxidation state. Copper(ll) derivatives are usually blue-green coloured
thanks to absorption in the visible and NIR region partially related to d-d transitions, but
the luminescence is quenched by fast vibrational decays between non-degenerate d-

orbitals.

Copper(l) derivatives are of interest from a technological point of view as they can exhibit
peculiar emission features deeply influenced by the coordinated ligands, such as

temperature-dependent lifetimes. Small changes in the coordination sphere can lead to
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of TADF complexes typically present pyridine and imidazole derivatives as ligands. In
presence of halides in the coordination sphere {(M+X)LCT and 3(M+X)LCT transitions
acquire relevance and the relative contributions of TADF and phosphorescence depend
on the coordinated halide?*.
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Figure 13. Different Cu(l) TADF-emitting complexes.

These TADF complexes are of current interest to build third generation OLEDs, less
energy demanding and more stable than the preview generations. Moreover, the excited
states involved in the luminescence are suitable for the development of photocatalytic

systems?24d: 25,

TADF properties are revealed by recording steady-state and time-resolved emission
spectra at different temperatures. In particular, lowering the temperature leads to a
change of the decay curves because of the increasing contribution of the triplet excited

states.

1.4 Zinc and its luminescence

Zinc is another abundant element of interest for luminescent materials. It has Z=30 and
belongs to group 12. There are five different isotopes and the most common in nature is
64Zn (49% of total). The electronic configuration is [Ar]4s23d'°® and the main oxidation
state is Zn", with completed d-shell. In nature zinc is commonly found in minerals together
with sulphur (sphalerite and wurtzite) and other heavy chalcogens. More rarely, zinc can
be found in carbonates, silicates and oxides together with iron. ZnS doped with silver,
copper or manganese shows luminescent features used in the production of X-ray
screens, cathode ray tubes and glow-in-the-dark products. The luminescence features
can be tuned on changing the doping elements?®. ZnS is also employed for the realization



$ $% - *

Confinement width
Conduction band J—
k ' ' = —
8 P Bandgap E

2 ' :

w e o — ' '
e I — ' ' —_— —
= = =
Valence band ' =
6 nm 2nm

Nanocrystal diameter
#* )
.0
* 0 7 *

Y
pJ < p



! * lllll(
*
" JK !
sJ I
&
Zn(ll) ligands Zn(Il) ligands
o* o*
—— = == Ke
4p — 4p —
—_— — T - ——=x
4s # 4s ﬁi
3d % ' SALC & e # : SALC &
ek Lc et met/iLLer
hv —t— A
Zn(ll) ligands
o _—
4p >
- # + T e—
3d % ' SALC &
round state
— g
* mu( 1
(
*
F2%
"#! 67
2% * |||||(

&2



a) [ 2+ b) C) d)

~‘. ‘:. /\\
2 4 =4 ) IS = 0——2zn 0o
NN = W %S
/ \ 4 \ N\ /N 0 N X O\J
—NHN_ Fa8 ! N \—O\J
Cl Cl
X=ClBrl

S
@l J+- o' (AG@GC! 9 "H C$23
$ * ( * A
22 | (
@IGLC>  ("MA C> (" C $
( ! GC
9 GC*"
_ — e
A - on N\’\
N—/ N
N=\ /=N
N N
\ [
N\ V/
<Nj ) E?>
Zn " \\pﬁOI"Zn
AN YA
\Hﬁ?f"
Oy .
Zn
@l2+- 2" (&' C$23 $ * ( * (
* ---"( >

24



1

I lllll( - ;7 %%%

@I'>N-( A @I"-N>N>-(A SN-CF ) E
> N H -N>N>N- C E

> >O $ — ( 23w

/N
N_ / (o) [e)
\ o \, /
N\N \O/él_?o/ N'N /zn/ _N/Zn\N_
o \ \ /
OO
S

>80C 8 2

20

2F



2&

> % |
> >
p
R’ R’
= \N \N@
\_o_c I o
/ ‘“IIR > / "”/R - / \"IIIR
-N,
#
P 0 $$
I
4%
> )
$ 2 21

4%



M=Pd Ptn=0
M=Aun=1

@>9 LI+

M= Pd, Pt
' 661(
4.
*
2 g 2
@' L+
E
C>6(MA'6 C .= !
i

C> ( MA "

43

=+ 2(



B R R B
| | [MR;] | ' |
— NS ’ = .M. NS

) -RH NERN
Il I Il I
Ph,P-__PPh, Ph,Ps_. PPh,
E
8 . C

2#>C

9
@' L+ C>(.MA' ( @>9LM+
HI  H9 H H> H! H+
@> A
@>-A
A4 4=
I+ . : >0

3 40

. y ‘
9

C>6 (. MA

@> #A

(!



P Ay Ph,P” ~PPh, Ph,P” PPh,
Ph,P” “PPh, i — oY
Ar” Ar’
X=0,8
@>-A @>#A @> A

G : #>C A+ , H> H!I H+



2. Aim of the thesis

The lack of information concerning the luminescence features of iminophosphorane
complexes prompted to start a study concerning selected coordination compounds. In
particular, the copper(l) and zinc(Il) metal centres, both characterized by d'° electronic
configuration but with different luminescence mechanisms, were chosen. Given the
increased stability associated to the use of multidentate ligands and the generally good
luminescence exhibited by copper(l) complexes with mixed [N,P] coordination sphere,
the investigation was focused on bidentate [N,P]-ligands containing one
iminophosphorane moiety. The first objective of the thesis is thus the isolation and
characterization of phosphine-iminophosphorane ligands, derived from the Staudinger
reaction between oraganoazides and bidentate phosphines. Aliphatic and aromatic
azides will be used, while bis(diphenylphosphino)methane and 1,2-
bis(diphenylphosphino)ethane will be considered as precursors. Once obtained stable
ligands, their reaction with suitable metal precursors will be studied with the aim to isolate
and characterize new homoleptic and halide metal complexes. The last objective of the
thesis is the investigation of the luminescence features, whose rationalization will be

supported by electrochemical studies and DFT calculations.



3. Experimental section
3.1. Materials and methods

The commercial inorganic and organic reagents were purchased from Merck and used
without further purification. The solvents were dried and purified following reported
procedures and stored under inert atmosphere*®. Deuterated solvents for NMR
spectroscopy were Euriso-Top products, used as received.

CuX (X = ClI, Br) anhydrous precursors were synthesized in almost quantitative yield by
reducing copper(ll) salts with sodium sulfite in the presence of the proper halide*®. A
solution of 3.8 g (30 mmmol) of Na2SOsin 25 ml of water is added dropwise under stirring
to a solution containing 30 mmol of hydrated CuX2 (X = Cl, Br) in 5 ml of H20. The mixture
changes colour and white CuX slowly separates. The precipitate and the supernatant
liquid are subsequently poured into a solution containing 500 mL of water, 0.5 g of Na2SO3s
and 1 ml of concentrated HX (X = CI, Br). The mixture is then stirred and after
sedimentation the supernatant liquid is decanted. The solid is washed with diluted H2SO4
and it must always be covered by a layer of this acid solution to prevent its oxidation.
Copper(l) halide is then washed four times with 10 ml of glacial acetic acid, three times
with 15 ml of dry ethanol and finally six times with 8 ml of anhydrous ether. Due to its air
instability, the products are stored inside the glove box. Quantitative yield. Cul was
purchased from Aldrich and used as received.

Cu(k?@BHa4)(PPhs)2 was synthesized in quantitative yield by reducing copper(ll) sulfate
with NaBH4 in the presence of triphenylphosphine®. In typical preparation, 0.5 g (2.0
mmol) of copper(ll) sulfate pentahydrate and 2.5 g (9.2 mmol) of triphenylphosphine are
placed in a flask along with 40 ml of methanol. The resulting suspension is heated until
the solids are completely dissolved. After cooling the solution at room temperature, small
aliquots of 0.5 g of NaBH4 are slowly added. The formation of Hz is observed. The crude
product that separates is filtered and dried under reduced pressure. The compound is
dissolved in 20 ml of dichloromethane and the solution is filtered on paper filter. After that
25 ml of methanol are added to the solution. Dichloromethane is then removed under
reduced pressure until the precipitation of the complex. The product is collected by
filtration and dried in vacuo. Quantitative yield.

[Cu(NCCHB2)4][BF4] was obtained following a procedure reported in literature®®. The
synthesis was performed inside the glove box. To a stirred solution of 0.500 g of copper(l)
oxide (3.5 mmol) in 20 mL of acetonitrile, HBF4R; 20 (1.0 mL) is added. The evolution of



the reaction is indicated by the dissolution of the red solid Cu20. After the disappearance
of the solid, the solvent is evaporated under reduced pressure to give a brownish solid,
that is purified. The precipitate is firstly dissolved in dichloromethane and then the solid
impurities are eliminated by centrifugation. This procedure is repeated two times, and all
the organic fractions are filtered on cotton and collected together. The solvent is
concentrated under reduced pressure, then the complex is precipitated with diethyl ether,
filtered and stored inside the glove box. Yield: 60%.

The zinc precursors ZnXz (anhydrous, X = CI, Br, 1), Zn(ClO4)2R=+0 and Zns) were
purchased from Alfa-Aesar and used as received.

The organic azides were prepared under a fume hood following reported methods. In
particular, aliphatic azides were obtained through substitution of bromide by the azide ion,
while aromatic azides were synthesized by nitrosation of the corresponding organic

hydrazines®?. Safety note: organic azides are potentially explosive compounds. All the

manipulations were carried out using limited guantities of reactants, with careful control

of the temperature during all the synthetic steps. Once prepared, the organic azides were

stored at -25°C. The detailed synthesis of phenylazide, PhNs, is the following: In a flask,

phenylhydrazine hydrochloride (4.44 g, 30 mmol) is dissolved in 30 ml of water containing
3 ml of concentrated HCI under stirring. The solution is then cooled in an ice-salt bath.
Subsequently, a solution of 2.50 g (30 mmol) of NaNO: is added dropwise, causing the
solution to turn orange. After 2 hours, the product is extracted with diethyl ether and dried
over anhydrous Na2SOa4. The solvent is removed under reduced pressure. The product is
purified by chromatography on silica column using pentane as the eluent. The solvent is
again removed under reduced pressure, yielding a yellow oil with an approximate yield of
55%. To prepare p-methylbenzyl azide, p-methylbenzylbromide (4.08 g, 22 mmol) is
added to a DMSO solution (40 mL) containing 1.62 g of sodium azide. The reaction
mixture is stirred overnight at room temperature. Water is added to the reaction mixture
and the product is extracted using diethyl ether. The organic solution is dried over
anhydrous Na2SO4 and the solvent is removed under reduced pressure. The organic
azide is obtained in nearby quantitative yield.

Unless otherwise stated, the other preparations were carried out in a pressure-controlled
glove box (MBraun Labstar) filled with N2. A gas circulation pump connected with a
reservoir of activated zeolites allowed to remove traces of water and solvents. The glove

box was equipped for organic and inorganic syntheses.



3.2. Characterizations

Conductivity measurements were carried out on 10 M solutions using a Radiometer
Copenhagen CDM83 instrument. The temperature was kept at 298 K with a thermostatic
bath. The results were interpreted on the basis of literature data>.

Melting points were determined using a FALC 360 D instrument equipped with a video
recording device.

Infrared spectra in the 4000 — 450 cm™ range were recorded with a Perkin-Elmer
Spectrum One FT-IR instrument. The samples were dispersed in KBr under N2
atmosphere. ATR spectra (diamond crystal) were collected with a Perkin EImer Spectrum
Two spectrometer.

NMR spectra were collected using Bruker Avance 300 and Avance 400 instruments
operating respectively at 300.13 MHz and 400.13 MHz of 'H resonance. *H NMR and 3C
NMR spectra were referred to the partially non-deuterated fraction of the solvent, itself
referred to tetramethylsilane. 3'P{*H} NMR resonances were referred to 85% H3PO4 in
water.

The absorption spectra of dichloromethane solutions of ligands and complexes were
recorded at room temperature with a Yoke 6000Plus double-beam spectrophotometer.
Emission (PL) and excitation (PLE) spectra as well as time-resolved photoluminescence
measurements were recorded at room temperature on solid samples with a Horiba Jobin
Yvon Fluorolog-3 spectrofluorometer. Air-tight quartz tubes were used and filled under
inert atmosphere to prevent the interaction of oxygen- and moisture-sensitive compounds
with air. The source was a continuous wave xenon arc lamp, and the wavelength of
excitation was selected with a double Czerny-Turner monochromator. Suitable long-pass
filters were placed in front of the acquisition systems to avoid second-order effects. The
detector was composed by a Hamamatsu R928 photomultiplier tube and a iIHR320
monochromator. Photoluminescence decay curves were collected in Multi-Channel
Scaling mode (MCS) or Time-correlated Single Photon Counting mode (TCSPC)
employing Horiba SpectraLED and NanoLED pulsed sources.

The room-temperature photoluminescence quantum yields (S) at the solid state were
measured by means of an OceanOptics HR4000CG UV-VIS-NIR detector, fiber-coupled
to an integrating sphere connected to OceanOptics UV LED continuous sources (, excitation
max = 310 nm). Values are reported as average of three measurements.

Cyclic voltammetry measurements were performed at variable scan rate on acetone

solutions using an eDAQ ET014-199 potentiostat. Lithium perchlorate was introduced as



supporting electrolyte. The working electrode was a platinum disk (1 mm diameter), while
the auxiliary electrode was a 1.6 mm diameter Pt-coated titanium rod. All the electrodes
were provided by eDAQ. Ferrocene was added as internal standard and a Pt wire was
used as pseudo-reference electrode. All the measurements were carried out at room
temperature under argon atmosphere.

XRF spectra were recorded with a Thermo Scientific Niton XL3t instrument. Weighted
amounts of solid samples were dispersed in silica gel and stored in polypropylene
holders.

The single-crystal X-ray structure determinations were carried out at CACTI
(Universidade de Vigo) at 100 K using a Bruker D8 Venture Photon Il CMOS detector and
Mo-KT radiation (, = 0.71073 A).

3.3. Computational details

Computational geometry optimizations, IR simulations and time-dependent DFT (TDDFT)
calculations® were performed with the PBEh-3c method, which is a reparametrized
version of the hybrid-GGA PBEO functional (with 42% HF exchange) that uses a split-
valence double-zeta basis set (def2-mSVP) and adds three corrections considering
dispersion, basis set superposition and other basis set incompleteness effects®. Further
calculations were carried out with the r’'SCAN method, based on the meta-GGA r’SCAN
functional combined with a tailor-made triple-U Gaussian atomic orbital basis set with
refitted D4 and geometrical counter-poise corrections for London-dispersion and basis
set superposition error®®. Another functional, used in particular for TD-DFT calculations®’,
is the hybrid meta-GGA TPSSO0 (25% Hartree-Fock exchange)®8, combined with Ahlrich’s
polarized triple-z def2-TZVP basis set*®. In selected cases the C-PCM solvation model
was added to the calculations®®.

The software used was ORCA version 5.0.3 °1, running on Intel x86-64- based

workstations. The output was elaborated using MultiWFN, version 3.8 62,



3.4. Synthesis of 1-((diphenylphosphaneyl)methyl)-  N,1,1-triphenyl-phosphanimine,
NPh=PPh2CH2PPh2 (dppm NP")

In a typical preparation, bis(diphenylphosphino)methane (dppm, 1.117 g, 2.9 mmol) was
dissolved in 30 mL of toluene, then 0.415 g (3.5 mmol) of phenylazide were slowly added
under stirring. The reaction mixture was left under stirring under N2 atmosphere for 2
hours at room temperature. The solvent was then removed under reduced pressure.
Addition of diethyl ether caused the separation of a light-yellow solid exhibiting greenish
luminescence by irradiation with Wood lamp. The product was collected by filtration,
washed two times with diethyl ether and dried under vacuum. Yield 40%. Note: large

guantities of bis(diphenylphosphino)methane monoxide (dppm©) are formed if traces of

water are present in the phenylazide.

Characterization of dppmNPh. M.p. 68 °C (dec.). IR (KBr, cm™): 3012-2941 (nch), 1590-
1436 (ncc aromatic), 1333 (nnc), 1106 (nen+der). tH NMR (CDCls, 300 K): d 7.85-7.15 (m,
20H, P- (H0$%-6.55 (m, 5H, N- (H2.0' .+  Jpu= 12.9 Hz, PCH2P). 3P{*H} NMR
(CDCls, 300 K): AB spin system, da = 4.03 ppm (PPh2=NPh), ds = -27.9 ppm (PPhz), Jrp
= 53.8 Hz. 3C{*H} NMR (CDCls, 300 K): d 133.0-117.0 (aromatic CH), 29.7 (*Jrc = 30.2
Hz, 1Jpc = 70.9 Hz, PCH2P). UV-VIS (CH2Clz, r.t., nm): < 385, 256. PL (solid, | excitation =
350 nm, nm): 499 (FWHM = 5400 cm™). PLE (solid, | emission = 560 nm, nm): < 430. t

(SO"d, | excitation = 373 nm, | emission = 410 nm, ns): 4.3.

3.5. Synthesis of Cu complexes

All the preparations were started with the dissolution of the proper copper(l) precursor in
a suitable solvent, followed by the addition of the ligand. In particular, acetonitrile was
used in combination with copper(l) halides, while [Cu(NCCHs)4][BF4] was dissolved in
dichloromethane. The reactions were performed at room temperature with vigorous
stirring. The work-up procedure was based on the removal of the solvent under reduced
pressure, followed by the addition of diethyl ether to precipitate the final products. All the

syntheses were performed in glovebox under Nz inert atmosphere.



Synthesis of [CuX(dppmNPM)] (X = ClI, Br, 1)

"( $% HGC! %%&& HGC9

% %42 HG C" % $&% ( 3 NPh (0.475 g, 1.0
mmol) was then added under vigorous stirring. After 4 hours the solvent was removed
under reduced pressure and a white solid began to precipitate. To complete the
precipitation diethyl ether was dropwise added. The pale green solid obtained was
filltered, washed with diethyl ether and dried under vacuum. The complex showed
greenish luminescence under Wood lamp irradiation. Yield = 73% (X =Cl), 85% (X = Br),
83% (X =1).

Characterization of [CuCl(dppmNP)]. M.p. 148 °C. IR (KBr, cm?): 3073-3011 (ncH
aromatic), 2991-2849 (ncw aliphatic), 1589-1437 (ncc aromatic), 1284, 1265 (ncn), 1112-
1074 (nen+dcH). IH NMR (CDCls, 300 K): d 8.05-=33 ' 3+ (H22=' .+
PCH2P). 31P{tH} NMR (CDCls, 300 K): d 23.9 (br), -31.9 (br). UV-VIS (CHzCl2, r.t., nm): <
400, 296 sh, 260 sh. PL (solid, | excitation = 280 nm, nm): 522 (FWHM = 4900 cm). PLE
(solid, | emission = 560 nm, nm): < 450. t (solid, | excitaton = 373 NM, | emission = 420 nm, ns):
12.9.

Characterization of [CuBr(dppmNPM)]. M.p. 153 °C. IR (KBr, cm™): 3072-3010 (ncH
aromatic), 2918-2850 (ncw aliphatic), 1589-1437 (ncc aromatic), 1283, 1265 (ncn), 1112-
1074 (nen+dcH). IH NMR (CDCls, 300 K): d 8.00-==% ' .3+ (H22% ' .+

PCH2P). 31P{tH} NMR (CDCls, 300 K): d 22.9 (br), -33.0 (br). UV-VIS (CHzCl2, r.t., nm): <
400, 288 sh, 253 sh. PL (solid, | excitation = 280 nm, nm): 516 (FWHM = 5200 cm™?). PLE
(solid, | emission = 620 nm, nm): < 480, 407 max. t (solid, | excitation = 373 nm, | emission = 550

nm, s): 3.4. t (soaked with ether, | excitation = 373 nm, | emission = 550 nm, ns): 0.9.

Characterization of [Cul(dppmNPM)]. M.p. 119 °C. IR (KBr, cm?): 3071-3022 (ncH
aromatic), 2966-2850 (ncn aliphatic), 1590-1436 (ncc aromatic), 1287-1265 (ncn), 1111-
1079 (nen+dcr). TH NMR (CDCls, 300 K): d 8.00-==% ' .3+ (H22.' .+

PCH2P). 31P{tH} NMR (CDCls, 300 K): d 23.7 (br), -34.9 (br). UV-VIS (CH2Cl2, r.t., nm): <
350, 276 sh. PL (solid, | excitaton = 360 nm, nm): 484 (FWHM = 4500 cm). PLE (solid,
| emission = 520 nm, nm): < 475, 372 max. t (solid, | excitation = 290 nm, | emission = 480 nm,

ns): 0.9. t (soaked with ether, | excitation = 290 nm, | emission = 480 nm, ns): 0.7.



Synthesis of [Cu(dppmNP")2][BFa4]

[Cu(NCCHs)4][BF4] (1.0 mmol, 0.315 g) was dissolved in 25 mL of dichloromethane. The
ligand dppmNPh (0.951 g, 2.0 mmol) was then added under vigorous stirring. After 5 hours
the solvent was removed under reduced pressure. A white solid separated by addition of
diethyl ether. The product was collected by filtration, washed with diethyl ether and dried
under vacuum. The complex did not exhibit appreciable luminescence under Wood lamp
irradiation. Yield = 90%.

Characterization of [Cu(dppmNPh);][BF4]. M.p. 215 °C (dec). Vm (acetone, 298 K) 123 ohm-
' moltcm?. IR (KBr, cm): 3074-3024 (ncx aromatic), 2913-2850 (ncw aliphatic), 1592-
1438 (ncc aromatic), 1282, 1265 (ncn), 1140-940 (nen+dch, nera). *H NMR (CDCls, 300
K): d 7.80-680 (m, br, 20H, P- (HO .= +  Jwm=83Hz,N- HO%$' .+ Jun=
83Hz, Juh=73Hz,N- H=F%"' $+ Juwn=7.3 Hz, N- (H22F"' 4+ 2P).
31P{1H} NMR (CDCls, 300 K): d 24.0 (virtual t, Jep = 34.0 Hz), -19.8 (s, br). UV-VIS (CHCl>,
r.t., nm): < 400, 292 sh, 255. PL (solid, | excitaton = 280 nm, nm): 531 (FWHM = 5100 cm"
D). PLE (solid, | emission = 560 nm, nm): < 435, 362. t (solid, | excitation = 373 nm, | emission =
420 nm, ns): 7.7.

Synthesis of [Cu(dppe)z][BF4]

[Cu(NCCHs3)4][BF4] (1.0 mmol, 0.315 g) was dissolved in 25 mL of dichloromethane, then
1,2-bis(diphenylphosphino)ethane (dppe, 0.797 g, 2.0 mmol) was added under vigorous
stirring. After 3 hours the solvent was removed under reduced pressure. A white solid
separated by addition of diethyl ether. The product was collected by filtration, washed with
diethyl ether and dried under vacuum. The complex shows greenish luminescence under
Wood lamp irradiation. Yield = 87%.

Characterization of [Cu(dppe)2][BF4]. M.p. 205°C (dec). IR (KBr, cm™): 3074-3004 (ncH
aromatic), 2913-2850 (ncnx aliphatic), 1484-1435 (ncc aromatic), 1099-995 (dcH, nsF4).
IH NMR (CDCls, 300 K): d 7.34 (t, 4H, s CO% +* (HO.= -0$4' $=+ (H.4&

(m, br, 4H, CH2CH2). 3'P{*H} NMR (CDCls, 300 K): d 7.5 (s, br). UV-VIS (CH2Clz, r.t., nm):
< 345, 265. PL (solid, | excitaton = 300 nm, nm): 513 (FWHM = 6100 cm™). PLE (solid,
| emission = 515 nm, nm): < 465, 358 max. t (solid, | excitaton = 373 nmM, | emission = 420 nm,

ns): 3.2. t (solid, | excitaton = 290 Nm, | emission = 510 nm, 118): 66.



3.6. Synthesis of Zn complexes

The syntheses were started with the preparation of a solution of the proper zinc(Il)
precursor in acetonitrile, followed by the addition of the ligand. The reactions were carried
out at room temperature with vigorous stirring. Common steps of the work-up procedures
are the removal of the solvent under reduced pressure and the addition of diethyl ether
to precipitate the final products. All the syntheses were performed in glovebox under N2
atmosphere.

Synthesis of [ZnX2(dppmNPM)] (X = CI, Br, )

* $% HGC! %3$2=HGC

9 %.3 HGC" % 2%& ( 3 6 )

(1.0 mmol, 0.475 g) of dppmNP" was added under vigorous stirring. The products started
to precipitate after a couple of hours. In the cases of X = Cl and X = Br, the solution was
concentrated under reduced pressure after 6 hours and diethyl ether was added to
complete the precipitation. The separation of the iodo-complex from the acetonitrile
solution did not require any further work-up procedure. The white solids obtained were
collected by filtration, washed with diethyl ether and dried under vacuum. The complexes
exhibited scarcely appreciable luminescence under Wood lamp irradiation. Yield = 73%
(X =Cl), 80% (X =Br), 80% (X =1).

Characterization of [ZnClo(dppmNPh)] M.p. > 230 °C. IR (KBr, cm™): 3078-3023 (ncH
aromatic), 2918-2850 (ncn aliphatic), 1588-1438 (ncc aromatic), 1250 (ncn), 1116-1102
(nen+dcn). TH NMR (CDCls, 300 K): d 7.97-7.25 (m, 20H, P- (HO$%' .+  Jun=8.2 Hz,
N- H=&&"' .+ Jvh=8.2Hz, Jhvh=7.3Hz, N- (H=0&"' $+ JuH=7.3 Hz, N- (H
3.37 (dd, 2H, JpH = 10.9 Hz, JpH = 5.7 Hz, PCH2P). 3!P{*H} NMR (CDClIs, 300 K): AB spin
system, da = 25.5 ppm (PPh2=NPh), ds = -36.3 ppm (PPhz), Jas = 12.0 Hz. UV-VIS
(CH2Clz, r.t., nm): < 365, 276 sh, 269 sh. PL (solid, | excitation = 360 nm, nm): 515 (FWHM
= 6500 cmt). PLE (solid, | emission = 510 nm, nm): < 400, 347. t (solid, | excitation = 373 nm,
| emission = 430 nm, ns): 12.9.



Characterization of [ZnBra(dppmNPh);] M.p. > 230 °C. IR (KBr, cm™): 3078-3023 (ncH
aromatic), 2918-2850 (ncwx aliphatic), 1588-1438 (ncc aromatic), 1249, 1239 (ncn), 1116-
1102 (nen+dch). *H NMR (CDCls, 300 K): d 8.00-7.15 (m, 20H, P- (HO$$' .+  Jun =
7.8Hz,N- (H=&F' + Juw=7.6Hz,N- (H=0F' $+ Jun=7.4Hz, N- (H24$"

2H, Jpn = 10.7 Hz, Jen = 5.7 Hz, PCH2P). 31P{*H} NMR (CDCls, 300 K): d 26.5 (d, Jrp =
12.0 Hz, PPh2C> (H -38.0 (s, br, PPh2). UV-VIS (CH2Clz, r.t., nm):< 365, 276 sh, 269 sh.
PL (solid, | excitation = 280 nm, nm): 459 (FWHM = 5700 cm™). PLE (solid, | emission = 510

nm, nm): < 385. t (solid, | excitation = 373 NnM, | emission = 430 nm, ns): 3.7.

Characterization of [Znlz(dppmNPh)z]. M.p. > 230 °C. IR (KBr, cm™): 3078-3023 (ncH
aromatic), 2918-2850 (ncn aliphatic), 1588-1438 (ncc aromatic), 1253 (ncn), 1116-1110
(nen+dcH). UV-VIS (CH2Cl2, r.t., nm): < 350, 276 sh, 269 sh. PL (solid, | excitation = 290
nm, nm): 515 sh, 597. PL (solid, | excitation = 280 nm, nm): 340-700 (very weak).

Synthesis of [Zn(dppmNPM)2][BF4]

Zns) (1.0 mmol, 0.065 g) was suspended in 25 mL of acetonitrile, then 141 Wof HBF4 Et20
(1.0 mmol) were added. The progressive dissolution of metallic zinc was observed.
Traces of unreacted Zn were removed after 30 minutes by decanting the solution. 0.960
g (2.0 mmol) of dppmNPh were added under vigorous stirring. After 1 hour the solvent was
removed under reduced pressure. The residual solid was collected by filtration after
addition of diethyl ether and dried under vacuum. The complex shows pale green

luminescence under Wood lamp irradiation. Yield = 80%.

Characterization of [Zn(dppmNPh),][BF4]. M.p. 65 °C (dec). Vm (acetone, 298 K) 206 ohm-
! mol-icm?. IR (KBr, cm): 3078-3023 (ncH aromatic), 2918-2850 (ncH aliphatic), 1588-
1438 (ncc aromatic), 1253 (new), 1170-970 (nen+dcH, Nera). *H NMR (CDCls, 300 K): d
8.00-7.15(m, 20H,P- HO%0"' .+ Juw=7.8Hz,N- (H=&%"' $+ Jnn=7.6 Hz, N-

(H=F.' + Jwm=82Hz, N- (H2F4' +  Jpu=16.1 Hz, PCH2P). 3'P{*H} NMR
(CDCls, 300 K): d 34.2 (s, br, PPhoC> (H -32.6 (d, Jee = 79.1 Hz, PPh2). UV-VIS (CH2Cl,
r.t., nm): < 350, 264 sh. PL (solid, | excitation = 280 nm, nm): 503 (FWHM = 5600 cm™). PLE



(SO”d, | emission = 515 nm, nm): <415, 354 max. t (SO”d, | excitation = 373 nm, | emission = 420

nm, ns): 7.2.



4. Result and discussion
4.1 Staudinger reactions between diphosphines and o rganoazides

The approach followed during the thesis for the preparation of iminophosphorane-based
[N,P]-ligands is the stoichiometric reaction between a bidentate phosphine and an organic
azide, a method already explored in the past for the preparation of
MesSiN=PPh2CH2PPh2 and of related intermediates to be oxidized to N-aryl-P,P-
diphenyl-P-(diphenylphosphinoyl)methyl-, >-phosphazenes6:47, The phosphines
considered during the thesis work are bis(diphenylphosphino)methane (dppm) and 1,2-
bis(diphenylphosphino)ethane (dppe). Both aromatic and aliphalic organozides were

reacted with the diphosphines.

The preliminary screening revealed that the reactions with dppe did not afford the desired
products, despite the fact that the syntheses were carried out under inert atmosphere and
with anhydrous solvents. In particular, the 1:1 reaction between dppe and PhNs allowed
to isolate a solid dominated by a single, slightly broad *'P{*H} NMR resonance at 7.2 ppm
(CDCls, 300 K), suggesting chemical equivalence of the two phosphorus atoms on the
NMR timescale. The 3P{*H} NMR resonance of the reactant was not observable. Besides
stoichiometry problems, the chemical shift value is not compatible with the formation of
the symmetric compound related to the Staudinger reaction on both the phosphorus
atoms®3. An AB spin system (da = 31.1 ppm, ds = -12.6 ppm, Jas = 50.8 Hz) was present
only in traces. The 'H NMR spectrum shows resonances in the aromatic region
attributable to both P- and N-bonded phenyl rings. Moreover, a broad resonance at 2.75
ppm is possibly related to an ethylene fragment bridging the phosphorus atoms. The
same outcomes were obtained by carrying out the reaction in a NMR tube filled under Nz,
in order to avoid possible decompositions in the work-up procedure (Figure S1, S2). The
NMR data are not compatible with the formation of an asymmetric [N,P]-donor species
and are also in contrast to the mechanism proposed for the dppe-based Staudinger/aza-
Wittig synthesis of glycosyl amides®4. The presence of unreacted PhNs or the isolation of
phosphazides was excluded by the IR spectra. The characterization data are not sufficient
to propose a formulation for the apparently symmetric compound obtained. Single-crystal
X-ray diffraction appears necessary to unambiguously understand the structure of the
isolated species. Attempts to isolate single crystals suitable for X-ray diffraction are in

progress.
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4.2 Copper(l) complexes with dppm NPh

The studies on coordination compounds started by reacting dppmNP" with
[Cu(NCCHas)4][BF4] as metal precursor in 2:1 ratio, to obtain the homoleptic complex
having formula [Cu(dppmNP")2][BF4] (Scheme 2).

Me BF4 \ ore
C

Il thP/\PPh?_ \ N,
T || S A
NPh N

Cu.., » Ph cu™ ~pp

Cé/N/ \’;\IN$C\M6 CH,Cl, it /\P/ ) V.
Me/ \C Ph //
ue /P\Ph
Ph

Scheme 2. Synthesis of [Cu(dppmNPM)2][BFa].

The H and 3'P{*H} NMR spectra, reported in Figures 32-33, show resonances in line with
those of the free ligand, broadened by the fluxional coordination behaviour. In particular,
in the aromatic region of the *H NMR spectrum a doublet at 7.26 ppm and two triplets at
7.01 and 6.80 ppm are attributable to the N-bonded phenyl rings, also thanks to the lack
of couplings with 31P. On the other hand, the P-bonded phenyl resonances between 7.90
and 6.85 ppm are much broader, most likely because of the steric congestion caused by
coordination. The methylene bridges correspond to a broad singlet centred at 3.38 ppm.
The 3!P{*H} NMR spectrum shows two distinct signals, one broad at -19.8 ppm
attributable to the phosphine moieties, and the other sharp (d = 24.0 ppm) and associated
to the iminophosphorane fragments. It is worth noting that this last 3'P resonance is high-
frequency shifted by about 20 ppm with respect to the free ligand, probably because the
coordination makes the ylidic form of the {PNPh} moiety more relevant. The coupling
among non-equivalent phosphorus nuclei furnishes a proof of the presence of two ligands
in the coordination sphere of the same Cu(l) centre. The resonance at higher frequency
is in fact a triplet because of a second-order effect known as virtual coupling®. The

presence of a 2Jrp coupling between the two phosphine moieties, unobservable because
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Both the compounds behave as 1:1 electrolytes in solution. Electrochemical
measurements in acetone/LiClO4 solution were carried out using a Pt microelectrode and
ferrocene as internal standard. The comparison of the cyclic voltammograms with those
of the free ligands allowed to determine the potentials associated to the Cu(l) oxidation
(Figure 36). The previously described oxidation of dppmNP is present at about the same
potential in the cyclic voltammogram of [Cu(dppmNP")]*, but the process becomes almost
reversible, with a back-reduction peak at 0.30 V vs. Fc*/Fc. The Ei2 value is 0.35 V. It is
likely to suppose that the coordination prevents the decomposition of dppmP" after its
oxidation. The oxidation of the ligand is followed by the oxidation of Cu(l), centred at about
0.71 V vs. Fc*/Fc. Also in this case the back-reduction process can be observed, around
0.58 V vs. Fc*/Fc (Ei2 = 0.64 V vs. Fc*/Fc). Quite surprisingly, it must be concluded that
the Cu(l) oxidation in [Cu(dppmNPM]* is almost in part reversible”:. For comparison (Figure
36), the oxidation process of Cu(l) in [Cu(dppe)z][BF4] is centred at slightly higher
potential, 0.80 V vs. Fc*/Fc, followed by the oxidation of the ligand around 1.01 V vs.
Fc*/Fc, about 50 mV higher than what observed for free dppe. Both the processes are
irreversible, and the peak associated to the back-reduction process of the metal centre is
present around -0.59 V vs. Fc*/Fc. For what concerns the cathodic scans, [Cu(dppmNPM)]*
shows an irreversible reduction peak around -1.87 V vs. Fc*/Fc, a potential about 0.10 V
lower than that of free dppmNPh. As for the free ligand, peaks related to the back-oxidation
are observable at much higher potential.
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Attempts to crystallize [Cu(dppmNP")2][BF4] are in progress. The possible structure of the
compound was modelled by means of DFT calculations (Figure 37). The average
computed Cu-P and Cu-N distances are 2.27 A and 2.10 A, respectively. The degree of
distortion from the ideal tetrahedral geometry is lower than that of [Cu(dppe)z][BF4], the
t4 parameter being 0.83. The HOMO of the complex maintains part of the localization of
the HOMO on the {NPh} fragments, but also the other aromatic rings and d-type orbitals
of the Cu(l) centre are involved. The LUMO is mainly localized on the P-bonded phenyl
rings, those belonging to the {Ph2PN} fragments in particular, as previously described for

the free ligand.

Figure 37. DFT-optimized (r2SSCAN-3c) structure of [Cu(dppmNPh)2]*, plots of the HOMO and LUMO (pink
C%%2 (! H HI o+

Despite the differences concerning the HOMO, the absorptions of dichloromethane
solutions of [Cu(dppmNP")2][BF4] remain limited to the UV range, as for the free ligand
(Figure 38). At the solid state the complex exhibits quite weak luminescence at room
temperature upon excitation with UV light (F around 8 %). The emission spectrum is

composed by a single, wide band (FWHM = 5600 cm?) centred at 531 nm, as observable
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Scheme 3. Synthesis of [CuX(dppmNPh)].

Different solvents were considered, but in all the cases the products separated as poorly
soluble species, the iodo-complex in particular. The best reaction conditions were
achieved using acetonitrile as solvent, working at room temperature under strictly inert
atmosphere. The scarce solubility made the characterizations in solution and the attempts
to crystallize the complexes difficult. Coordinating solvents such as DMSO caused the
immediate decomposition of the species. The IR spectra of the three species are
superimposable, and the P=N stretching is tentatively attributed to a quite intense band
at 1110 cm? (Figure 40).
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co-precipitation of zinc derivatives such as Zn(OH)2. Given the lack of appreciable
luminescence in solution and at the solid state, different synthetic approaches were

considered.

Characterization data more in agreement with the formation of a dppmN®" Zn(Il) complex
having formula [Zn(dppmNP")2][BF4]2 were obtained by reacting the ligand in 2:1 ratio with
an acetonitrile solution of anhydrous Zn(ll) tetrafluoroborate, prepared in situ from Zn
powder and HBF4R; 20. The reaction afforded a white solid characterized by appreciable
green luminescence upon irradiation with UV light. Unfortunately, the presence of strong
bands in the 1170 -970 cm™ range in the IR spectrum associated to the presence of the
tetrafluoroborate anion makes the assignment of the np=n stretching difficult. The *H NMR
spectrum (Figure 47) is composed by a set of resonances in the aromatic region related
to the P- and N-bonded phenyl rings. Moreover, a doublet at 3.84 ppm is attributable to
the methylene bridge of the ligand (JpH = 16.1 Hz). The 3'P{*H} NMR spectrum shows
two signals respectively centred at 34.4 and -36.2 ppm. The first one, probably related to
the {PNPh} moieties, is broad, while the second is a resolved doublet with Jep coupling
constant of 79.1 Hz (Figure 48). The opposite situation regarding the broadness of the
31p resonances was previously described for [Cu(dppmNPh)2][BF4], possibly because of
the different hardness of the two metal centres and the consequent different affinities

towards N- and P-donor moieties.

Ph [BF 4],
PN Ph /
Ph,P PPh, \ / TP—p,
| Ph/P\ ‘I\\j
NPh
ZN[BF > Ph\ "
CH5CN, rt. Y \N_Ph
\\/
Ph

Scheme 4 Synthesis of [Zn(dppmN") ;[BF4]».



H{3'P} NMR

H NMR

S .

T T T T T T T T T T T T T T T T T T T T T T T
82 8.0 78 76 7.4 72 7.0 6.8 6.6 6.4 6.2 6.0 58 56 54 52 5.0 4.8 4.6 44 4.2 4.0 38

f1 (ppm)
$+>:8 $+128 M >:8 @l > (A@9A 17! 2 2%% X
31P{"H} NMR
40 3 30 25 20 15 10 5 B )6 5 10 5 20 25 30 35
1 (ppm
23 %+M >:8 @I’ > (A@9A 17! 2 2%% X
14+ | D1

23% ' 4&(



@!" > (A@9A '+ C 3=%%

3%2 ' 48=
( C%.F$ C% 2&$%
I"; $&2% o 4&(
23% 4&(
) &\

)
faa}
<
©
C
@©
L
-
o
]
o
©
o}
N
©
E
o
z

| ! | ! I ! | ! | ! | ! | ! |

400 450 500 550 600 650 700 750

wavelength (nm)
> % (
| C .F% | C 3$3 (
@l > (A@9A I"; $&2%
) F3%%
' 3%
( @l > (A@9A
* +-:-

D:- * L> M



' 3%(
o ' ta C % F%(
( !
| > 427 %% Z
L( Xe
@l > (A@9A @!" T (A9
2L %+M >:8
10000
: Prompt
—— Decay
1000 -
5
L
—
o

100 o

10

| : :
50 100 150 20

t (ns)

- (A@IA" | C 202

| Ca% (



HOMO

Figure 51. DFT-optimized (PBEh-3c) structure of [Zn(dppmNP")2]2*, plots of the HOMO and LUMO (pink
C%%2 (1 H Hl o+

Further metal precursors for the preparation of Zn(ll) complexes were ZnX2 anhydrous
halides (X = Cl, Br, ). The reaction with a stoichiometric amount of dppmNP" in acetonitrile
caused in all the cases the separation of a white solid. Characterization data support the
formation of complexes having general formula [ZnX2(dppmNPM] (X = CI, Br, I). The IR
spectra of the three compounds are almost identical, and the np=n stretching is tentatively

assigned around 1100 cm™ (Figure 52).

N

Ph,P PPh,

I|\|IPh x\ X
ZnX, Ph\ Zn/
CH4CN, rit. SN

X =Cl, Br, | Ph/L//N—Ph

Scheme 5 Synthesis of [Zn(dppmNPh)X2].
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5. Conclusions

The study concerning the preparation and application in coordination chemistry of [N,P]-
donor ligands containing the iminophosphorane moiety revealed that the evolution of the
Staudinger reaction between bidentate phosphines and organoazides depends upon the
nature of the N-bonded substituent and upon the bridge connecting the phosphorus
atoms. The synthetic approach allowed to isolate the ligand 1-
((diphenylphosphaneyl)methyl)-N,1,1-triphenyl-phosphanimine, dppmNPh, that revealed
to be sufficiently stable to be used for the preparation of new complexes. The ligand itself
showed some noticeable features, such as photoluminescence in the green region
related to intraligand charge transfer and quite low oxidation potential thanks to the
presence of the {P=NPh} fragment.

Homoleptic complexes with d° metal centres belonging to the first row of the d-block
were isolated and characterized. Both the Cu(l) and Zn(ll) derivatives showed
photoluminescence upon irradiation with UV light, characterized as fluorescence on the
basis of the luminescence decay curves. Despite the apparently similar behaviour respect
to the free ligand, DFT calculations highlighted the non-negligible role of metal-centred
functions in the frontier molecular orbitals. A noticeable result concerns the
electrochemical behaviour of the [Cu(dppmNPM)2]* cation, that exhibited uncommon
reversible metal-centred oxidation after the reversible oxidation of the {Ph2P=NPh} moiety

of the ligand.

Halide-complexes were obtained by reacting the ligand with anhydrous metal precursors.
In the case of Cu(l) derivatives the formation of polynuclear species is highly probable,
as suggested by DFT calculations. The luminescence features depend upon the nature
of the metal centre and by the choice of the halide. The emissions of the Cu(l) derivatives
resulted more appreciable compared to the Zn(ll) complexes. The presence of heavier
halides in the coordination sphere favours intersystem crossing processes, as revealed
by the observed lifetimes. Preliminary measurements indicated that the luminescence of
[CuBr(dppmNPM)]n grows if the complex interacts with compounds such as diethyl ether,
possibly because of an increase of the radiative decay rate. Such a feature is of potential
interest in the field of luminescence-based sensors, but the possible application appears

limited by the low emission of the complex.



Given the possibility of preparing new d'° luminescent metal complexes with [N,P]-donors
based on the iminophosphorane fragment, possible future extensions of the investigation
could be focused on the introduction of substituents in the skeleton of the ligand, with the
aim of improving the photoluminescence of the corresponding complexes. Among the
possible approaches, the use of functionalized aromatic azides in the Staudinger reaction
appears of interest, given the role of paramount importance exhibited by the {P=NAr}

fragment in the current study.
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