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ural, photophysical and
theoretical studies of heteroleptic cycloplatinated
guanidinate(1−) complexes bearing
acetylacetonate and picolinate ancillary ligands†

Vasudha Thakur, a Jisha Mary Thomas, b Mohammad Adnan, c

Chinnappan Sivasankar, b G. Vijaya Prakash c and Natesan Thirupathi *a

Cycloplatination of symmetrical N,N0,N00-triarylguanidines, (ArNH)2C]NAr with cis-[Pt(TFA)2(S(O)Me2)2] in

toluene afforded cis-[Pt(TAG)(TFA)(S(O)Me2)] (TAG = triarylguanidinate(1−)-kC,kN; TFA = OC(O)CF3; 6–

9) in 75–82% yields. The reactions of 6–9 and the previously known cis-[Pt(TAG)X(S(O)Me2)] (X = Cl (1)

and TFA (2–5)) with acetylacetone (acacH) or 2-picolinic acid (picH) in the presence of a base afforded

[Pt(TAG)(acac)] (acac = acetylacetonate-k2O,O0; 10–18) and [Pt(TAG)(pic)] (pic = 2-picolinate-kN,kO; 19)

in high yields. The new complexes were characterised by analytical, IR and multinuclear NMR

spectroscopies. Further, molecular structures of 11, 12, 13$0.5 toluene and 14–19 were determined by

single crystal X-ray diffraction. Absorption spectra of 10–19 in solution and their emission spectra in

crystalline form were measured. Platinacycles 10–19 are bluish green light emitter in the crystalline form,

and emit in the lPL = 488–529 nm range (11 and 13–19) while 12 emits at lPL = 570 nm. Unlike other

platinacycles, the emission band of 12 is broad, red shifted, and this pattern is ascribed to the presence

of an intermolecular N–H/Pt interaction involving the endocyclic amino unit of the six-membered

[Pt(TAG)] ring and the Pt(II) atom in the adjacent molecule in an asymmetric unit of the crystal lattice.

Lifetime measurements were carried out for all platinacycles in crystalline form, which revealed lifetime

in the order of nanoseconds. The origin of absorption and emission properties of 11, 15, 18 and 19 were

studied by TD-DFT calculations.
Introduction

Cycloplatinated nitrogen donor complexes that contain one or
two Pt–C(aryl) bonds are known for their intriguing structural,
bonding, photophysical properties and biological applications.1

Heteroleptic complexes [Pt(ND)(acac)] (ND = Monoanionic
nitrogen donor ligands-kC,kN; acac = acetylacetonate-k2O,O0

(A)) and [Pt(ND)(pic)] (pic = 2-picolinate-kN,kO (B)) are a well-
studied class of cycloplatinated nitrogen donor complexes due
to their interesting structural, bonding and emission properties
(see Fig. 1). The availability of a range of 2-arylpyridyl type
nitrogen donor ligands for cycloplatination reaction, tunability
lhi, Delhi 110 007, India. E-mail: tnat@

ergy Laboratory, Pondicherry University,

@pondiuni.edu.in

oratory, Indian Institute of Technology-

akash@physics.iitd.ac.in

ESI) available: XYZ les containing the
ies and TD-DFT related data. CCDC
raphic data in CIF or other electronic
ra00828f

the Royal Society of Chemistry
of substituents on both the chelate rings in A and B makes this
class of complexes as suitable substrates for structural and
photophysical studies.2–14 The photophysical properties such as
color purity, quantum yield, FPL and life time of the excited
state, s of complexes of the types A and B were changed by
tuning the substituent on either of the chelate rings. Further,
this type of platinacycles were shown to act as metal-
lomesogens15 and as O2 sensors.16–19

The strongly s-donating aryl carbon and p-accepting
nitrogen atom of the C,N chelate ring in A and B were shown to
widen the d–d energy gap so that the non-radiative decay of
excited state is minimized. Other structural features such as
geometry of the platinum, degree of steric encumbrance around
the Pt(II) atom, substitution pattern and conjugation in the
chelate rings and degree of non-covalent interactions in the
crystal lattice were shown to inuence the photophysical
properties of these complexes signicantly. It has been sug-
gested that platinacycles with rigid scaffolds are desirable for
developing luminescent materials with high quantum yield,
FPL.1f The square planar geometry of the Pt(II) atom in sterically
unencumbered A permits aggregation in the crystal lattice
through Pt/Pt and p–p interactions thereby leading to the
RSC Adv., 2024, 14, 13291–13305 | 13291
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Fig. 1 Types of heteroleptic cycloplatinated nitrogen- and carbon-donor complexes known in the literature. The letter n refers to the ring size of
the [Pt(ND)] (ND=monoanionic nitrogen donor ligand-kC,kN; (A and B)) and [Pt(CD)] (CD=monoanionic carbon donor ligand-k2C,C0; (C)) units.

Fig. 2 Known cycloplatinated guanidinate(1−) complexes, 1–5.
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formation of excimer and thus inuences the shape and wave-
length of emission bands.13b,20,21 A detailed theoretical calcula-
tions have been carried out on type A complexes to understand
the origin of emission, band shapes and structure-emission
property relationship.22

Cycloplatinated carbon donor complexes derived from
imidazoles such as C are studied due to the presence of strongly
s-donating carbene carbon, which rises the energy of non-
radiative d–d states on the metal center thereby increasing the
energy spacing with emissive excited states and thus improving
the quantum yield, FPL. The presence of a stable M–Ccarbene

bond in C could increase the lifetime of these materials in
organic electronic devices.23,24 Five-membered platinacycles of
the types A and B are well-known (n = 5) while to the best of our
knowledge only two six-membered platinacycles A (n = 6) and
none of the type B (n = 6) are known in the literature.25,26

The C,N chelate rings in A and B are usually derived from
a rigid nitrogen donor ligands such as 2-arylpyridyls. We wanted
to utilize a range of triarylguanidinate(1−) ligand as mono-
anionic C,N chelate ring in A and B to investigate whether the
resulting heteroleptic complexes are emissive or non-emissive.
Further, we wanted to tune the substituents in the aryl rings
in the C,N chelate of A and B to investigate whether this
endeavor has any inuence on the structural and photophysical
properties of these complexes.

The photophysical properties of cycloplatinated imino(1−)
complexes are sparsely studied in the literature.27–29 Consid-
ering high basicity and tunability of N-aryl guanidines and their
propensity to undergo cycloplatination with cis-[PtX2(S(O)Me2)2]
(X = Cl and TFA) under mild reaction condition, we began
a systematic investigation aimed at understanding the struc-
tural and photophysical properties of heteroleptic platinacycles,
[Pt(TAG)(acac)] (TAG = triarylguanidinate(1−)-kC,kN; 10–18)
and [Pt(TAG)(pic)] (19). The new complexes were fully charac-
terized. DFT and TD-DFT calculations were carried out on 11,
15, 18 and 19 to understand the origin of electronic absorption
and emission bands.
Scheme 1 Syntheses of cycloplatinated guanidinate(1−) complexes,
6–9.
Results and discussion
Syntheses

Cycloplatinated guanidinate(1−) complexes 1–5 were prepared
following the literature procedures (see Fig. 2).30–32
13292 | RSC Adv., 2024, 14, 13291–13305
Cycloplatination reactions of sym N,N0,N00-triarylguanidines,
(ArNH)2C]NAr (sym = symmetrical; Ar = 2-XC6H4 (X = F, Cl
and Br) and 4-FC6H4) with cis-[Pt(TFA)2(S(O)Me2)2] (TFA =

OC(O)CF3) in toluene under reux condition for 8 h following
the procedure established for 1–5 in our laboratories afforded
6–9 in 75–82% yields as outlined in Scheme 1. Reactions of 1–9
with one equiv. of acetylacetone (acacH) in the presence of one
equiv. of K2CO3 in MeCN at 75 °C for 36 h afforded 10, 11, 15
and 16 as green crystals and 12–14, 17 and 18 as yellow crystals
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Syntheses of heteroleptic cycloplatinated guanidinate(1−)
complexes, 10–18 and 22.
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in 81–94% yields aer work up and crystallization events (see
Scheme 2).

Cycloplatination of nitrogen donor ligands can be carried out
by thermal method with various Pt(II) sources such as K2PtCl4,
(Bu4N)2PtCl4 and cis-[PtCl2(S(O)Me2)2]. However, this method is
plagued with issues such as decomposition of the Pt(II) source to
Pt(0) and requires a longer reaction period up to a week thereby
producing platinacycles in low to moderate yields. Further,
platinacycles of the type A have been isolated using more
expensive and air-sensitive [PtMe2(m-SMe2)]2 as the Pt(II)
precursor.33 Recently, Gonzalez-Herrero and co-workers reported
photochemical pathway for [Bu4N][Pt(ND)Cl2] (ND = mono-
anionic 2-aryl pyridines-kC,kN and related C,N ligands) from
[Bu4N]2[Pt2Cl6] and the corresponding nitrogen donor ligands.
The reaction of [Bu4N][Pt(ND)Cl2] even with Na(acac) afforded
platinacycles of the type A only in 31–65% yields.34 Thus,
Scheme 3 Synthesis of cycloplatinated guanidinate(1−) complex, 19.

© 2024 The Author(s). Published by the Royal Society of Chemistry
synthetic route outlined in Scheme 2 is operationally simple but
yet this route gave the products in good to very good yields.

We have also employed picolinic acid (picH) in place of
acacH in the reaction with 1 in order to understand the ring size
effect and higher ligand eld strength of the picolinate(1−)
ligand1h on the photophysical properties of the resulting plati-
nacycle, 19. Thus, 1 was treated with picH under the condition
identical to that described in Scheme 2, which enabled us to
isolate 19 as green crystals in 89% yield as illustrated in Scheme
3. The reaction involving 20 and acacH in 1 : 1 molar ratio in the
presence of K2CO3 under the optimised conditions always gave
a known dinuclear platinacycle 2135 instead of the anticipated
mononuclear platinacycle, 22 (see Schemes 2 and S1 in the,
ESI†).
Solution studies
195Pt NMR spectroscopy is an important tool to shed light on the
coordination environment around the Pt atom in organo-
platinum complexes.30–32,35–39 Platinacycles of the type A have
been sparsely characterized by 195Pt NMR spectroscopy with
a few exceptions,6,40,41 possibly due to their poor solubility in
commonly used NMR solvent, CDCl3. Platinacycle, 6 was not
sufficiently soluble in CDCl3 for 195Pt and 13C{1H} NMR NMR
measurements. 195Pt NMR spectra of precursors 7–9 revealed
a singlet at dPt −3606, −3591 and −3622, respectively. The
aforementioned dPt values are somewhat comparable with those
shis reported for 1–5 (dPt −3737 (1),30 −3650 (2), −3674 (3),
−3655 (4)31 and −3717 (5)32).

Platinacycles 10–18 revealed a single peak in the interval of
−2385 to−2527 ppm as listed in Table 1. These dPt values of 10–
18 are deshielded relative to their precursors 1–9 as reected
from the positive coordination chemical shi, Dd. This trend
either resembles40 or opposes41 the trend reported for ve-
membered cycloplatinated nitrogen-donor complexes,
[Pt(ND)(acac)] and their precursors depending upon the steric/
electronic properties of the C,N chelate rings. The downeld
dPt values of 10–18 is ascribed to the Pt(II) / acac(1−) charge
transfer process as reported for the related complexes known in
the literature.6,39a,40,41 Platinacycle 19 revealed a singlet at dPt

−2906 with a smaller Dd value of 831 ppm than that of 10 (Dd =
1312 ppm), which is likely ascribed to the difference in the ring
size and the difference in the donor atoms associated with the
ancillary ligands.36,42
RSC Adv., 2024, 14, 13291–13305 | 13293
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Table 1 dPt (CDCl3, 85.8 MHz) and Dd (=dPt[Pt(TAG)(acac)] − dPt[-
Pt(TAG)X(S(O)Me2)]; X = Cl and TFA) values for 10–18 and Dd (=dPt[-
Pt(TAG)(pic)] − dPt[Pt(TAG)Cl(S(O)Me2)] value for 19

Complex dPt Dd Complex dPt Dd

10 −2425 1312 15 −2420 −a

11 −2425 1225 16 −2393 1213
12 −2451 1223 17 −2385 1206
13 −2438 1217 18 −2423 1199
14 −2527 1190 19 −2906 831

a dPt is not available for the precursor due to its poor solubility in CDCl3.
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The dPt value observed for platinacycles are inuenced by
both steric and electronic factors.30,31,43 The dPt value of plati-
nacycles which are ligated with more basic guanidinate(1−)
ligand is more shielded than those platinacycles which are
ligated with a less basic guanidinate(1−) ligand as can be seen
from the shis of the 11/15 and 12/18 pairs. The more shielded
dPt value of 12 than that of 11, as is also observed between 2 and
Fig. 3 Molecular structures of 11 (a), 12 ((b) Z0 = 2), 13$0.5 toluene ((c) Z0

from 13$0.5 toluene for clarity.

13294 | RSC Adv., 2024, 14, 13291–13305
3, can be ascribed to the difference in the electronic/steric
factors associated with the C,N chelates. This trend is in line
with the trend reported for the known Pt(II) complexes.30,31,39b

Complex 14 revealed a smaller Dd = 1190 than 13 (Dd = 1217)
which is likely due to greater rigidity of the six-membered
[Pt(TAG)] ring in the former complex due to the presence of
Me group on the carbon which, is present adjacent to the Pt–C
bond. The dPt shis toward downeld upon going from 15/ 16
/ 17 and this trend could be ascribed to the difference in both
the steric and electronic factors associated with the C,N chelate
rings.

The dPt values reported for 10–18 compare favourably well with
that reported for the six-membered cycloplatinated 1,2-diary-
limidazolate(1−) complex, [Pt(ND)(acac)] (−2522 ppm).25 The dPt

value reported for ve-membered platinacycles, [Pt(ND)(acac)]
varied from −2700 to −2800 ppm,6,40,41 more shielded than those
shis reported for 10–18 listed in Table 1. This shi difference
could arise due to a combination of electronic, steric factors
associated with the C,N chelate rings and the difference in the ring
size of the [Pt(ND)] units in these two types of platinacycles.42
= 2) and 14 (d) at the 50% probability level. Solvent molecule is omitted

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Molecular structures of 15 (a), 16 (b), 17 (c) and 18 (d) at the 50% probability level.

Fig. 5 Molecular structure of 19 at the 50% probability level.
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Platinacycles 10–18 contain two types CH3 protons in the
acac(1−) ligand and three types of OCH3 (10)/CH3 protons (11
and 12) or six types of CH3 protons (13 and 14) in the
© 2024 The Author(s). Published by the Royal Society of Chemistry
guanidinate(1−) ligands. 1H NMR spectroscopy was used to
estimate the ratio of CH3 protons of the acac(1−) ligand to the
OCH3/CH3 protons present in the guanidinate(1−) ligands. The
estimated ratios of about 6 : 9 (10–12) or 6 : 18 (13 and 14)
matched with the anticipated ratios thereby conrming reten-
tion of the solid state structures of these platinacycles in solu-
tion as well. The ratio of CH3 protons of the acac(1−) ligand to
the aryl protons of the guanidinate(1−) ligands was estimated
and the ratios in 10–12 and 13–14 were found to be about 6 : 11
and 6 : 8 ratios, respectively as anticipated for the solid state
structures. The presence of a chelating acac(1−) ligand in 10–18
was also inferred from a signature signal assignable to the CH
proton at about 5.20 ppm. Platinacycle 18 revealed the presence
of two species in solution in about 1.00 : 0.07 ratio as revealed by
1H NMR spectroscopy and the presence of two solution species
was independently conrmed by 19F NMR spectroscopy. We
believe that these two species arise due to the restricted rotation
of the exocyclic (N2)C–N(H)Ar single bond in the six-membered
[Pt(TAG)] ring.32,37

The 1H NMR spectrum of 19 revealed three singlets at dH
3.80, 3.82 and 4.02 assignable to OCH3 protons of the
RSC Adv., 2024, 14, 13291–13305 | 13295
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guanidinate(1−) ligand and the estimated ratio of these protons
to the sum of the aryl protons of the guanidinate(1−) and
pic(1−) ligands was found to be 9 : 15 thereby conrming
retention of the solid structure in solution as well. The 13C{1H}
NMR spectral pattern of 10–19 complements their respective 1H
NMR spectral pattern and as anticipated, conforming to their
respective solid-state structures.
Molecular and crystal structures

Molecular structures of 11, 12, 13$0.5 toluene and 14–19 were
determined by single crystal X-ray diffraction (SCXRD) and are
illustrated in Fig. 3–5. The bond parameters around the Pt(II)
atom in the above-mentioned complexes are listed in Tables S3–
S8 in the ESI.† The Pt(II) atom in all platiancycles except 19 is
simultaneously bonded to the guanidinate(1−) and acac(1−)
ligands in a chelating fashion and simultaneously becomes part
of two six-membered [Pt(TAG)] and [Pt(acac)] rings. The key
structural parameters of the aforementioned platinacycles are
listed in Table 2. The six-membered [Pt(TAG)] ring revealed
a shallow boat (11, 12 and 13$0.5 toluene), sofa (14) or deep boat
(19) conformations. The distinct conformation of the six-
membered [Pt(TAG)] ring in 14 arises due to the presence of
Me substituent on the aryl carbon which present adjacent to the
Pt–C bond while that in 19 arises due to the fact that the Pt(II)
atom is also part of the ve-membered [Pt(pic)] ring.
Table 2 Key structural parameters of complexes 11, 12, 13$0.5 toluene
and 14–18

q1
a (deg) q2

b (deg) q3
c (deg) q4

d (deg) q5
e (deg)

11 13.2(7) 19.9(3) 5.7(3) 2.7(6) 1.9(2)
12
Molecule 1 15.3(1) 19.3(1) 1.4(1) 1.2(1) 2.9(3)
Molecule 2 16.0(1) 25.0(1) 2.5(1) 1.1(1) 1.7(3)
13$0.5 toluene
Molecule 1 5.55(6) 12.59(9) 3.10(3) 10.99(9) 2.78(9)
Molecule 2 10.68(4) 9.60(7) 0.66(3) 2.38(4) 2.58(9)
14 34.8(2) 28.4(7) 4.6(3) 2.6(5) 0.4(1.1)
15 12.1(7) 10.5(1) 0.7(7) 3.3(9) 1.9(3)
16 5.3(5) 9.1(8) 0.4(4) 0.7(5) 1.6(3)
17 11.7(2) 4.6(9) 1.8(8) 1.6(1) 2.4(3)
18 4.1(3) 1.1(7) 2.5(3) 12.8(4) 4.3(1)

a q1 is the angle between the mean plane dened by the N1Pt1C15 and
C1N1C14C15 planes. b q2 is the angle between the mean plane dened
by the C1N3C14 and C1N1C14C15 planes. c q3 the angle between the
mean plane dened by the N1Pt1C15 and O1Pt1O2 planes. d q4 is the
angle between the mean plane dened by the O1Pt1O2 and
O1C21O2C23 planes. e q5 the angle between the mean plane dened
by the C21C22C23 and O1C21O2C23 planes.

13296 | RSC Adv., 2024, 14, 13291–13305
The degree of puckering of the six-membered [Pt(TAG)] and
[Pt(acac)] rings and the degree of deviation of the geometry of
the Pt(II) atom from the square plane are quantied with q1, q2,
q3, q4 and q5 parameters. The values of q1= 15.3(1)° (molecule 1)
and 16.0(1)° (molecule 2) in 12 are higher than the corre-
sponding values observed for 11 (13.2(7)°), which possibly ari-
ses due to the difference in the packing pattern observed in the
solid state. The value of q1 = 34.8(2)° in 14 is signicantly
greater than the corresponding value observed for 13$0.5
toluene (5.55(6)°(molecule 1) and 10.68(4)° (molecule 2)). The
greater value of q1 observed for 14 is likely caused by the greater
steric hindrance imparted by the Me group on the aryl carbon,
which is present adjacent to the Pt–C bond.

The differences in q2 value between 11 and 12 (molecule 2)
on one hand and 13 and 14 on the other arise due to the
difference in the packing pattern of the rst pair and variable
Fig. 6 Packing diagram of 12 (Z0 = 2) illustrating intermolecular
interactions. The intermolecular distances (Å) and angles (deg) are: (i)
N3B/Pt1A = 3.531, H3B/Pt1A = 2.767 and N3B–H3B/Pt1A =

148.79. (ii) C3A/C12B= 3.714, H3A1/C12B= 2.851 and C3A–H3A1/
C12B = 154.84. (iii) N2B/C16A = 3.086, H2B/C16A = 2.823 and
N2B–H2B/C16A = 119.91.

Fig. 7 UV-Visible absorption spectra of 10–19 (10−5 M, CH2Cl2)
measured at RT.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Absorption data of 10–19 measured in 10−5 M degassed CH2Cl2 at RT

Complex labs (nm) 3 (×104 M−1 cm−1) Complex labs (nm) 3 (×104 M−1 cm−1)

10 284, 318 6.9, 3.234 15 315 3.346
11 307 4.985 16 309 3.948
12 309 6.315 17 310 3.273
13 311 4.923 18 311 3.766
14 315 2.727 19 285, 370 3.85, 1.28

Fig. 8 Normalized room temperature photoluminescence spectra of
crystalline samples of 10–19 (excited by 405 nm CW diode laser).

Table 4 Emission data of 10–19 in crystalline form

Complex lPL
a (nm) sa (ns) Complex lPL

a (nm) sa (ns)

10 525 1.55 15 506 1.61
11 527 1.79 16 488 1.76
12 570 1.26 17 492 1.53
13 515 1.81 18 503 1.71
14 526 1.68 19 529 1.77
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positions of two Me substituents in the platinated aryl ring in
the second pair. The Pt(II) atom deviates from the square plane
either slightly (13$0.5 toluene (molecule 2), 15 and 16),
moderately (12 (molecules 1 and 2), 13$0.5 toluene (molecule 1),
17 and 18) or signicantly (11 and 14) as reected from value of
q3. The extent of folding of Pt1 atom from the basal plane
constituted by O1, C21, O2 and C23 atoms in the [Pt(acac)] ring
is minimal in 11–18 except in 13$0.5 toluene (molecule 1) and
18 as reected from the value of q4. The greater folding of
acac(1−) ligand along the O1/O2 vector in 13$0.5 toluene
(molecule 1) and 18 could arise due to the difference in the
intermolecular interactions (see the ESI†). The folding of
methine C22 of the acac(1−) ligand from the basal plane
constituted by O1, C21, O2, and C23 in all complexes is minimal
as reected from the value of q5. The values of q1= 29.6(2)°, q2=
23.6(4)° and q3 = 8.2(1)° observed for 19 are greater than the
corresponding values observed for 11 as the Pt(II) is part of the
ve-membered [Pt(pic)] ring in the former complex.

Crystal structures of platinacycles were analysed to under-
stand the nature and types of intermolecular interactions and
their possible inuence on the shape of the emission bands.
Various types intermolecular interactions present in the crystal
lattice of 12 are illustrated in Fig. 6 while these interactions in the
remaining platinacycles are illustrated in the Fig. S1–S8 in the
ESI.† Twomolecules were found in an asymmetric unit of 12, and
these two molecules are linked through intermolecular N–H/p,
C–H/p and N–H/Pt interactions as illustrated in Fig. 6.

The binding of d8 metals to the H–X (X = C, N and O) bond
through X–H/M interaction is being actively studied due to their
relevance in the elds of crystal engineering, metal mediated and
catalysed X–H bond activation and optical properties.44 The
bonding in the X–H/M unit can be classied as agostic, ana-
gostic and weak hydrogen bonding interactions. An agostic
interaction occurs when the X–H/M unit is stabilised by 3c–2e
bonding with the electron decient metals, anagostic interaction
occurs when the X–H/Munit is stabilised by 3c–4e bonding with
the electron rich metals. The N–H/Pt interaction found in 12 is
considered as a weak hydrogen bonding interaction as it fulls
four essential criteria set out by Brammer and co-workers for the
N–H/Pt hydrogen bonding.45 Moreover, the H3B/Pt1A = 2.767
Å distance and N3B–H3B/Pt1A = 148.79° angle found in 12
clearly matched with the corresponding values of 2.1–2.8 Å and
140−170° respectively anticipated for the N–H/Pt hydrogen
bonding interaction reported in the in the literature.45–48 This
hydrogen bond is believed to inuence both the shape and
position of the band in the photoluminescence spectrum of 12
(see later).
© 2024 The Author(s). Published by the Royal Society of Chemistry
Photophysical properties

Electronic absorption spectroscopy. UV-Visible spectra of
10–19 were measured in degassed CH2Cl2 and are illustrated in
Fig. 7. The values of lmax (nm) and 3 (×104 M−1 cm−1) are listed
in Table 3. Complexes 11, 15, 18 and 19 revealed a band at 307,
315, 311 and 370 nm, which is caused by electronic transition
from HOMO−1 to LUMO (11, 15 and 18) or from HOMO to
LUMO (19). In addition, complex 19 also revealed one band at
285 nm, which is assigned to HOMO−1 to LUMO transition (see
below). Complexes 10, 12, 13, 14, 16 and 17 revealed a band at
318, 309, 311, 315, 309 and 310 nm, respectively. These bands
are assigned to HOMO−1 to LUMO electronic transition as
analogously invoked for 11, 15 and 18.

Emission studies of crystalline solids. Platinacycles 10–19
were subjected to photoluminescence studies at room
a (lexc = 405 nm, lem = 520 nm (except for 12, lem = 580 nm)).

RSC Adv., 2024, 14, 13291–13305 | 13297
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Fig. 9 Photoluminescence microscope images of 10–19 in crystalline form excited by 405 nm CW diode laser.

Fig. 10 Time correlated single photon counting (TCSPC) decay curves
of 10–19 in crystalline form, monitored at respective emission peak
maxima (excited by Ti-sapphire femtosecond laser: 400 nm, 120 fs, 80
MHz).
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temperature by exciting the respective single crystals with a low
power 405 nm laser excitation source. The results revealed that
all the platinacycles displayed emission in blue to green region
with lPL ranging from 488 nm to 570 nm in the visible region.
The photoluminescence spectra of 10–19 are shown in Fig. 8
and the respective lPL values are listed in Table 4. The corre-
sponding photoluminescence images are shown in Fig. 9.

The photoluminescence spectrum of 12 is broader and red
shied than the rest of the platinacycles (lPL = 570 nm (12) and
488–529 nm (10, 11 and 13–19)). In a family of N-heterocyclic
carbene derived heteroleptic platinacycles of the type C, one
complex used to show a broad emission band, which exhibited
red shi from the rest of the complexes.49,50 However, the
reason(s) for the above-mentioned spectral behaviour was not
addressed clearly. The broad and red shied emission band of
12 are ascribed to the presence of an intermolecular N–H/Pt,
N–H/p and C–H/p interactions between two crystallograph-
ically distinct molecules in an asymmetric unit (Z0 = 2) found in
the crystal lattice. The red shi observed for 12 is likely ascribed
to destabilisation of the HOMO level, decreasing the lumines-
cence energy.51 The broadening of photoluminescence spec-
trum of 12 is likely ascribed to the distortion in the excited
state.52

The presence of uoro substituent in the aryl rings of the
guanidinate(1−) ligand in 15 and 18 causes a blue shi of
21 nm and 67 nm, respectively when compared with analogous
complexes 11 and 12. Complexes 16 and 17 are also blue shied
by 39 nm and 35 nm respectively when compared to 11. It is to
be noted that lPL observed for 19 closely matches with that
observed for 10 suggesting the absence of any signicant effect
of ancillary ligands pic(1−) and acac(1−) respectively in these
complexes, upon the lPL.

Photoluminescence lifetime studies. The analyses of emis-
sion decay curves provide the lifetime of the corresponding
excited state species of the platinacycles. The
13298 | RSC Adv., 2024, 14, 13291–13305
photoluminescence decay curves for platinacycles 10–19 are
illustrated in Fig. 10, which revealed a typical single exponential
decay determined by the following equation:

I(t) f exp(t/sexp)

where I(t) = intensity (y-axis), t = time interval (x-axis) an sexp =
excited state lifetime.

Emission stability of complex 11. To reveal the emission
stability of the platinacycles 10–19, which is an important
parameter considered while designing materials for use in light
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Photoluminescence stability (time-spectral intensity maps and PL peak maxima time variation) of platinacycle 11 at (a) low power and (b)
high power, excited by 405 nm CW diode laser.
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emitting applications, the PL emission prole of platinacycle 11
was monitored with a 405 nm laser irradiation over a span of
more than 40min under low power (P= 48mW) and high power
(P = 60 mW) conditions. The results of these experiments are
shown in Fig. 11, which clearly indicate that the emission band
exhibited by platinacycle 11 is appreciably stable and revealed
no change in the emission spectral pattern under both the
conditions of low and high-power laser irradiation even aer
40 min. Thus, the new complexes reported herein fulls several
criteria that are essential for OLED emitters.53

DFT and TD-DFT studies

Computational details. The fully optimized geometries of
complexes 11, 15, 18 and 19 obtained using the density func-
tional theory (B3LYP),54–56 selected bond parameters and total
energies in ground state are included in the ESI.† F, O, N, C and
H atoms were described using the 6-31G* basis set57 and the Pt
atom was described using the pseudopotential LANL2DZ basis
© 2024 The Author(s). Published by the Royal Society of Chemistry
set.58–61 The frequency calculations were also carried out at the
B3LYP/6-31G*/LANL2DZ level of theory. All optimized geome-
tries were found to be true minima without any imaginary
frequencies. The solvent correction for CH2Cl2 was carried out
using the polarizable continuummodel.62–64 The computational
analyses were carried out using the Gaussian 09 soware.65

The TD-DFT calculations were carried out for 12 excited
states and the vertical excitation energies (nm) are computed
along with their oscillator strength, f. The TD-DFT results for
the absorption study in CH2Cl2 agree well with that of the
experimental data. Maximum absorption is centred around
300 nm for complexes 11, 15 and 18 and for 19, additional
bands ranging from 350–400 nm are obtained. The frontier
molecular orbitals (FMOs) and their calculated energy levels for
complexes 11, 15, 18 and 19 are illustrated in Fig. 12. For 11, 15
and 18, the highest probable transition centered on 300 nm
arises due to the singlet transition from HOMO−1 / LUMO
level (f > 0.1). The HOMO−1 of these complexes is located on the
RSC Adv., 2024, 14, 13291–13305 | 13299
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Fig. 12 Molecular orbital diagrams and their calculated energy levels (in eV) for complexes 11, 15, 18 and 19.
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Pt-primary ligand (containing the C,N donor atoms), whereas
the LUMO is located mainly on the acac(1−) ligand. Thus,
HOMO−1 / LUMO transition can be interpreted as a mixture
of MLCT (Pt to the p orbital of primary ligand) and LLCT from
the primary ligand to the acac(1−) ligand. For complex 19, the
most probable transition is centred on 395 nm and it arises due
to the HOMO / LUMO transition (f = 0.0721). The simulated
UV-Visible proles of complexes 11, 15 and 18 and 19 are
compiled in the ESI† while their corresponding transitions are
listed in Table S11.† Similarly, the corresponding LUMO /

HOMO−1 transition from the singlet excited state to the ground
state occurs in 11, 15 and 18 while complex 19 shows emission
from LUMO / HOMO level (see Table S12†).

On comparing the experimental and theoretical emission
spectra, only the computed spectra of 19 showed most probable
emission (LUMO/HOMO, 96%) at 525 nmwhich is closer to the
experimental value (lPL = 529 nm). However, the computed
emission spectra of 11, 15 and 18 showed the most probable
emission around 400 nm. These values are different from those
experimentally observed lPL (527 nm (11), 506 nm (15) and 503 nm
(18)) for single crystals. The theoretical lPL values obtained at the
B3LYP/6-31G*/LANL2DZ level of theory deviate considerably from
those of the experimental results. However, in the emission
spectra of 11, 15 and 18 computed theoretically, a low intensity
transition is observed around 500 nm, which occurs due to LUMO
/ HOMO transition of the complexes involved. This deviation
may be rectied perhaps by the use of higher basis set, but due to
computational limitations we present the results obtained by the
use of the above mentioned level of theory.
13300 | RSC Adv., 2024, 14, 13291–13305
Conclusions

In conclusion, we have isolated ten heteroleptic cycloplatinated
guanidinate(1−) complexes in good to very good yields. The new
complexes were characterized by analytical and IR and multi-
nuclear NMR spectroscopic techniques. Molecular and crystal
structures of nine complexes were determined by SCXRD. 195Pt
{1H} NMR spectroscopy of new complexes prepared in this
investigation enabled us to unravel the factors such as steric
and electronic factors, ring size and nature of donor atom on
the observed dPt shis. The variation of steric property of the
aryl substituents in the guanidinate(1−) ligands inuenced the
extent of puckering of the six-membered [Pt(TAG)] ring in the
structurally characterized complexes more than the geometry of
the Pt(II) atom.

A detailed crystal structure analyses carried out on 12 suggest
the signicance of intermolecular N–H/p, C–H/p and N–H/
Pt hydrogen bonding interactions on the anomalous emission
spectrum of this complex in the crystalline form. The new
complexes were shown to be a green to blue light emitting
materials in the solid state. The tunability of aryl substituents in
the six-membered [Pt(TAG)] ring affected the emission proper-
ties of certain complexes to some extent while the ancillary
ligand affected the emission to a lesser extent (10 versus 19). The
FMOs involved in the absorption and emission of 11, 15 and 18
were shown to be HOMO−1 and LUMO while the FMOs of 19
were shown to be HOMO and LUMO. By a judicious combina-
tion of the primary and ancillary ligands in the new platina-
cycles, better materials for the purpose of OLED fabrication can
be further developed.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Experimental section
Platinacycle 6

Cis-[Pt(TFA)2(S(O)Me2)2] (50.0 mg, 0.09 mmol) and the guani-
dine (ArNH)2C]NAr (Ar = 2-FC6H4; 34.2 mg, 0.09 mmol) were
taken in a 25 mL RB ask and dispersed in toluene (10 mL). The
RB ask was tted with a double surface condenser capped with
a freshly prepared anhydrous CaCl2 guard tube. The reaction
mixture was reuxed for 8 h, cooled and ltered. The volume of
the ltrate was reduced to about 3 mL and stored at RT for two
days to afford 6 as colourless crystals. Yield = 75% (47.4 mg,
0.065 mmol). Mp: 240.2 °C. ATR-IR (cm−1): n(NH) 3306 (m);
na(OCO) 1688 (s); n(C]N) 1622 (m); ns(OCO) 1344 (m); n(S]O)
1190 (s). Anal. calcd for C23H19N3O3F6SPt (Mw = 726.56 g
mol−1): C, 38.02; H, 2.64; N, 5.78; S, 4.41. Found: C, 37.88; H,
2.63; N, 5.83; S, 4.61. ESI mass (HRMS) m/z [ion]: calcd 613.0849
[M− TFA]+. Found 613.0851. 1H NMR (CDCl3, 400MHz): dH 3.19
(br, 6H, (CH3)2S(O)), 6.40 (s, 1H, NH), 6.83–6.88, 6.92–6.99 (each
m, 2× 1H, ArH), 7.16–7.23 (m, 4H, ArH), 7.25 (br, 1H, NH), 7.27–
7.38 (m, 4H, ArH), 7.72 (d, JHH = 8.4 Hz; 1H, ArH). 19F{1H} NMR
(CDCl3, 376.31 MHz): dF −74.4, −119.5, −122.7, −133.5 (JF–Pt =
41.4 Hz).

Platinacycle 7

Platinacycle 7 was prepared from cis-[Pt(TFA)2(S(O)Me2)2]
(50.00 mg, 0.087 mmol) and the guanidine (ArNH)2C]NAr (Ar
= 2-ClC6H4; 34.2 mg, 0.087 mmol) in toluene (10 mL) by
following the procedure previously mentioned for 6. Platina-
cycle 7 was obtained as colourless crystals in 82% (55.3 mg,
0.071 mmol) yield. Mp: 209.8 °C. ATR-IR (cm−1): n(NH) 3364
(m); na(OCO) 1680 (s); n(C]N) 1607 (m), 1568; ns(OCO) 1356 (m);
n(S]O) 1186 (s). Anal. calcd for C23H19N3O3F3Cl3SPt (Mw =

775.91): C, 35.60; H, 2.47; N, 5.42; S, 4.13. Found: C, 35.66; H,
2.74; N, 5.68; S, 4.43. ESI mass (HRMS) m/z [ion]: calcd 662.0040
[M − TFA + H]+. Found 661.9937. 1H NMR (CDCl3, 400 MHz): dH
3.17 (br, 6H, (CH3)2S(O)), 6.39 (s, 1H, NH), 6.88 (t, JHH = 8.0 Hz,
1H, ArH), 7.09 (dd, JHH = 8.0 Hz; 1.2 Hz, 1H, ArH), 7.24–7.28,
7.30–7.33 (each m, 2 × 1H, ArH), 7.34 (s, 1H, NH), 7.37–7.40,
7.48–7.51 (each m, 2 × 3H, ArH), 7.86 (dd, JHH = 8.0 Hz; 1.6 Hz,
1H, ArH). 13C{1H} NMR (CDCl3, 100.5 MHz): dC 45.1, 45.9, 110.5,
117.0 (q, JC–F = 290.9 Hz), 119.9, 124.2 (JPt–C = 34.7 Hz), 125.6,
128.0, 128.3, 128.7, 128.9, 129.1, 129.6, 131.1, 131.4, 131.7,
132.2, 132.6, 137.4, 139.6, 148.2, 161.7 (q, JC–F = 36.3 Hz). 19F
{1H} NMR (CDCl3, 376.31 MHz): dF −74.4. 195Pt{1H} NMR
(CDCl3, 85.78 MHz): dPt −3606.

Platinacycle 8

Platinacycle 8 was prepared from cis-[Pt(TFA)2(S(O)Me2)2]
(50.00 mg, 0.087 mmol) and the guanidine (ArNH)2C]NAr (Ar
= 2-BrC6H4; 46.1 mg, 0.087 mmol) in toluene (10 mL) by
following the procedure previously mentioned for 6. Platina-
cycle 8 was obtained as colourless crystals in 76% (60.0 mg,
0.066 mmol) yield. Mp: 198.1 °C. ATR-IR (cm−1): n(NH) 3354
(m); na(OCO) 1686 (s); n(C]N) 1613 (m); ns(OCO) 1360 (m); n(S]
O) 1130 (s). Anal. calcd for C23H19N3O3F3Br3SPt (Mw = 905.83):
C, 30.38; H, 2.11; N, 4.62; S, 3.53. Found: C, 30.04; H, 2.09; N,
© 2024 The Author(s). Published by the Royal Society of Chemistry
4.56; S, 3.91. ESI mass (HRMS) m/z [ion]: calcd 795.8504 [M −
TFA + H]+. Found 795.8481. 1H NMR (CDCl3, 400 MHz): dH 3.16,
3.20 (each s, 2 × 3H, (CH3)2S(O)), 6.32 (s, 1H, NH), 6.79 (t, JHH =

7.8 Hz, 1H, ArH), 7.17–7.24 (m, 4H, ArH), 7.37–7.44 (m, 4H, ArH
(3H), NH (1H)), 7.68, 7.70 (each d, JHH = 3.2 Hz, 2 × 1H, ArH),
7.88 (d, JHH = 8.4 Hz, 1H, ArH). 13C{1H} NMR (CDCl3, 100.5
MHz): dC 44.6, 46.1, 110.1, 110.8, 116.9 (q, JC–F = 292.0 Hz),
122.3, 122.5, 124.6, 128.5, 128.8, 128.9, 129.0, 129.2, 129.5,
130.2, 133.3, 133.5, 134.2, 134.3, 138.0, 141.0, 148.5, 161.6 (q, JC–
F = 36.3 Hz). 19F{1H} NMR (CDCl3, 376.31 MHz): dF −74.4. 195Pt
{1H} NMR (CDCl3, 85.78 MHz): dPt −3591.

Platinacycle 9

Platinacycle 9 was prepared from cis-[Pt(TFA)2(S(O)Me2)2]
(50.0 mg, 0.087 mmol) and the guanidine (ArNH)2C]NAr (Ar =
4-FC6H4; 30.0 mg, 0.087 mmol) in toluene (10 mL) by following
the procedure previously mentioned for 6. Platinacycle 9 was
obtained as colourless crystals in 78% (49.4 mg, 0.068 mmol)
yield. Mp: 227.7 °C. ATR-IR (cm−1): n(NH) 3314 (m); na(OCO)
1686 (s); n(C]N) 1618 (m); ns(OCO) 1343 (m); n(S]O) 1113 (s).
Anal. calcd for C23H19N3O3F6SPt (Mw = 726.56): C, 38.02; H,
2.64; N, 5.78; S, 4.41. Found: C, 38.41; H, 3.01; N, 6.17; S, 4.78.
ESI mass (HRMS) m/z [ion]: calcd: 613.0849 [M − TFA]+. Found:
613.0913. 1H NMR (CDCl3, 400 MHz): dH 3.16 (br, 6H,
(CH3)2S(O)), 6.39–6.42 (m, 1H, ArH), 6.46 (s, 1H, NH), 6.73 (dt,
JHH = 8.0 Hz; 2.8 Hz, 1H, ArH), 7.07–7.22 (m, 9H, ArH (8H), NH
(1H)), 7.69 (dd, JHH = 10.6 Hz; 2.6 Hz, 1H, ArH). 13C{1H} NMR
(CDCl3, 100.5 MHz): dC 45.42, 111.01 (d, JC–F = 6.8 Hz), 112.11
(d, JC–F = 23.1 Hz), 115.70 (d, JC–F = 8.6 Hz), 116.90 (q, JC–F =

290.5 Hz), 116.91 (d, JC–F = 23.1 Hz), 117.66 (d, JC–F = 23.1 Hz),
124.43 (d, JC–F= 21.2 Hz), 128.45 (d, JC–F= 8.7 Hz), 128.70 (d, JC–
F = 7.6 Hz), 131.11, 133.53, 138.35, 149.17, 158.52 (d, JC–F =

244.6 Hz), 160.54 (d, JC–F = 62.6 Hz), 161.75 (q, JC–F = 36.6 Hz),
163.02 (d, JC–F = 65.5 Hz). 19F{1H} NMR (CDCl3, 376.31 MHz): dF
−74.6, −111.6, −113.8, −118.3. 195Pt{1H} NMR (CDCl3, 85.78
MHz): dPt −3622.

Platinacycle 10

Platinacycle 10 (50.0 mg, 0.073 mmol) and acetylacetone
(8.7 mg, 0.0087 mmol) were dispersed in a freshly distilled
acetonitrile (15 mL) in a 25 mL RB-ask and the ask was tted
with an air condenser. K2CO3 (12.1 mg, 0.087 mmol) was added
to the reaction mixture, the contents in the ask were simul-
taneously stirred and heated to 75 °C for 36 h. Subsequently, the
reaction mixture was cooled and the volatiles were completely
removed under vacuum to afford yellow solid. To the solid,
CH2Cl2 (10 mL) was added and ltered using a Whatman lter
paper. The ltrate was concentrated under vacuum to about 2
mL, layered with toluene (2 mL) and stored at RT for 10 days to
afford 10 as green crystals suitable for SCXRD. Yield = 92%
(44.9 mg, 0.067 mmol). Mp: 206.0 °C. Anal. calcd for
C27H29O5N3Pt (MW = 670.63): C, 48.36; H, 4.36; N, 6.27. Found:
C, 48.53; H, 3.95; N, 6.25. ATR-IR (cm−1): n(N–H) 3382 (m), n(C]
N) 1624 (m), n(C–O) (acac(1−)) 1572 (s), n(C–O) (acac(1−)) 1546
(s). ESI mass (HRMS)m/z [ion]: calcd: 671.1833 [M + H]+. Found:
671.1804. 1H NMR (CDCl3, 400 MHz): dH 1.36, 1.84 (each s, 2 ×
RSC Adv., 2024, 14, 13291–13305 | 13301
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3H, CH3, acac(1−)), 3.74, 3.81, 3.95 (each s, 3 × 3H, OCH3), 5.20
(s, 1H, CH, acac(1−)), 6.59 (dd, JHH = 8.0 Hz; 1.2 Hz, 1H, ArH),
6.84 (s, 1H, NH), 6.88–6.96 (m, 5H, ArH), 7.09 (dt, JHH = 8.0 Hz;
1.3 Hz, 1H, ArH), 7.18 (dt, JHH = 7.8 Hz; 1.6 Hz, 1H, ArH), 7.27
(dd, JHH = 8.2 Hz; 1.8 Hz, 1H, ArH), 7.33 (dt, JHH = 6.4 Hz;
1.6 Hz, 2H, ArH), 8.05 (s, 1H, NH). 13C{1H} NMR (CDCl3, 100.5
MHz): dC 27.0, 27.1, 55.5, 55.9, 56.2, 101.3, 105.1, 111.1, 111.5,
111.7, 121.0, 121.7, 125.1, 126.3, 127.2, 127.3, 130.2, 133.8,
143.8, 145.0, 150.8, 155.0, 183.2, 184.6.
Platinacycle 11

Platinacycle 11 was prepared from 2 (50.0 mg, 0.070 mmol),
acetylacetone (8.4 mg, 0.084 mmol) and K2CO3 (11.6 mg, 0.084
mmol) in acetonitrile (15 mL) and puried as described previ-
ously for platinacycle 10. The solid obtained aer removal of the
volatiles from the reaction mixture was dissolved in CH2Cl2 (2
mL), layered with toluene (2 mL) and stored at RT for 7 days to
afford 11 as bright yellow crystals suitable for SCXRD. Yield =

94% (41.1 mg, 0.066 mmol). Mp: 236.2 °C. Anal. calcd for
C27H29O2N3Pt (MW = 622.19): C, 52.08; H, 4.69; N, 6.75. Found:
C, 52.09; H, 4.69; N, 6.75. ATR-IR (cm−1): n(N–H) 3404 (m), n(C]
N) 1624 (m), n(C–O) (acac(1−)) 1574 (s), n(C–O) (acac(1−)) 1541
(s). ESI mass (HRMS)m/z [ion]: calcd: 623.1986 [M + H]+. Found:
626.1814. 1H NMR (CDCl3, 400 MHz): dH 1.35, 1.70 (each s, 2 ×

3H, CH3, acac(1−)), 1.85, 2.19, 2.42 (each s, 3 × 3H, CH3), 5.22
(s, 1H, CH, acac(1−)), 5.69, 6.54 (each s, 2 × 1H, NH), 6.74 (d,
JHH = 7.2 Hz, 1H, ArH), 6.81 (t, JHH = 7.6 Hz, 1H, ArH), 7.15–7.24
(m, 4H, ArH), 7.27–7.32 (m, 4H, ArH), 7.65 (d, JHH = 7.6 Hz, 1H,
ArH). 13C{1H} NMR (CDCl3, 100.5 MHz): dC 17.1, 17.9, 18.2, 26.8,
27.1, 101.3, 108.5, 119.3, 120.8, 125.6, 126.7, 126.8, 127.9, 128.2,
128.4, 128.8, 130.6, 131.9, 132.4, 134.5, 135.6, 136.1, 136.3,
142.2, 144.1, 183.3, 184.9.
Platinacycle 12

Platinacycle 12 was prepared from 3 (50.0 mg, 0.070 mmol),
acetylacetone (8.4 mg, 0.084 mmol) and K2CO3 (11.6 mg, 0.084
mmol) in acetonitrile (15 mL) and puried as described previ-
ously for platinacycle 10. The solid obtained aer removal of the
volatiles from the reaction mixture was dissolved in CH2Cl2
(2mL), layered with toluene (2 mL) and stored at RT for 7 days to
afford 12 as yellow crystals suitable for SCXRD. Yield = 89%
(38.6 mg, 0.062 mmol). Mp: 166.9 °C. Anal. calcd for
C27H29O2N3Pt (MW = 622.63): C, 52.08; H, 4.69; N, 6.75. Found:
C, 52.35; H, 4.89; N, 6.98. ATR-IR (cm−1): n(N–H) 3399 (m), n(C]
N) 1624 (m), n(C–O) (acac(1−)) 1574 (s), n(C–O) (acac(1−)) 1510
(s). ESI mass (HRMS)m/z [ion]: calcd: 623.1986 [M + H]+. Found:
623.1956. 1H NMR (CDCl3, 400 MHz): dH 1.45, 1.87 (each s, 2 ×

3H, CH3, acac(1−)), 2.29 (s, 3H, CH3), 2.35 (s, 2 × 3H, CH3), 5.24
(s, 1H, CH, acac(1−)), 5.94 (s, 1H, NH), 6.26 (d, JHH = 8.0 Hz, 1H,
ArH), 6.50 (s, 1H, NH), 6.73 (d, JHH = 8.0 Hz, 1H, ArH), 6.96 (d,
JHH= 8.0 Hz, 2H, ArH), 7.15–7.20 (m, 6H, ArH), 7.51 (s, 1H, ArH).
13C{1H} NMR (CDCl3, 100.5 MHz): dC 21.0, 21.1, 21.3, 27.1, 27.2,
101.4, 109.6, 112.9, 124.4, 125.3, 128.0, 129.5, 130.6, 130.8,
133.9, 134.0, 134.8, 135.7, 135.9, 137.0, 141.1, 145.4, 183.1,
184.8.
13302 | RSC Adv., 2024, 14, 13291–13305
Platinacycle 13

Platinacycle 13 was prepared from 4 (50.0 mg, 0.066 mmol),
acetylacetone (7.9 mg, 0.079 mmol) and K2CO3 (11.2 mg, 0.079
mmol) in acetonitrile (15 mL) and puried as described previ-
ously for platinacycle 10. The solid obtained aer removal of the
volatiles from the reaction mixture was dissolved in CH2Cl2 (2
mL), layered with toluene (2 mL) and stored at RT for 5 days to
afford 13$0.5 toluene as yellow crystals suitable for SCXRD. Yield
= 83% (36.9 mg, 0.055 mmol). Mp: 152.4 °C. Anal. calcd for
C30H35O2N3Pt (MW= 664.71): C, 54.21; H, 5.31; N, 6.32. Found: C,
54.45; H, 5.66; N, 6.50. ATR-IR (cm−1): n(N–H) 3406 (m), n(C]N)
1620 (m), n(C–O) (acac(1−)) 1574 (s), n(C–O) (acac(1−)) 1512 (s).
ESI mass (HRMS) m/z [ion]: calcd: 665.2455 [M + H]+. Found:
665.2456. 1H NMR (CDCl3, 400 MHz): dH 1.40, 1.69 (each s, 2 ×

3H, CH3, acac(1−)), 1.86, 2.14, 2.24, 2.32, 2.33, 2.36 (each s, 6 ×

3H, CH3), 5.22 (s, 1H, CH, acac(1−)), 5.65, 6.45 (each s, 2 × 1H,
NH), 6.55 (s, 1H, ArH), 7.02–7.07 (m, 4H, ArH), 7.10 (s, 1H, ArH),
7.14 (d, JHH = 7.6 Hz, 1H, ArH), 7.42 (s, 1H, ArH). 13C{1H} NMR
(CDCl3, 100.5 MHz): dC 17.1, 17.9, 18.2, 21.1, 21.2, 27.0, 27.2,
101.2, 108.6, 119.0, 126.6, 127.1, 128.1, 128.3, 128.4, 129.6, 131.2,
131.8, 132.5, 132.8, 133.6, 135.7, 136.0, 136.1, 138.7, 139.6, 144.6,
183.1, 184.8.
Platinacycle 14

Platinacycle 14 was prepared from 5 (50.0 mg, 0.066 mmol),
acetylacetone (7.9 mg, 0.079 mmol) and K2CO3 (11.2 mg, 0.079
mmol) in acetonitrile (15 mL) and puried as described previ-
ously for platinacycle 10. The solid obtained aer removal of the
volatiles from the reaction mixture was dissolved in CH2Cl2 (2
mL), layered with toluene (2 mL) and stored at RT for 9 days to
afford 14 as yellow crystals suitable for SCXRD. Yield = 86%
(37.8 mg, 0.057 mmol). Mp: 190.4 °C. Anal. calcd for
C30H35O2N3Pt (MW= 664.71): C, 54.21; H, 5.31; N, 6.32. Found: C,
54.57; H, 5.62; N, 6.27. ATR-IR (cm−1): n(N–H) 3417 (m), n(C]N)
1631 (m), n(C–O) (acac(1−)) 1613 (s), n(C–O) (acac(1−)) 1582 (s).
ESI mass (HRMS) m/z [ion]: calcd: 665.2455 [M + H]+. Found:
665.2467. 1H NMR (CDCl3, 400 MHz): dH 1.60, 1.70 (each s, 2 ×

3H, CH3, acac(1−)), 1.71, 2.09, 2.25, 2.29, 2.34, 2.64 (each s, 6 ×

3H, CH3), 5.23 (s, 1H, CH, acac(1−)), 5.81, 6.35 (each s, 2 × 1H,
NH), 6.58, 6.68 (each d, JHH = 7.2 Hz, 2 × 1H, ArH), 6.91 (s, 1H,
ArH), 6.97 (d, JHH = 6.8 Hz, 1H, ArH), 7.04 (d, JHH = 8.0 Hz, 1H,
ArH), 7.14 (t, JHH = 7.0 Hz, 2H, ArH), 7.20 (s, 1H, ArH). 13C{1H}
NMR (CDCl3, 100.5 MHz): dC 16.6, 17.5, 17.9, 20.8, 21.1, 23.7,
26.2, 27.7, 101.3, 113.1, 117.2, 124.3, 125.5, 127.4, 128.2, 128.9,
129.1, 130.9, 131.6, 132.2, 134.5, 136.0, 137.7, 138.4, 141.6, 144.3,
148.3, 182.0, 184.4.
Platinacycle 15

Platinacycle 15 was prepared from 6 (50.0 mg, 0.069 mmol),
acetylacetone (8.3 mg, 0.083 mmol) and K2CO3 (11.5 mg, 0.083
mmol) in acetonitrile (15 mL) and puried as described previ-
ously for platinacycle 10. The solid obtained aer removal of the
volatiles from the reaction mixture was dissolved in CH2Cl2 (2
mL), layered with toluene (2 mL) and stored at RT for 5 days to
afford 15 as green crystals suitable for SCXRD. Yield = 81%
© 2024 The Author(s). Published by the Royal Society of Chemistry
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(35.5 mg, 0.056 mmol). Mp: 201.8 °C. Anal. calcd for C24H20-
F3O2N3Pt (MW = 634.52): C, 45.43; H, 3.18; N, 6.62. Found: C,
45.69; H, 3.09; N, 6.25. ATR-IR (cm−1): n(N–H) 3406 (m), n(C]N)
1630 (m), n(C–O) (acac(1−)) 1581 (s), n(C–O) (acac(1−)) 1544 (s).
ESI mass (HRMS) m/z [ion]: calcd: 635.1234 [M + H]+. Found:
635.1238. 1H NMR (CDCl3, 400 MHz): dH 1.42, 1.88 (each s, 2 ×

3H, CH3, acac(1−)), 5.26 (s, 1H, CH, acac(1−)), 5.93 (s, 1H, NH),
6.72–6.77, 6.89–6.93 (each m, 2 × 1H, ArH), 7.14–7.24 (m, 5H,
ArH (4H), NH (1H)), 7.27–7.39 (m, 4H, ArH), 7.51 (d, JHH =

8.0 Hz, 1H, ArH). 13C{1H} NMR (CDCl3, 100.5 MHz): dC 26.8,
27.0, 101.6, 109.1 (d, JC–F = 18.3 Hz), 112.6, 116.1 (d, JC–F = 20.2
Hz), 117.2 (d, JC–F = 19.3 Hz), 121.6 (d, JC–F = 6.7 Hz), 124.2 (d,
JC–F = 12.5 Hz), 124.5 (d, JC–F = 2.9 Hz), 125.2 (d, JC–F = 5.7 Hz),
125.6 (d, JC–F = 3.8 Hz), 126.2, 128.5 (d, JC–F = 7.7 Hz), 128.7 (d,
JC–F= 7.7 Hz), 129.0 (d, JC–F= 1.9 Hz), 130.3, 130.8 (d, JC–F= 13.6
Hz), 143.7, 149.4 (d, JC–F = 244.7 Hz), 155.9 (d, JC–F = 185.8 Hz),
158.4 (d, JC–F = 184.9 Hz), 183.6, 185.2. 19F{1H} NMR (CDCl3,
376.31 MHz): dF −137.4 (JPt–F = 40.3 Hz), −123.6, −120.6.

Platinacycle 16

Platinacycle 16 was prepared from 7 (50.0 mg, 0.064 mmol),
acetylacetone (7.7 mg, 0.077 mmol) and K2CO3 (10.6 mg, 0.077
mmol) in acetonitrile (15 mL) and puried as described previ-
ously for platinacycle 10. The solid obtained aer removal of the
volatiles from the reaction mixture was dissolved in CH2Cl2 (2
mL), layered with toluene (2 mL) and stored at RT for 5 days to
afford 16 as green crystals suitable for SCXRD. Yield = 94%
(40.9 mg, 0.060 mmol). Mp: 228.0 °C. Anal. calcd for C24H20-
Cl3O2N3Pt (MW = 683.88): C, 42.15; H, 2.95; N, 6.14. Found: C,
42.45; H, 2.98; N, 6.21. ATR-IR (cm−1): n(N–H) 3368 (m); n(C]N)
1628 (m); n(C–O) (acac(1−)) 1576 (s); n(C–O) (acac(1−)) 1516 (s).
ESI mass (HRMS) m/z [ion] calcd: 683.0347 [M + H]+. Found:
683.0416. 1H NMR (CDCl3, 400 MHz): dH1.41, 1.88 (each s, 2 ×

3H, CH3, acac(1−)), 5.26 (s, 1H, CH, acac(1−)), 6.01 (s, 1H, NH),
6.87 (t, JHH = 7.8 Hz, 1H, ArH), 7.03 (dd, JHH = 7.8 Hz; 1.4 Hz,
1H, ArH), 7.23–7.25 (m, 2H, ArH (1H), NH (1 H)), 7.34 (dq, JHH =

8.0 Hz; 1.5 Hz, 2H, ArH), 7.40–7.49 (m, 4H, ArH), 7.69–7.72 (m,
2H, ArH). 13C{1H} NMR (CDCl3, 100.5 MHz): dC 26.7, 27.0, 101.6,
111.6, 117.9, 122.1, 124.0, 126.3, 127.5, 128.1, 128.5, 129.5,
129.8, 129.9, 130.9, 132.5, 132.6, 132.8, 133.2, 140.6, 143.6,
183.5, 185.1.

Platinacycle 17

Platinacycle 17 was prepared from 8 (50.0 mg, 0.055 mmol),
acetylacetone (6.6 mg, 0.066 mmol) and K2CO3 (9.1 mg, 0.066
mmol) in acetonitrile (15 mL) and puried as described previ-
ously for platinacycle 10. The solid obtained aer removal of the
volatiles from the reaction mixture was dissolved in CH2Cl2 (2
mL), layered with toluene (2 mL) and stored at RT for 4 days to
afford 17 as yellow crystals suitable for SCXRD. Yield = 84%
(37.4 mg, 0.046 mmol). Mp: 244.9 °C. Anal. calcd for C24H20-
Br3N3O2Pt (MW = 813.88): C, 35.27; H, 2.47; N, 5.14. Found: C,
35.48; H, 2.81; N, 5.47. ATR-IR (cm−1): n(N–H) 3350 (m); n(C]N)
1626 (m); n(C–O) (acac(1−)) 1574 (s); n(C–O) (acac(1−)) 1520 (s).
1H NMR (CDCl3, 400 MHz): dH 1.41, 1.88 (each s, 2 × 3H, CH3,
acac(1−)), 5.26 (s, 1H, CH, acac(1−)), 5.95 (s, 1H, NH), 6.79 (t,
© 2024 The Author(s). Published by the Royal Society of Chemistry
JHH = 7.6 Hz, 1H, ArH), 7.14–7.20 (m, 3H, ArH), 7.36–7.48 (m,
4H, ArH (3H), NH (1H)), 7.65 (dt, JHH = 8.6 Hz; 1.6 Hz, 3H, ArH),
7.75 (dd, JHH = 7.6 Hz; 1.2 Hz, 1H, ArH). 13C{1H} NMR (CDCl3,
100.5 MHz): dC 26.7, 27.1, 101.6, 108.6, 111.7, 120.5, 122.6,
123.3, 127.2, 127.3, 128.1, 128.3, 128.6, 129.3, 129.9, 133.0,
133.3, 133.5, 134.1, 134.4, 142.0, 143.9, 183.5, 185.1.

Platinacycle 18

Platinacycle 18 was prepared from 9 (50.0 mg, 0.069 mmol),
acetylacetone (8.2 mg, 0.082 mmol) and K2CO3 (11.3 mg, 0.082
mmol) in acetonitrile (15 mL) and puried as described previ-
ously for platinacycle 10. The solid obtained aer removal of the
volatiles from the reaction mixture was dissolved in CH2Cl2 (2
mL), layered with toluene (2 mL) and stored at RT for 3 days to
afford 18 as yellow crystals suitable for SCXRD. Yield = 86%
(37.4 mg, 0.059 mmol). Mp: 260.1 °C. Anal. calcd for C24H20F3-
O2N3Pt (MW = 634.52): C, 45.43; H, 3.18; N, 6.62. Found: C, 45.63;
H, 3.33; N, 7.01. ATR-IR (cm−1): n(N–H) 3404.36 (m); n(C]N) 1624
(m); n(C–O) (acac(1−)) 1578 (s); n(C–O) (acac(1−)) 1503 (s). ESI
mass (HRMS)m/z [ion] calcd: 635.1234 [M +H]+. Found: 635.1298.
Platinacycle 18 exists in two isomeric forms with their approxi-
mate ratios being 1 : 0.07 as estimated from integrals of methyl
protons of the acac(1−) ligand. 1H NMR (CDCl3, 400 MHz): dH
1.46 (s, 2 × 3H, CH3, acac(1−), isomers 1 & 2), 1.87 (s, 3H, CH3,
acac(1−), isomer 2), 1.89 (s, 3H, CH3, acac(1−), isomer 1), 5.26 (s,
1H, CH, acac(1−), isomer 2), 5.27 (s, 1H, CH, acac(1−), isomer 1),
5.84 (s, 2× 1H, NH, isomers 1 & 2), 6.30 (dd, JHH= 8.6 Hz; 5.0 Hz,
2 × 1H, ArH, isomers 1 & 2), 6.43 (s, 2 × 1H, NH, isomers 1 & 2),
6.63 (dt, JHH = 7.6 Hz; 2.9 Hz, 2 × 1H, ArH, isomers 1 & 2), 7.06–
7.14 (m, 2 × 6H, ArH, isomers 1 & 2), 7.25–7.28 (m, 2 × 2H, ArH,
isomers 1 & 2), 7.45 (dd, JHH = 10.8 Hz; 3.0 Hz, 2 × 1H, ArH,
isomers 1 & 2). 13C{1H} NMR (CDCl3, 100.5 MHz): dC 27.1, 101.7,
110.0 (d, JC–F = 24.1 Hz), 112.2 (d, JC–F = 5.7 Hz), 114.2 (d, JC–F =
7.7 Hz), 115.8 (d, JC–F = 22.1 Hz), 117.4 (d, JC–F = 22.2 Hz), 119.6
(d, JC–F= 19.3 Hz), 127.9 (d, JC–F= 8.6 Hz), 129.7 (d, JC–F= 8.6 Hz),
132.0, 133.8, 139.2, 145.1, 157.3 (d, JC–F = 241.7 Hz), 160.2 (d, JC–F
= 42.4 Hz), 162.6 (d, JC–F = 45.3 Hz), 183.6, 185.2. 19F{1H} NMR
(CDCl3, 376.31 MHz): dF −121.4 (isomers 1 & 2), −115.8 (isomer
2), −115.6 (isomer 1), −113.1 (isomer 2), −112.9 (isomer 1).

Platinacycle 19

Platinacycle 19 was prepared from 1 (50.0 mg, 0.073 mmol), 2-
picolinic acid (10.8 mg, 0.088 mmol) and K2CO3 (12.1 mg, 0.088
mmol) in acetonitrile (15 mL) and puried as described previ-
ously for platinacycle 10. The solid obtained aer removal of the
volatiles from the reaction mixture was dissolved in CH2Cl2 (2
mL), layered with toluene (2 mL) and stored at RT for 2 days to
afford 19 as green crystals suitable for SCXRD. Yield = 89%
(45.1 mg, 0.065 mmol). Mp: 248.3 °C. Anal. calcd for
C28H26O5N4Pt (MW = 693.62): C, 48.49; H, 3.78; N, 8.08. Found:
C, 48.44; H, 3.68; N, 7.96. ATR-IR (cm−1): n(N–H) 3385 (m),
n(>C]O) 1657 (s), n(C]N) 1611 (m). ESI mass (HRMS)m/z [ion]:
calcd: 694.1629 [M + H]+, Found: 694.1670; calcd: 1387.3237
{[Pt(TAG)(m2-N,O-pic)]2 + H}, Found: 1387.3265. 1H NMR (CDCl3,
400 MHz): dH 3.80, 3.82, 4.02 (each s, 3× 3H, OCH3), 6.68 (d, JHH

= 8.4 Hz, 1H, ArH), 6.90–7.06 (m, 6H, ArH), 7.11–7.23 (m, 4H,
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ArH), 7.27–7.33 (m, 2H, ArH), 7.87 (s, 1H, NH), 7.89–7.96 (m, 2H,
ArH (1H), NH (1H)), 8.72 (d, JHH = 5.6 Hz, 1H, ArH). 13C{1H}
NMR (CDCl3, 100.5 MHz): dC 55.4, 55.9, 56.6, 105.5, 111.6, 112.7,
117.3, 120.9, 121.5, 122.4, 123.5, 126.0, 126.5, 126.9, 127.4,
128.0, 128.2, 129.4, 129.6, 133.6, 137.5, 145.8, 147.8, 148.9,
151.3, 154.0, 154.5, 172.3.
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11 P.-H. Lanoë, A. Moreno-Betancourt, L. Wilson, C. Philouze,
C. Monnereau, H. Jamet, D. Jouvenot and F. Loiseau, Dyes
Pigm., 2019, 162, 967–977.

12 A. F. Henwood, J. Webster, D. Cordes, A. M. Z. Slawin,
D. Jacquemin and E. Zysman-Colman, RSC Adv., 2017, 7,
25566–25574.

13 (a) X. Mou, Y. Wu, S. Liu, M. Shi, X. Liu, C. Wang, S. Sun,
Q. Zhao, X. Zhou and W. Huang, J. Mater. Chem., 2011, 21,
13951–13962; (b) C.-H. Chen, F.-I. Wu, Y.-Y. Tsai and
C.-H. Cheng, Adv. Funct. Mater., 2011, 21, 3150–3158.

14 W. Zeng, M.-J. Sun, Z.-L. Gong, J.-Y. Shao, Y.-W. Zhong and
J. Yao, Inorg. Chem., 2020, 59, 11316–11328.

15 (a) K. Venkatesan, P. H. J. Kouwer, S. Yagi, P. Müller and
T. M. Swager, J. Mater. Chem., 2008, 18, 400–407; (b)
A. Santoro, A. C. Whitwood, J. A. Gareth Williams,
V. N. Kozhevnikov and D. W. Bruce, Chem. Mater., 2009,
21, 3871–3882; (c) T. Sato, H. Awano, O. Haba, H. Katagiri,
Y.-J. Pu, T. Takahashi and K. Yonetake, Dalton Trans.,
2012, 41, 8379–8389; (d) M. Spencer, A. Santoro,
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