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Synopsis:

Platinum(ll) complexes of bis-cyclometalated 2,5¢aryl)-pyridine ligands show orang
phosphorescence in solution and solid with modegatatum yields up to 0.45 in PMMA matrix
Structural modifications on the periphery of thetnyl-6-(thiophen-2-yl)pyridine ligands hav

remarkable impact on the quantum yields, whilegimession energies vary only moderately.
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Abstract Biscyclometalated Pt(l) complexes of dianionic -Bj§(aryl)-pyridine ligands (£%?
carrying various cyclometalating or pending arybuyps have been synthesised in two steps.
Reaction of the bL proto-ligands with K[PtCl,] in acetic acid gave the mono-cyclometalated
complexes [Pt(HL)C} Heating of these complexes in hot DMSO (dime#uffoxide) yielded the
double-cyclometalated DMSO complexes [PRYDMSO)]. Reaction of [Pt(f)(DMSO)] with
N,N-dimethylimidazolium iodide in the presence of 80 as base gave the carbene comp'~
[Pt(L*)(Me,Imd)]. Detailed photophysical studies reveal ineermange luminescence of thes
complexes in ChkLClI, solution with quantum yields up to 0.22, increagadntum yields up to 1.0C

in glassy frozen CCl,:MeOH (1:1) and up to 0.44 in PMMA matrices. Detdilelectrochemistry
(including spectroelectrochemistry) reveals rew®esligand-based first reductions-&.1 t0o—2.3

V, irreversible Pt-centred oxidations at around 0.8nd electrochemical band gaps of 2.8 to
eV. Further reduction waves at very negative paéninterfere with solvent (THF with traces ¢
water) discharge and can be traced to Pt-centdkettieons for the DMSO complexes but a seco
ligand-centred reduction for the Med complex from UV-vis spectroelectrochemistry. eTl
photo/electrochemical properties can be roughlyetated with the ligand pattern and suggest th

application in optoelectronics.
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Introduction

Tridentate cyclometalating ligands such as theqgpyptcal 6-(phen-2-yl)-2,2’-bipyridine (Phbpy)
(Scheme 1) have been used in organoplatinum(ll)-patladium(ll) chemistry starting from the
1990s? Having the same shape and electron configurasod,2:6’,2"-terpyridine (terpyy the
anion (Phbpy) provides very stable tridentate binding and thelayetalation requiring €H

activation of the phenyl core can be carried oumatierate conditions, usually heating suitable

Pt(ll) or Pd(ll) precursors and the-B functionalised proto-ligands (ligand precursoroprto
)[1-2, 4-14)

metalation

N

/C\P|t
|

L
[Pt(terpy)(X)]+ [Pt(Phbpy)(X)] [Pt(PhPyPh)(X)I [Pt(PhPyPh)(L)]

Scheme 1. Structural similarities of terpy, (Phbp§yPhbpy = 6-phenyl-2,2’-bipyridine), and
(PhPyPh) (HPhPyPhH = 2,6-diphenyl-pyridine) Pt complexesiff left to right). Note, that using
anionic X coligands (halides, alkyl, aryl, ...) leads to caito(NNN), neutral (CNN) or anionic
(CNC) complexes, while the use of neutral ligandsduch as DMSO, pyridines, phosphine

isonitriles, or carbenes leads to neutral (CNC) glexes.

Very soon it was found that many Pt(ll) derivatiééshe Phbpy ligand show intense luminescen
some even at ambient temperattte™* One reason lies in the destabilisation of darkatne
centred excited states associated with the Ptftfyyél orbital when using these very stron
carbanionic ligand€?” the other reason lies in their rigidity. Consedlyethe idea came up using
tridentate dicarbanionic cyclometalating ligandstioé 2,6-di(phen-2-yl)pyridine RhPyPh, see
Scheme 1) type with Pt(1i§*>? Recently, Che et al. employed several derivativfethis ligand
type with the aim of providing suitable excitedtetathrough variation of the 2,5-aryl groups at t
central pyridine unit and they achieved very efititriplet emitters, which show phosphorescer
even at room temperature. One crucial move in figand design was the use of thiophene as ¢..e
of their pending metalated aryl groups, with thenptex 4 in Scheme 2 being the most efficient

triplet emitter®”
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coligand: DMSO

coligand: Me,Imd
4a R=H

coligand

Scheme 2. Chemical structures of the synthesisedoRiplexes [Pt(E%)(coligand)].
[P{LH(DMSO)] (1), [PHL2)(DMSO)] (), [P(L>)(DMSO)] (3), [Pt(L)(DMSO)] @),
[Pt(L°)(DMSO)] (5), [Pt(L%)(DMSO)] (6), [Pt(L*)(Me,lmd)] (4a).

We became interested in these complexes and degaenhly to re-synthesise and re-investige
the prototypical comple® but also extend our study to further derivativ@sheme 2) with the aim
of achieving structure-properties relationships &fficient luminescence in such complexe
Therefore, we also replaced the DMSO coligand e ointhe doubly cyclometalated complexes |
a strong carbene ligand and studied the outcortt@ofeplacement.

Furthermore, we investigated in detail the elexttemnistry of the prototypé, which has not
been done yet, and its new derivatives in view opassible application in OLEDs. In thi
contribution, we will report on the synthesis ant €haracterisation of the ligands and complex
most of them were novel. We will also report onadletl absorption and emission spectroscopy,
latter carried out at ambient temperature in,Cll solution, in glassy frozen GBIl,/MeOH
solution (viv = 1:1) at 77 K as well as poly(metmkethacrylate) (PMMA) films. These result
were combined with detailed electrochemical (cycliwoltammetry and UV-vis

spectroelectrochemistry) and preliminary structor@perties relationships were drawn.

Results and Discussion

Preparations and analyses

The preparation of the 2,5-bis(aryl)-pyridine priigands (HL'®) is outlined in the Supporting
Information (SI). The complexes were prepared atingrto a literature methd¢f! In brief, the
proto-ligands HL*® were heated with §PtCl] in glacial acetic acid which resulted in the

formation of yellow-orange materials in excellenielgs. The'H NMR spectra exhibit typical

4
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satellites of &Jp.4 coupling of about 60 HE*Pt, | = 4, 33.8% nat. abundance) for the signals of
the ortho protons of the Pt bound phenyl group. fBaetion products are either Cl-bridges dimers
{Pt(HL* )} (u-Cl);] ! or monomers [Pt(Ht®)CI] with S-coordination through the thiophene
moiety, as has been suggested earlier for theioeant HL® with K [PtCl,].®! Our detailed 2D Pt-
H NMR spectroscopy searching evidence fas. coupling of the thiophene protons through
extensive variation of the assumed coupling constas not successful (for spectra, see Supporting
Information). Standard EI mass spectrometry showaamers, HR-ESI measurements on a LTQ
Orbitrap XL also gave no evidence for the Cl-bridigiémers, but monomeric species. At the sar~
time, none of these methods can unambiguously é&cthe presence of dimers and having
evidence for monomers we infer dimeric structumesnf related complexes without a potential
binding pendant group as e.g. for [{Pt(HPhPyR@}CI),].”® For cryoscopy or ebullioscopy
measurements the solubility of the complexes tumgdo be too low.

These intermediate complexes were reacted withetthiyh sulfoxide to yield the doubly
cyclometalated complexes [PY{)(DMSO)] in high yields (69 to 95%). The DMSO cdaligd can
easily be exchanged by carbene ligand as has beswmdor the conversion from compléxto

complexda.
Molecular structures in solution (NMR) and in the lid (XRD)

Detailed 1D and 2BH NMR spectroscopy proved the molecular entitieshef seven complexes
1-6 and4a. Especially, the metalation of the phenyl andttiiephenyl groups is obvious from th:
platinum satellites at the signals of the corresimgortho protons witRJp..+; coupling constants of
about 25 Hz (Figure 1). From [Pf(DMSO)] (3) suitable single crystals were obtained fro
evaporation of a CHCl, solution and submitted to X-ray diffraction expeents. The compounc
was found to crystallise in the monoclinic spaceugrP2,/c. Figure 2 shows the crystal structur
The molecules are arranged in layers along thetatlygraphicb-axis. The intermolecular PPt
distance exceeds 5 A, revealing the absence of sietmolecular interaction. In the molecule
structure (Figure 1) the platinum atom is distortgpiare planar surrounded—{@-C angle of
157.6(9)°). The bond lengths-Mt (1.99(2)A), Pt-Spmso (2.21(1)A), PtCiniophene(2.16(2)A) and
Pt-Cpneny(2.02(3)A) accord with those of similar structufé !

This article is protected by copyright. All rights reserved.
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Figure 1. Low field part of théH NMR spectrum of [Pt(£)(DMSO)] (3) measured in CETl, at
300 MHz )left). Molecular structure (50% probalyilbf ellipsoids, hydrogen atoms were omitte
for clarity, right).

Figure 2.Crystal structure of [Pt(DMSO0)] (3) viewed along the crystallograpticaxis.

UV-vis absorption and emission spectroscopy

Photophysical data of all complexes [PH(DMSO)] (1-6) and [Pt(l)(Me,md)] (4a) are
summarised in Table 1. In Figure 3 absorption ant&on spectra of complexést in CH,CI, at
room temperature are shown, Figure 4 includes pleetsa of complexe4-6 and4a. Our data for
complex 4 matches with the results of Che etf*dl.with the exception of the quantum yield.
Different measurement methods are very probablyoresible for this deviation.

All complexes show absorption bands between 2030~ 20000-5000Q mol™ cm™)
which are assigned to transitions with predominaiigland character (IL = intraligand). According

6
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to literaturé®*? the moderate absorption bands at 350-400amn10000-3000@ mol™* cm™) can
be assigned to mixetMLCT/3IL transitions of [(5d)Ptn*(CAN~C)] and weak absorption bands
>440 nm are assigned to transitions with miXdtlCT/3IL character.
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Figure 3. Absorption and emission spectra of comgse[Pt(lX*)(DMSO0)] (1-4) in CH,Cl, at
298 K with the inset showing the long-wavelengtbaption bands.
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Figure 4. Absorption and emission spectra of complexes [FPYDMSO)] (4-6) and
[Pt(L*)(Mezlmd)] (4a) in CH,Cl, at 298 K.
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Upon excitation atlex = 350-450 nm, complexe$-6 and 4a in CH,Cl, show orange
phosphorescencéef, = 579-595 nm;o = 0.05-0.22). Even complek, with the most simplified
ligand structure, is emissive in @El, solution with a quantum yields @f = 0.06. These quantum
yields are remarkably high for such CAN"C complexésich are frequently non-emissive in
solution and we ascribe these improved luminescenoperties to the presence of the thiophene
unit. The reason why the thiophenyl complexes amgesor in quantum yields over phenyl,
naphthyl, carbazole, or fluorenyl containing detives as described in Che’s papét is not yet
clear. Both absorption and emission energies anergly red-shifted for thiophenyl derivative-
compared with the other complex&$,and the more efficient luminescence is either simeple
consequence of the energy-gap law or might be dwedlightly different excited state. TD-DF
calculations on a reasonable level (TD-B3LYP/6-)d(ANL2DZ) were able to reproduce
gualitatively the observed red-shifts and supposkgatly different character of the excited stat
with varying contributions oIMLCT and?IL (1e17%).13
Exchange of a cyclometalating phenyl group by ahttap unit leads to slightly enhanced radiati
rate constantsk() for complexes2, 4 and4a in solution. Recent calculations on [Pt(Phbpy)C
showed that an extension of theconjugation of the lateral aryl ring prevents digbn of the
excited triplet state, thus increasing thealues>® The non-radiative constants, are generally
lower with naphthyl units, and in the case of cosmpk4 and4a a significant enhancement ki
can be attributed to the exchange of DMSO by calzenthe ancillary ligand. Che et al. observ
an enhanced upon replacement of DMSO with an isocyanide ligand suggested that the goc
s-donating ability of isocyanides leads to destahtibn of metal-centred quenching stat8sThe
same effect in complefa was expected due to the strasglonating capabilities of Ménd, but
the quantum vyield ofla is markedly lower in solution than that 4f The increased,, value
observed in this case suggested that the radiaisntlecay favoured by a higher density
vibrational states introduced by Mid played a more significant role, even when camgdo the
complexes bearing an ancillary DMSO. In contrase phenyl groups at the 4-position of tt
pyridine on complexe8, 4 and4a did not markedly affect the values of the radatand non-
radiative constants. Interestingly, the insertibp-onethoxy 6) andp-fluoro (6) substituents at the
phenyl ring lead to decreas&dvalues in solution, without significantly affeafjrihe radiationless
deactivation rate constants. (TD)DFT studies aaamed to explain their role.

Results of equimolar low complex concentratioms (L6 umol &) are shown in Table 1. We
observed that the emission maxima and quantumsyi@ld®MMA matrices are only marginally
sensitive to complex concentration (spectra shawthé Sl), even though platinum(ll) complexes

can potentially interact through co-planar stacki@pnsequently, the energy of the highest

8
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occupied molecular orbital (HOMO) is raised and &mergy of the lowest unoccupied molecular
orbital (LUMO) is reduced resulting in a bathochiorshift of emission band&*>* Instead, we do
not observe such marked concentration-dependeminexdormation and ascribe the slight red-

shifts to changes in polarity of the environmemnt.AMMA matrices and glassy frozen &,/

MeOH mixtures (viv = 1:1) the quantum yields arer@gased due to reduced radiationless
deactivation by suppressed molecular vibrations aaoldent coupling, whereas the emission
energies are similar in accordance with a predomiitigand centred character of the emissive

triplet state.

Table 1.Selected photophysical data of complexes [FDMSO)] (1-6) and [Pt(*)(Me,Imd)]

(4a).[
CH.Cl, glassy, PMMA
[b] 77 K[]
D (2) Jem® | @B | K| B g flgy | gl |l k9 el @
(@)
1 | 252 (2.5), 269 (2.6), | 586 0.06 | 21 | 32.4| 577 031 16 | 35 |584,633,0.25
295sh (1.2), 335 (1.5), (2.9), (x0. | (20. | (20.0), (+0.3) | (+0.3) | 693sh
350 (1.7), 464 (0.9), | 633, 7) | 7) | 598,
492 (0.1) 693sh 627, 687
2 | 270(3.2),294 (3.1), |579 0.18 | 5.5 | 24.8| 568 0.34| 15| 3.0 |576,623,0.28
328sh (1.1), 347sh | (3.3), (0. | (20. | (22.3), (x0.1)| (= | 685sh
(1.1), 361 (1.5), 376sh| 625, 6) | 6) | 589, 0.1)
(1.0), 396 (0.9), 446 | 683sh 617, 674
(0.1), 474sh (0.1)
3 | 252 (2.6), 274sh (3.7),| 595 0.09 | 3.0 | 30.3| 582 1.00| 4.2 [ <0.2| 589,636] 0.34
296 (4.2), 339 (2.1), | (3.0), (0. | (20. | (23.7), (20.2) 694sh
352 (2.1), 470 (1.0), | 637, 3) | 3) |601,
499 (0.1) 696sh 631, 687
4 | 273(5.3),293(5.1), |585 0.22 | 5.6 | 20.0| 572 0.64| 25| 1.4 |582,625,0.36
304sh (4.6),331sh | (3.9), |®© (+0. | (#0. | (25.6), (+0.1) | (+0.1) | 682sh
(1.9), 365 (1.8), 379sh| 629, 3) | 3) | 591,
(1.2), 401 (1.1), 447 | 694sh 620, 677
(0.2), 481 (0.1)
5 | 273(3.7), 296 (3.8), | 579 0.06 | 1.5 | 235|570 1.00| 35 | <0.2| 577,625] 0.40
310 (4.0), 330 (3.5), | (4.0), (0. | (¥1) | (29.0), (20.2) 677sh
355 (2.6), 377sh (1.2),| 625, 3) 587,
400 (1.0), 449 (0.2), | 688sh 616, 672
476 (0.1)
6 | 274 (4.5), 294 (4.4), | 583 0.05| 1.5 | 279|572 0.38| 1.3 | 2.1 |583,626, 0.44
304sh (4.0), 331sh | (3.4), (0. | (20. | (29.8), (x0.1) | (x0.1) | 685sh
(1.6), 365 (1.6), 379sh| 628, 3) | 6) | 589,
(1.1), 402 (1.0), 452 | 692sh 620, 675
(0.1), 478 (0.1)
4a| 260 (5.1), 282 (5.8), | 593 006 | 7 | 104|578 065| 4.4 | 2.4 |585,6632,0.37
293sh (5.7), 353sh | (0.9), (1) | (+3) | (14.9), (+0.3) | (+0.3) | 696sh
(1.5), 372 (2.1), 401 | 638, 601,
(1.1), 468 (0.1) 696sh 627, 685

[a] Absorption maximala,s in Nm with absorption coefficiert in 10000 L mol* cm™; emission maximalem in M,
excitation wavelength witlr = triplet state lifetime in ps. Standard deviaticofsthe fitted lifetime values were
negligible for the calculation of the unimolecutiactivation rate constants, excitation wavelength 350 nm for all
measurementsp = photoluminescence quantum yiedlvalues carried a maximum 5% standard deviatiomisity to
the measurement procedure; radiativand non-radiativé,, rate constants in . [b] Determined in deoxygenated
CH,Cl, (c = 2.5x10° mol L™"). [c] Measured in PMMA matrices € 16 pmol g*). [d] Measured in glassy frozen (77
K) CH,Cl,/MeOH mixtures (v:v = 1:1). [e] Comparedaof 0.13 in ref [31].
9
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At 77 K, in glassy frozen solutions, complexeand4a show identicakb and complexe8 and5
possess unitary quantum yields. The latter reptesehenyl 8) or naphthyl $) metalated core and
phenyl orp-methoxyphenyl substituents. For these two completkesk; is enhanced upon freezing,
whereas for the other examples a drop is obsererkduced charge-transfer character in the
excited state in the absence of solvent reorgaorsasually restricts the participation of the nheta
centre in the excited state and therefore lowess ltiminescence rate constant. TD-DFT
calculations on a higher level of sophisticatioarthin the previous report by Zhang et al. (T
B3LYP/6-31G(d)-LANL2DZ}*? will be needed to clarify the influence of the stilbents on the
vertical transitions for complex&sand5 and their relaxation pathway(s).

Electrochemistry

Cyclic voltammograms of complexds6 and4a show irreversible oxidations between 0.5-0.8
selected plots were shown in Figure 5, data isect#d in Table 2. A cathodic shift in the oxidatic
potential upon substitution of phenyl) (to naphthyl 2) is in line with DFT calculations showing
contributions of the naphthyl moiety to the HONf® First reduction waves occur betweeh06 V
and-2.30 V with markedly varying reversibility (Tablg.2

1.0 0.5 15 2.0 25
E/V vs. FeCp,/FeCp,’

Figure 5.Cyclic voltammogram®f oxidation and first reduction of complexes [Pt{)(DMSO)]
(1-4) measured in 0.1 M nBNPR/THF vs. ferrocene/ferrocenium.

10
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The potentials are slightly anodically shifted fbe 4-phenyl-pyridine containing syster®4o 6
compared td and2 and the reversibility is higher. Substitution dfepyl to naphthyl (compark2
and 3-4) has no impact on the potentials but the revditsibof the first reduction increases
markedly. The reason is probably a superior s&diibn of negative charge through extension of
thern-conjugated system in both cases. According to B&l€ulations, the LUMO is predominantly
located on the pyridine moiety and the periphefﬂr;yl,[”] in line with our results. Substitution at
the para position of peripheral 4-phenyl group does affect markedly the reduction potentials
(compared-5 and4-6 in Table 2). An exchange of DMSO against,Mal causes a cathodic shift cf
both the oxidation and the reduction potentialdsThin line with the expected superwdonating

ability of this carbene ligand compared with DMSO.

Table 2 Electrochemical data of complexes [Ptfl{DMSO0)] (1-6) and [Pt(L*)(Me,Imd)] (4a).”
complex EpaOx1 Eyp (Ipdlp) Redl  Ejpor Exc Red2 AE Ox1-Redl/ eV

1 0.67  —2.25(0.00) 257 2.92
2 079  -2.20(0.63) 251 . 2.99
3 0.78  -2.09(0.77) _2.68rr. 2.87
4 0.81  -2.06(0.86) ~2.60 rev. 2.87
5 0.81  -2.10(0.77) 269 rr, 2.91
6 0.81  -2.08(0.64) 2. 74 irr. 2.89
4a 050  -2.30(0.85) ~2.98rr. 2.80

[a] Measured in 0.1 MBu,NPFR/THF vs. ferrocene/ferrocenium at a scan rate & m¥/s. Half-wave potentialg;,
in V with current ratiol,/l,c (1 = reversible, 0 = irreversiblefy,, = anionic peak potential in \E,. = cathodic peak
potential in V.

For most of the complexes a second reduction wawvebe observed at potentials cathodica
shifted to the first by approximately 0.3 V for tkemplexesl and2 and about 0.6 V for the
systems containing the 4-phenyl-pyridine moietiesjine with a pyridine-centred LUMO. Fot
complex4athe shift is largest with about 0.7 V. Also, tHheatrochemical band gaps can be deriv
from comparison of the first (reversible) reducscend the irreversible oxidations (Table 2). F
complexesl-6 values around 2.9 eV were found, complexexhibits the smallest value with 2.
eV. Unfortunately, the lacking reversibility devatas a bit these very interesting numbers.
However, we are confident that the observed irshéity in the CV measurements is only due to
overlay of the reduction waves of the complexeshveiblvent discharge currents at these very

negative potentials and that the reduced comphaxes quite stable.

11
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Spectroelectrochemical UV-vis absorption measurésnerere conducted fer and4a (data
summarised in Table 3). Absorption spectra of ®ddispecied” and4a’ are very similar tel and
43, indicating that oxidation occurs predominantlyte platinum centre (Figures in the Sl).
Importantly, the initial spectrum cannot be recedeupon re-reduction in line with the irreversible
character of the CV waves. During first reductidt @and4a new long-wavelength bands with
maxima at 816 and 870 nm arise which are typiaaafoyridine based reductidfi*® and the
corresponding species are best described as [PR}1)DMSO)]". These absorptions are only
slightly red-shifted upon second reduction frdimto 4%~ (Figure 6). In analogy to the complex
[Pt(bpy)(Py}]?* and related derivatived the rather similar spectra 4f and4® point to a Pt-
based reduction with the products best describgBté¥(L">)(DMSO)J* (both containing >~ as

the essential chromophore).

Table 3.UV-vis absorption data of [Ptfl(DMSO)]"™ (4"™) and [Pt(L*)(Me,Imd)]"™ (4a"™).!
reduction Aabs/ NM oxidation Aabs/ NM

4 268, 300sh, 350, 383, 431sh 738, 816 4" 246, 276, 307, 392

4> 267, 335sh, 397, 469 843, 916

4a 240, 270, 299sh, 319, 360, 407, 771, 870 4a’ 238, 272, 294sh, 390, 438sh
Ag" 267, 307sh, 357, 395, 502, 532, 575, 664, 919

[a] Measured in 0.1 MBu;NPR/THF, absorption maximd,,sin nm.

1.0

0.8 \‘\ f!t

gﬁ 0.6+ oV
~ — 1" Red (4)
8 —— 2" Red (4%)
< 0.4-
0.2
0.01 T | ' | T
200 400 600 800 1000

Alnm

Figure 6.UV-vis absorption spectra recorded during electenaical reduction of [Pt()(DMSO)]
(4) (green). First reduction froml.9 V to-2.4 V leading to4~ (blue), second reduction from to
2.5V t0-2.8 V leading ta#* (pink). Measured in 0.1 MBus;NPRy/THF solution.

12
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Figure 7.UV-vis absorption spectra recorded during electentical reduction of [Pt(t)(Me,Imd)]
(4a) (green). First reduction from2.2 V to-2.4 V leading toda (blue), second reduction from
2.7V 10-3.0 V leading tata® (pink). Measured in 0.1 MBusNPR/THF solution.

A different behaviour is observed during the secoattliction of4a containing the N-heterocyclic
carbene ligand. A massive spectral change incluthegblue-shift of the long-wavelength bar
maxima to 502 and 664 nm (Figure 7) indicate a msecligand-based reduction [Pt(IIf{L
)(Melmd)*" in analogy to observations for complexes [Pt(bpygl(Rvith strong carbanionic R

ligands (R = mesityl, phenyl or meth{i}!

Conclusions and Outlook

Bis-cyclometalated Pt(ll) complexes of dianionicNC)* 2,5-bis(aryl)-pyridine ligands (%
carrying various aryl substituents have been swigkd in two steps @' = 2-phenyl-6-(thiophen-
2-yl)pyridine; HL? = 2-(naphthalen-2-yl)-6-(thiophen-2-yl)pyridine; ,lf = 2 4-diphenyl-6-
(thiophen-2-yl)pyridine; KL* = 2-(naphthalen-2-yl)-4-phenyl-6-(thiophen-2-yljigne; H,L> = 4-
(4'-fluorophenyl)-2-(naphthalen-2-yl)-6-(thiophen-2pyridine; HL® = 4-(4-methoxyphenyl)-2-
(naphthalen-2-yl)-6-(thiophen-2-yl)pyridine). React of the BL proto-ligands with K[PtCly] in
acetic acid gave the mono-cyclometalated complexieshe composition [Pt(HL)C)] The
previously assumed monomeric character (n = 1udiof S binding of the thiophene group wi
studied using sophisticated NMR and MS methodsotimhately, neither a monomeric (n = 1) nor
a dimeric (n = 2) character could be concluded amlimeric structure can only be inferred from
related compounds. Heating these complexes in MBSO (dimethyl sulfoxide) yielded the
double-cyclometalated DMSO complexes [PRYDMSO)]. Reaction of [Pt(f)(DMSO)] with
N,N-dimethylimidazolium iodide in the presence of #8D as base gave the carbene complex

[Pt(L*)(MeImd)]. Detailed photophysical studies reveal intergange luminescence of these
13
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complexes in ChkLClI, solution with quantum yields up to 0.22, increagadntum yields up to 1.00
in glassy frozen CpCl,:MeOH (1:1) and up to 0.44 in PMMA matrices andoalargely varied
excited states lifetimes from 0.9-4.0 ps inCH solution and from 14.9-29.8 ps in in glassy frozen
CH.Cl>:MeOH (1:1). The quite similar emission maxima hger point to the very same excited
states regardless of the conditions. Preliminamyctiire-properties relations include the incredse o
the radiative constant by extension of theonjugated system at the metalated ring (phenyl to
naphthyl), whereas the insertion of a phenyl stlestit at the luminophore only slightly affects the
properties. Detailed electrochemistry (cyclic voitaetry and square-wave) reveals ligand-bas~-
first reductions ranging from2.1 to-2.3 with markedly increased reversibility for thepdenyl-
pyridine substituted systems, which points to esaénpyridine-centred LUMOs and a descriptio
of the reduced complexes as Pt(Il) complexes ofiged ligand >~ [Pt(I1)(L"™*)(DMSO)[". In
contrast to the degree of reversibility, the patdatdo not vary markedly upon substitution; the
phenyl substituted derivatives reveal a slight amatift. UV-vis spectroelectrochemistry strong|
supports this assignment. Irreversible Pt-centneidations at around 0.8 V can be assigned
essentially Pt(ll/11l) oxidations also in line witihe spectroelectrochemistry. Electrochemical be
gaps of 2.8 to 3.0 eV can be calculated from teetedchemical data, although the irreversibility
the oxidation waves devaluates the data. Secondctied waves at very negative potentia
interfere with solvent (THF with traces of waterjseharge and can be traced from UV-v
spectroelectrochemistry to Pt-centred reductiomstie DMSO complexes [Pt(1){£)(DMSO)*
but a second ligand-centred reduction for the,IMd complex [Pt(I)(L*)(Melmd)]*. These
electronic descriptions of the reduced complexeth vei high negative charge and/or radic
character at the ligands are in line with the iemsibility of many reduction waves in thes
complexes. However, in the absence of protons antpkred possibilities of radical reactions e

in solid matrices we are confident that these systprovide high stability in combination with ver
suitable photo/electrochemical properties sugggdtieir application in optoelectronics. In futur
work we will further characterise the reduced arcited states of these complexes by experimet
(EPR, transient absorption) and theoretical (higbdphisticated TD-DFT) approaches and w

further vary the ligand pattern to refine our prehary structure-properties relations.

Experimental Section

General Information: Commercially available reagents (solvents andnliga were used without

further purification. Solvents (Ci€l,, THF, toluene, diethyl ether and gEN) were dried using a

14
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MBRAUN MB SPS-800 solvent purification system. Fedectrochemical measurements THF was
distilled over a Na/K alloy prior to use.

The syntheses and analyses of the proto-ligahtis® is described in the Supporting Information.

Synthesis of monocyclometalated complexes [Pt(HP)Cl], — general procedure

Following a literature proceduf&?¥, K [PtClj] (208 mg, 0.5 mmol) was added to a solution of
H,LY® (0.7 mmol, 1.4 eq) in glacial acetic acid (250 mLhe reaction was stirred at 110 °C fe-
72 h. The orange precipitates were filtered off aghed with glacial acetic acid, water and dri
in vacuo.

[Pt(HL HCI].: Yield: 208 mg (0.45 mmol, 90%).,6H:,CINPtS(466.84): calcd. C 38.59, H 2.16, I
3.00, S 6.87; found C 38.56, H 2.18, N 3.01, S%S8H NMR (600 MHz, CRCl,): 6 = 8.00 (t,J =
7.9 Hz, 1H), 7.76 (dd) = 7.6, 1.3 HzJpy= 58 Hz, 1H), 7.65-7.58 (m, 3H), 7.51-7.44 (m, 2+
7.34 (dt,J = 10.8, 5.4 Hz, 1H), 7.23-7.16 (m, 2H) ppm. EI-MB(m/z = 467 [monomef] 430
[monomerHCI]*, 237 [HLY™.

[Pt(HL A Cl]2: Yield: 253 mg (0.49 mmol, 98%).:6H1,CINPtS(516.94): calcd. C 44.15, H 2.34, |
2.71, S 6.20; found C 44.22, H 2.38, N 2.73, S %2+ NMR (300 MHz, CRCl,): 6 = 8.10 (s,
Jptn= 62 Hz, 1H), 8.04 (t) = 8.0 Hz, 1H), 7.98 (s, 1H), 7.86-7.76 (m, 3HB97.61 (m, 2H),
7.54-7.39 (m, 3H), 7.35 (dd}, = 5.2, 3.7 Hz, 1H) ppm. EI-MS(+): m/z = 517 [monen}, 480
[monomerHCI]*, 287 [HL?]*.

[Pt(HL *)Cl]2: Yield: 262 mg (0.48 mmol, 97%).,¢H14CINPtS(542.94): calcd. C 46.46, H 2.60, !
2.58, S 5.90; found C 46.42, H 2.66, N 2.61, S%9H NMR (300 MHz, CDBCl,): § = 7.87-7.81
(m, 5H), 7.67 (dJ = 5.2 Hz, 1H), 7.65-7.56 (m, 5H), 7.40 (dik= 5.2, 3.7 Hz, 1H), 7.30-7.20 (m
2H) ppm. EI-MS(+): m/z = 543 [monomérs06 [monomerHCI]*, 313 [HL3]*.

[Pt(HL *)Cl]2: Yield: 579 mg (0.98 mmol, 98%).,6H1¢CINPtS(593.00): calcd. C 50.64, H 2.72, |
2.36, S 5.41; found C 50.68, H 2.75, N 2.36, S%4'H NMR: (300 MHz, CRQCl,): § = 8.05-7.81
(M, Jpe = 63 Hz, 2H), 7.78-7.68 (m, 5H), 7.61-7.55 (m, 1AHB4-7.49 (m, 5H), 7.38-7.28 (m, 2H
7.25 (dd,J = 5.1, 3.8 Hz, 1H) ppm. EI-MS(+): m/z = 593 [moneni, 556 [monomefHCI]*, 363
[HoLY".

[Pt(HL °)Cl],: Yield: 309 mg (0.49 mmol, 99%).,6H:sCINOPtS(623.02): calcd. C 50.12, H 2.91,
N 2.25, S 5.15; found C 50.13, H 2.95, N 2.26, 81%.'H NMR (300 MHz, CRCl,): J = 8.24-
7.98 (M, Jpty= 63 Hz, 2H), 7,92 (d] = 1.8 Hz, 1H), 7.85-7.76 (m, 5H), 7.63 (&= 5.1 Hz, 1H),
7.58 (d,J = 3.2 Hz, 1H), 7.52-7.39 (m, 2H), 7.36 (dds 5.2, 3.7 Hz, 1H), 7.12 (d,= 8.8 Hz, 2H),
3.92 (s, 3H) ppm. EI-MS(+): m/z = 623 [mononief86 [monomesHCI]*, 393 [HL"]*.
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[Pt(HL ®)Cl]2: Yield: 298 mg (0.49 mmol, 98%).,6H1sCIFNPtS(610.99): calcd. C 49.15, H 2.47,
N 2.29, S 5.25; found C 49.17, H 2.48, N 2.30, 3%.'H NMR (300 MHz, CBCl,): 6 = 8.20-
7.96 (M,Jp = 63 Hz, 2H), 7.91-7.73 (m, 6H), 7.64 @z 5.2 Hz, 1H), 7.59 (d) = 3.7 Hz, 1H),
7.45 (dq,J=6.9, 5.5 Hz, 2H), 7.39-7.26 (m, 3H) ppm. EI-MB(m/z = 611 [monomel] 574
[monomerHCI]*, 381 [HLY]™.

Syntheses of doubly cyclometalated complexes [P{(f)(DMSO)]

Following a literature procedufé®” the monocyclometalated complexes [PHIICI], were
dissolved in a small amount of hot dimethyl sultexand small amounts of sodium carbonate w
added. The reaction mixture was stirred at 1105tGfh. The raw product was precipitated throu
addition of several small portions of water, fidgdroff and washed with water. The material w
purified by filtration over aluminium oxide usingHzCl, as eluent and the products were obtair
as yellow-orange solids.

[Pt(L )(DMSO)] (1): Yield: 127 mg (0.25 mmol, 75%).16H:sNOPtS (508.51): calcd. C 40.15, +
2.97, N 2.75, S 12.61; found C 39.98, H 2.96, Nt2513.36%H NMR (300 MHz, CDCl,): 6 =
7.96 (d,J = 7.3 Hz,Jpt 4 = 25 Hz, 1H, Hc), 7.61-7.48 (m, 2H, H4/H57.45 (dJ = 7.6 Hz, 1H, Hf),
7.25 (t,J = 6.8 Hz, 1H, Hd), 7.20-6.96 (m, 4H, He/H3/H5/M43.66 (SJptn = 27 Hz, 6H, S-Ch)
ppm. EI-MS(+): m/z = 508 [M] 430 [M—DMSOT, 237 [L]".

[Pt(L 9(DMSO)] (2): Yield: 150 mg (0.27 mmol, 69%).,¢:,NOPtS (558.57): calcd. C 45.16, +
3.07, N 2.51, S 11.48; found C 44.99, H 3.23, N'2311.35%"H NMR (300 MHz, CRCly): 6 =
8.39 (sJptn = 28 Hz, 1H, Hc), 7.98 (s, 1H, Hj), 7.76 Jt= 7.8 Hz, 2H, He/Hh), 7.66 = 7.9 Hz,
1H, H4), 7.54 (d,J = 4.6 Hz, 1H, H5), 7.48-7.33 (m, 3H, Hf/Hg/H3), 7.17-7.07 (m, 2H4'¥H5),
3.73 (s,Jptn= 27 Hz, 6H, S-Ck) ppm. HR-ESI-MS(+):m/z = 580.02724 [M+Nd] 559.04784
[M+H]" (calcd. 559.04778).

[Pt(L *)(DMSO0)] (3):Yield: 133 mg (0.23 mmol, 77%).,6H:dNOPtS (584.61): calcd. C 47.25, +
3.28, N 2.40, S 10.97; found C 46.98, H 3.29, N62211.10%'H NMR (300 MHz, CR}Cl,): d =
7.95 (d,J = 7.3 Hz,Jpn = 26 Hz, 1H, Hc), 7.75-7.69 (m, 2H, HMH6'"), 7.57-7.48 (m, 5H,
Hf/H5'/H3''-H5""), 7.32 (s, 1H, H3), 7.29-7.16 (m, 2H, Hd, H5),6¢2403 (m, 2H, He/H3, 3.64
(s,Jpr = 27 Hz, 6H, S-Ch) ppm. EI-MS(+): m/z = 584 [M] 506 [M-DMSOT, 313 [HL]".

[Pt(L “)(DMSO)] (4): Yield: 255 mg (0.40 mmol, 79%)..&H,:NOPtS (634.67): calcd. C 51.10, H
3.34, N 2.21, S 10.10; found C 51.35, H 3.39, N82210.10%"H NMR (300 MHz, CBCl,) 6 =
8.38 (s Jptn = 29 Hz, 1H, Hc), 8.03 (s, 1H, Hj), 7.75 (dbs 16.3, 7.5 Hz, 4H, He/Hh/HZH6'"),
7.62-7.50 (m, 5H, H5/HB H3''-H5""), 7.43-7.30 (m, 3H, Hf/Hg/H3), 7.10 (d= 4.6 Hz,Jpty = 10

16

This article is protected by copyright. All rights reserved.



European Journal of Inorganic Chemistry 10.1002/ejic.201700792

Hz, 1H, H4), 3.70 (SJpn = 27 Hz, 6H, S-Ck) ppm. HR-ESI-MS(+)m/z = 635.07971 [M+H]
(calcd. 635.07907).

[Pt(L °)(DMSO)] (5): Yield: 207 mg (0.31 mmol, 95%).,6H,5NO,PtS (664.70): calcd. C 50.60, H
3.49, N 2.11, S 9.65; found C 50.20, H 3.38, N 23®.79%H NMR (300 MHz, CRCly): 6 =
8.42 (sJprn = 29 Hz, 1H, Hc), 8.09 (s, 1H, Hj), 7.78 (dbs 10.3, 8.3 Hz, 4H, He/Hh/HZH6""),
7.63 (d,J=1.5Hz, 1H, H5), 7.56 (d,= 4,7 Hz, 1H, HH, 7.49-7.30 (m, 3H, Hf/Hg/H3), 7.18-7.07
(m, 3H, H4/H3"'/H5""), 3.94 (s, 3H, O-C}}, 3.75 (SJpt,x = 27 Hz, 6H) ppm. EI-MS(+): m/z = 664
[M]*, 586 [M—DMSOY, 393 [HL"]".

[Pt(L °)(DMSO)] (6): Yield: 190 mg (0.29 mmol, 89%).,&,0FNOPtS (652.66): calcd. C 49.69,
H 3.09, N 2.15, S 9.82; found C 49.54, H 2.99, N°2S 9.91%H NMR (300 MHz, CRCly): 6 =
8.37 (sJpr = 28 Hz, 1H, Hc), 8.01 (s, 1H, Hj), 7.82-7.68 (rhl,He/Hh/H2'/H6'"), 7.53-7.51 (m,
2H, H5/H5), 7.37 (dtd,J = 14.6, 6.9, 1.3 Hz, 2H, Hf/Hg), 7.29-7.21 (m, 34B/H3 '/H5""), 7.09
(d,J= 4.7 Hz,Jpiy = 10 Hz, 1H, H4), 3.69 (SJpt 1 = 27 Hz, 6H, S-Ch) ppm.

Synthesis of [Pt(l*)(Me,Imd)] (4a)

Following a literature procedu?fd a solution of [Pt(f)(DMSO)] (@) (100 mg, 0.16 mmol, 1 eq) ir
acetonitrile (40 mL) was treated withN-dimethylimidazolium iodide (38 mg, 0.17 mmol, 1.6&)
and potassiurntert-butoxide (21 mg, 0.19 mmol, 1.18 eq). The reactioxture was stirred at 90 °C
for 16 h. The solvent was reduced and the orang@ugt was precipitated with water. Yield: 91 r
(0.14 mmol, 88%). &H24N3PtS (653.68): calcd. C 55.12, H 3.70, N 6.43, ®4f@und C 53.75, H
3.72, N 6.11, S 4.95%H NMR (300 MHz, CRCl,): 6 = 8.11 (s, 1H, Hj), 7.84 (dl = 6.9 Hz, 2H,
H2''/H6'"), 7.78 (d,J=7.7 Hz, 1H, Hh), 7.68 (s, 1H, H4), 7.64-7.28 (®H, Hc/He-
Hg/H5/H5/H3'"-H5""), 7.13 (SJptn = 12 Hz, 2H, N-HC=CH-N), 6.84 (d,J, = 4.5 Hz,Jp 4 = 13
Hz, 1H, H4), 3.84 (s, 6H, Ck) ppm. HR-ESI-MS (+)m/z = 652.12584 [M](calcd. 652.12601).

Instrumentation: Elemental analysis was obtained using a HekateEINE EuroEA 3000
analyzer.NMR spectra were recorded on a Bruker Avance Il Bz spectrometerd: 300.13
MHz) equipped with a BBO ATM 5 mm probe head witigradient tH/*°F X ?H), or on a Bruker
Avance |1+ 600 spectrometetH: 400.13 MHz,**C: 100.61 MHz) using a TBI 5 mm probe he:
with z-gradient {H 3P X ?H). The assignment of th#d was obtained fromiH NOESY and'H
COSY experiments. All 2D NMR experiments were perfed using standard pulse sequences
from the Bruker pulse program library. Chemicalftshivere relative to TMS. EI-MS in positive
mode were determined using Rnnigan MAT 95 spectrometer. If not indicated othise,

ionisation energy of 20 eV was applied. HR-ESI-M§hhresolution measurements were recorded
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with a LTQ-Orbitrap XL spectrometer. UV-vis absoopt spectra were recorded on Varian Cary 50
Scan spectrophotometers. Emission spectra at raamperature were recorded on a Spex
FluoroMax-3 spectrometer. For emission spectra7ak And life time measurements (77 K and
293 K) a PicoQuant FluoTime 300 spectrometer wasl.ukifetime analysis was performed using
the commercial FluoFit software. The quality of thavas assessed by minimizing the reduced chi
squared function xf). Luminescence quantum yields were determined gusin Hamamatsu
Photonics absolute PL quantum yield measuremeteray§C9920-02) equipped with a L9799-01
CW Xenon light source, monochromator, photonic meliannel analyser and integrating sphe -
(error of maximum + 5% ford is estimated). All solvents used were of spectroscgpacle and
degassed prior to use. Matrices of complexes in PMMere prepared by solving complex ar
PMMA in toluene at different amounts and evaporatmf the solvent on a glass substre
(5x5mm). A PG STAT 30 potentiostat frortMletrohm was used for cyclovoltammetri
measurements using a three-electrode arrangemesisting of a glassy-carbon working electrod

a platinum counter electrode and a Ag/AgClI refeeeslectrode.

Single crystal structure analysis: The measurement was performed using graph
monochromatised Mo-Kradiation A = 7.1073 A)on a STOE IPDS IIT diffractometer (at 293 K
The structure was solved by direct methods (SIRPFLANd refined by full-matrix least-square
techniques against? (SHELXL-2014)“Y Non-hydrogen atoms were refined with anisotrof
displacement parameters without any constraint® Aydrogen atoms were included by usii
appropriate riding models. Numeric absorption adiom was carried out with X-REf and
X-SHAPE™! Full structural information has been depositechwite Cambridge Crystallographi
Data Centre, No. CCDC-1528069 for [PY(IDMSO)]. Copies of the data can be obtained, free
charge, on application to CCDC, 12 Union Road, Q#&ige CB2 1EZ, UK.

Supporting Information (see footnote on the first page of this articleprexperimental details
tables and additional figures with NMR spectra, ssion spectra, cyclic voltammograms, ai

spectroelectrochemical UV-vis absorption spectreevpeovided.
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