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A general route for synthesis of six structurally similar Pt(ll) diimine thiolate/phenolates chromophores possessing
bulky phenolate or thiolate ligands is reported. The Pt chromophores were characterized using an array of techniques
including H, *°C, and Pt NMR, absorption, emission, (spectro)electrochemistry, and EPR spectroscopy. Systematic
variation of the electronic structure of the Pt(Il) chromophores studied was achieved by (i) changing solvent polarity;
(i) substituting oxygen for sulfur in the donor ligand; (iii) alternating donor ligands from bis- to di-coordination; and
(iv) changing the electron donating/withdrawing properties of the ligand(s). The lowest excited state in these new
chromophores was assigned to a [charge-transfer-to-diimine] transition from the HOMO of mixed Pt/S (or Pt/O)
character on the basis of absorption and emission spectroscopy, UV/vis (spectro)electrochemistry, and EPR
spectroscopy. One of the chromophores, Pt(dpphen)(3,5-di-tert-butyl-catecholate) represents an example of a Pt-
(I diimine phenolate chromophore that possesses a reversible oxidation centered predominantly on the donor
ligand. Results from EPR spectroscopy indicate participation of the Pt(1l) orbitals in the HOMO. There is a dramatic
difference in the photophysical properties of carborane complexes compared to other mixed-ligand Pt(ll) compounds,
which includes room-temperature emission and photostability. The charge-transfer character of the lowest excited
state in this series of chromophores is maintained throughout. Moreover, the absorption and emission energies
and the redox properties of the excited state can be significantly tuned.
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of fluid-solution photoluminescence from Cu(l) bis-diimines ing the predominantly ligand-to-ligand charge-transfer char-
and Pt(ll) diimine dithiolates has led to an interest in tuning acter of the emissive excited state. Alternatively, high
and optimizing the electronic structure and photophysical emission quantum yields and long lifetimes can be achieved
properties of Cu(l) and Pt(ll) complexes for specific by changing the nature of the lowest excited state from
applications:*3-25 Coordinately unsaturated, photolumines- MLCT/LLCT to intraligand charge-transfer (ILCT) ar—x*
cent & metal chromophores, unlike theif dounterparts,  via modification of the terpyridine ligand in [Pt(tpy)CIp"¢?
possess open coordination sites for subsequent chemical The number of square-planar Pt(ll) diimine thiolate/
reactions such as self-quenching and cross-quenéhifig? phenolate complexes reported that luminesce in solution is
photoreactivity?® and photocatalysi&. Pt(ll) chromophores  limited mainly to those containing chelating dithiolate ligands
have also been explored as tunable materials for nonlinearsuch as 1,2-dithiolaté320.2223.256%7 gr 1 1-dithiolate$?
optical ¥?% light-emitting diode** and solar cel® applica- There are even fewer reports of bis-monothiolate ligands in
tions, as well as for sensitization of singlet oxygés3" the literature?32336%971 The poor solubility of most Pt(Il)
However, mixed-ligand complexes of Pt(ll) with diimine  diimine thiolate chromophores (with the exception of some
or triimine ligands are often nonemissive in solution at room 1,1-dithiolate&) in common solvents hinders solution-phase
temperature, largely due to the presence of a population ofstudies and characterization of their electronic properties. We
metal-centered (dd) states close in energy, which leads to have synthesized Pt(ll) chromophores possessing bulky
efficient nonradiative deactivation. In recent years, two major

strategies have emerged which allowed for the development(38) Yang. @ 2. Tong. Q X Viu, L. £ ‘u. 2. X., zhang, L. P Tung,

of emissive Pt(Il) complexes with diimine or triimine ligands.
The first strategy relies on raising the energy of thedd
state(s) via introduction of very strong ligand field groups,
such as acetylidé38-5 or cyanidé&® co-ligands, while retain-
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phenolate or thiolate ligands as a salient feature. This impartsScheme 1. Synthesis of Pi(ll)
solubility over a wide range of solvent polarities, enabling *7-diPhenyl-1,10-phenanthroline-thiolates and Phenolates,
one to systematically probe the electronic structure. Our 1 Prdpphen)(dtbdy
strategy is also amenable to determining the affect of donor N O
atom (S vs O), ligand coordination (di- vs bis-mono), and
electron donating/withdrawing properties of the ligand on
the electronic structure of square-plandrctiromophores.

Specifically, we are exploiting two routes to increase the
solubility of Pt(Il) chromophores while retaining structural
homology about the platinum center. First, butieyt-butyl
groups are introduced to the periphery of the phenolate/
thiolate ligands to prevent molecular stacking from either
metal-to-metal or ligand-to-ligand interactions, a reoccurring mSH
observation with platinum(ll) diimine complexés!®28.72.73 @
Bulky functional groups such aert-butyl, isopropyl, or

1

SH
phenyltert-butyl have been used successfully to prevent self- 12 Hojgj\ 7P'(d""h°")C'2\
association or dimerization of metal complexes designed for /

\/C

I
“cl

-

I
I
enhanced catalysis and luminesceté€’*The second route @SL @S\Pﬁ“
capitalizes on the large 3-dimensional structure of thiocar- s” N P
boranes. The bulky electron-withdrawing closo-boranes are o O
particularly suited for this use since these structures possessX% 3 Pt(dpphen)(dtoc)
high chemical and thermal stability, and once bound to a AN
metal center, thiocarboranes are expected to act as strong @/ "~ O
field ligands, thus opening a possibility for enhanced ' @PPhem(d®e)
emission properties in solution. 4 Pt(dpphen)(toc),
Herein we report a series of structurally similar Pt(ll)
i"g‘;‘i;&gggfg‘:ﬁ;ﬁ ng fnsu‘iﬂﬁﬂ?ei#(,cﬂ?{aiﬁiqii‘f) by Dlatinum(il), [Pt(dpphen)(dtbdt)].1: 4,7-diphenyl-1,10-

NMR, as well as absorption, emission (spectro)electrochem-phenamhm"ne bis-fert-butylbenzenethiolate platinum(ll),

. : Pt(dpphen)(tbt), 2; 4,7-diphenyl-1,10-phenanthroline-[1,2-
istry, and EPR spectroscopy. The ele_ctronlc St.r ucture of theseE:iithiolato-l,2—dicarba:Josododecaborane(12)] platinum(ll),
chromophores was altered by varying the (i) oxygen and

: s . : [Pt(dpphen)(dtoc)]3; 4,7-diphenyl-1,10-phenanthroline-bis-
sulfur donor ligands; (ii) electron-donating properties of the ) . .
thiolate/phenolate ligands; and (iii) bis- and di-coordination [1-thiolato-1,2-dicarbalosododecaborane(12)] platinum(ll),

modes. The unique reversible nature of the oxidation process[Pt(dpphen)(tOQ)’ 4 4,7-diphenyl-1,10-phenanthroline 3,5-

di-tert-butylbenzene-1,2-catecholate platinum(ll), [Pt(dp-
of Pt(dpphen)(3,5-diert-butyl-cathecolate)5, has allowed ) L . X . L
for a direct probing of Pt(Il) orbital contribution into the phen)(dtbc)],5; and 4,7-diphenyl-1,10-phenanthroline bis

HOMO of this chromophore by EPR spectroscopy. Absorp- 4-tert-butylphenolate platinL_lm(II) [Pt(dpphen)(tbp)6. The
tion, emission, UV/vis (spectro)electrochemical studies have gzgnglgt-?ji?gr?-gﬁieﬁzggshl(ﬁ:?edzf _gg;ycl;i%gzngieg?m_
revealed the same nature of the lowest excited state in this ' Y

) . . o ; mercially available. The thiolate ligands 3,54dr-butyl-
series of chromophores while allowing for significant tuning o :
. o . .. benzene dithiolate8] and 4tert-butyl-thiophenol §) were
of absorption and emission energies and redox properties in

the excited state synthesized in accordance with their respective literature
' procedureg>’® The synthetic procedure for carborar®
Results and Discussion and11 are reported elsewhefé.
) i ) X-ray Crystal Structure of Pt(dpphen)(dtbdt), 1. Slow
Synthesis. The general synthetic route to the sterically g\ anoration of a benzene solutionlajave dark blue crystals
crowded Pt(Il) diimine chromophores containing both oxygen (0.40 x 0.08 x 0.01 mnf) suitable for X-ray analysis. The
or sulfur donor ligands is shown in Scheme 1. Treatment of crystal-structure data fol, along with the data for the
the phenolate or thiolate Iigan(_j with base in the presence of monodentate analogué, reported previousf and included
Pt(dpphen)Glaffords the following complexes: 4,7-diphen- o comparison, are summarized in Table 1. The ORTEPII
(69) Base, K., Grinstaff, M. Winorg. Chem1998 37, 1432 thermal ellipsoid plot ofl, drawn at 50% probability, is
(70) Weinstein, J. A.: Zheligovskaya, N. N.; Lileev, . V.; Galin, A. M.;  Shown in Figure 1. The key bond lengths and angles around

1Mge$£lilzgv,lgﬂél\(- Russ. J. Inorg. Chem. (Transl. of Zh. Neorg. Khim.)  the central platinum atom ihand4 are displayed in Figure

yl-1,10-phenanthroline 3,5-dért-butylbenzene-1,2-dithiolate

(71) Weinstein, J. A.; Zheligovskaya, N. N.; Mekov, M. Y.; Hartl, F. 2. The geometry about the central platlnum metal in Hoth
J. Chem. Soc., Dalton Tran&998, 2459.

(72) Baley, J. A.; Miskowski, V. M.; Gray, H. Bnorg. Chem1993 32, (75) Sellmann, D.; Prechtel, W.; Knock, F.; Moll, M. Naturforsch1992
369. 47h, 1411.

(73) Kunkely, H.; Vogler, AJ. Am. Chem. Sod.99Q 112 5625. (76) Strating, J.; Backer, H. Recl. Tra.. Chim. Pays-Ba495(Q 69, 638.

(74) McMillin, D. R.; Kirchhoff, J. R.; Goodwin, K. VCoord. Chem. Re (77) Smith, H. D.; Obenland, C. O.; Papetti, IBorg. Chem.1996 35,
1985 64, 83. 1013.
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Distances
1783(14) 1.773(9)
N11 $12-C52 N21 s2—-C7
2066(9) 2.251(4) 2078(7) 2313(3)
Pt Pt
2055(1) 2244(4) 2082(2) 2286(2)
N22 S$11-C51 N11 S1—C51
1.806(10)
1784(13)
1 4
Angles
S$12-C52 N21 S2—C71
%803) /" 1047s) 9371RY " 107 4(3)
80.3(4) Pt 88.64(13) 81.2(3) Pt 91.93(9)
94.4(3) \_ 107-06) 93.27(24)
N22 S$11-C51 N11 $1—C51
106.9(3)
1 4

Figure 2. The key bond lengths and angles around the central platinum
atom in Pt(dpphen)(dtbdt}, and Pt(dpphen)(tog)4, complexes.

Figure 1. a. An ORTEPII diagram (50% probability ellipsoids) of Pt-
(dpphen)(dtbdt),l, showing the atomic numbering system. H atoms are
not shown.b. An ORTEPII diagram (50% probability ellipsoids) of Pt-
(dpphen)(tog), 4. H atoms are not showf.

Table 1. X-ray Crystallographic Data fot and4

compound 1 4
formula PtGg HHas N2S, PtGogH40B20N2S:Cl>
fw (g mol-1) 919.62 960.94
gﬁge d;gié’s'“e ﬁgg’; Figure 3. An ORTEPII diagram (50% probability ellipsoids) of Pt-
(pphen¥ . showingthe upwerd bend n the molecl about e
space group C2/c P2;/a
a, (A) 36.080(14) 16.9705(8)
E: ((ég é‘s‘:gggg)?) 13313133((3)) previously for other Pt(ll) dithiolates which feature five-
A (deg) 112.063(1) 99.5730(10) membered [€S—Pt-S—C] rings. For example, the dihedral
::éal(i?g S 1 reoa1s) Jo8°.603) angle between the [NNPt+SS] plane and the [SC—C—
z 16 4 S] plane of the thiolate ligand is’3or (4,4-dimethyl-2,2-
féép © 33 308 bpy)(1,2-dimethoxycarbonylethylene-1,1-dithiolato}®4.5°
total no. of refins 29 487 21213 for Pt(bpy)(benzene-1,2-dithiol§, and 7 for (bpy)(6,7-
nmoe_f;udﬁ%ue refins 14.492 7240 dihydro-5H-1,4-dithiepin-2,3-dithiolato) Pt.
no. of refins with 8244 5470 As summarized in Figure 2, theP% and PtN diimine
tnet® 2.50(1ned 150 146 bond lengths in Pt(dpphen)(dtbdt) are 2.251(4), 2.244(4),
EN 8-823 8-8?? 2.066(9), and 2.055(10) A, respectively, and in the range of

bond lengths typical for other Pt diimine dithiolate struc-
tures'78In the Pt(ll) bis-monothiolate complek the PtS
carborane and PN diimine bond lengths are slightly
longer: 2.313(3), 2.286(2), 2.082(8), and 2.078(7) A,
respectively. The PtS distances of Pt(dpphen)(te@re in
agreement with previously reported bis-monothiolate struc-

and4 is square planar with very little torsional deformation.
The structure ofl reveals an asymmetric curvature of the
molecule with regard to the plane formed by the metal center
and chelating atoms. As shown in Figure 3, there is an up-
ward bend in the molecule about the two sulfur atoms. This
most likely arises from the slightly strained five-membered- (78) Zuo, J. L.: Xiong, R. G.; You, X. Z.; Huang, X. Yhorg. Chim. Acta
ring structure formed. The same observation has been made 1995 237, 177.
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Table 2. H NMR Assignments of Pt(dpphen)D Complekes

complex 1 (dtbdt) 2 (tht), 3 (dtocy 4 (toc)Pe 5 (dtbc) 6 (thp).
D = position o, (mult, J/Hz) o, (mult, J/Hz) o, (mult, J/Hz) o, (mult, J/Hz) o, (mult, J/Hz) o, (mult, J/Hz)
9 9.41 (d, 5.5) 10.13 (d,5.5) 8.97 10.21(d,5.5) 9.46 (d, 5.5) 9.33
2 9.31(d, 5.5) (d, 5.5) 9.41 (d, 5.5) (d, 5.5)
8 7.62 (d) 7.82 7.78 8.08 (d, 5.5) 7.68 (d, 5.5) 7.80
3 7.65 (d) (d, 5.5) (d, 5.5) 7.66 (d, 5.5) (d, 5.5)
56 7.99 (m) 8.06 (s) 8.07 (s) 8.13 (s) 7.96 (s) 8.05 (s)
7.96 (m)
2,6 26" 7.46 (m) 7.61 (m) ~7.59 (m] ~7.65 (m) ~7.58 (m) ~7.61 (m)
7.53 (m)
3,535 7.51 (m) 7.61 (m) ~7.61 [m] ~7.65 (m) ~7.58 (m) ~7.61 (m)
7.57 (m)
44" 7.55 (m) 7.61 (m) ~7.60 [m] ~7.65 (m) ~7.59 (m) ~7.61 (m)
D2, D¢ 7.57 7.22
(d, 8.4) (d, 8.8)
D3¢ 6.93 (m) 7.00 6.48 (m) 7.07
(d, 8.4) (d, 8.8)
D5 7.23 (m) 6.68 (m)
4'Bu Me 1.35(s) 1.23(s) 1.33(s) 1.25(s)
2'Bu Me 1.67 (s) 1.55 (s)

a1H NMR chemical shift relative to internal TMS taken from 600 MHz NMR data at@5° BigH10 protons appear as broad signal near 2.53 ppm in
3 and 2.50 ppm i ¢ Carborane CH appears at 4.65 pphn symmetrical complexe2 and6, the D-2/D-6' signals are isochronous with D-2 and D-6.
¢ln symmetrical complexe and6, the D-5, D-3, and D-3 signals are isochronous with D-3.

tures, Pt(dbbpy)(S-4-py)° and Pt(bpy)(4-CN-CsF4—S),
(2.282(3)/2.296(3) Mbut are longer than those reported for
the dithiolaté*8°systems, indicating less covalent character
of the Pt-S bond in the former case. However, the slight
lengthening of the Gorana-thiol bond from 1.729(4) A in
carborane-thiolaté! to 1.806(10) A in Pt(dpphen)(tog)
indicates good conjugation in the P$—CcamoraneSystem.
Structural studies ow-carborane and its derivatives show
that skeletal €-C bonds in the closo icosahedron are in the
range of 1.63-1.74 A for the neutral trisulfide 1/4S-(2-
CeHs-1,2-GB1gH10). The skeletal €C bonds in Pt(dpphen)-
(toc) are in the range of a closo icosahedron (i.e., 1.606(13) rigyre 4. Schematic representation of (left panel) Pt(ll) compleXesd
and 1.637(14)A for C(585C(52) and C(71-C(72), respec- 6 with the symmetry axis indicated and (right panel) complekesd 5
ivly), whereas he parent B2-Cors 1, 2-GBycHul - aon 14" a5(0meliEy gouns on e donr i, e st uberng sere
has a skeletal €C distance of 1.835 A. donor thiolate or catecholate rings.

Both Pt chromophores are not closely packed in the unit
cell, and this is a likely consequence of the bulkyt-butyl by the nature of the donor ligand (designated D). Complexes
groups or carborane cage. There are 16 molecules in the large—4 and 6 are symmetric about an axis which bisects the
unit cell of 1 (see the Supporting Information for detail), phenanthroline ring, the platinum atom, and the thiolate (or
while there are only four in the unit cell &®° The lack of phenolate) ligand(s). The proton assignments are summarized
molecular stacking observed in the crystal structure is in Table 2, and a complete description of the analysis is found
noteworthy since Pt(ll) complexes are well-known to stack in the Supporting Information. Of particular note is the proton
in the solid state, with short PPt orzz-to-7 (3.24 and 3.51  spectra obtained from chromophoresind 5. The lack of
A, respectively) distance€8:#283The Pt-Pt distances foll symmetry forl and5 results in distinct environments for
and4 are 4.25 and 8.48 A, respectively, clearly indicating H-2, H-9, H-3, H-8, H-5, and H-6 (Table 2) and their
that the bulky substituents on the ligands are preventing corresponding carbon atoms (Figure 5 and Supporting
stacking of the chromophores in the crystal. Information).

NMR Spectroscopy.To gain insight into the structures Lack of symmetry in chromophordsands5 also leads to
of all six Pt(Il) chromophores1—6, in solution,*H, 1*C, separate®C NMR signals from the “top” and “bottom”
and ***Pt NMR studie$'®° have been performed (see the portions of the phenanthroline ring (Figure 5). Steady-state
Supporting Information for complete assignment of the 1_gimensional (1D) NOE experiments on chromoph®e
resonances). These six Pt(ll) complexes possess a common

substituted phenanthroline acceptor group (dpphen) and differ g,y gay A : Freeman, R.: Morris, G. A. Magn. Resor1981, 42, 164.
(85) Bax, A.; Subramanian, S. Magn. Reson1986 67, 656.

(79) Paw, W.; Lachicotte, R. J.; Eisenberg liorg. Chem1998 37, 4139.

(80) Connick, W. B.; Marsh, R. E.; Schaefer, W. P.; Gray, H.]ri&rg.
Chem.1997, 36, 913.

(81) Coult, R.; Fox, M. A.; Gill, W. R.; Wade, KPolyhedron1992 11,
2717.

(82) Connick, W. B.; Henling, L. M.; Marsh, R. E.; Gray, H. Biorg.
Chem.1996 35, 6261.

(83) Osborn, R. S.; Rogers, D. Chem. Soc., Dalton. Tran$974 1002.
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(86) Bax, A.; Summers, M. Rl. Am. Chem. S0d.986 108 2093.

(87) Garbow, J. R.; Wietekamp, D. P.; Pines,@Ghem. Phys. Lettl982
93, 504.

(88) Pregosin, P. SCoord. Chem. Re 1982 44, 247.

(89) Shaka, A. J.; Barker, P. S.; Freeman,JRMagn. Reson1985 64,
547.

(90) Summers, M. F.; Marzilli, L. G.; Bax, AJ. Am. Chem. Sod.986
108 4285.
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' D-3
B_g D-3' 2 Pt(dpphen)(tbtp), -
A D6 D-5 e £
D-6 D5 ® °
S P 1O =
YO 0 )
> :
C2 D4 - " i)
C9 bp# o -
w
AJJJ 1 ‘ \ 400 500 300
Nty ! WA A e M o Wavelength / nm
8:52; s 'P'(d"’h’")(m Figure 7. Electronic absorption spectra df—6 in CHCl; at room
B S Cs S temperature.
s’ ‘@O
o4 D5 © NOE and the D-3 proton is broadened from steric collisions
D2| pg D-3 with both tBu methyl groups.

The 9Pt NMR data are shown in Table 4. The shift in
the 1°5Pt resonance to less negative values from compound
150 140 130 120 PPM 1 to compound6 reflects an increase in the electron-
Figure 5. Partial 150 MHZ'*C NMR spectra at 28C showing aromatic ~ withdrawing ability of the thiolate/phenolate ligand along
13C NMR resonances of thiolate Pt complexegop panel) and. (bottom this row. As will be discussed below. the trend in #82Pt
panel). Due to the axis of symmetry in compxhe 36 aromatic carbons ’ . ; . . .
are simplified to 14 carbon resonances. Lack of symmetry in complex ~ f€sonances also correlates with the trend in oxidation peak
leads to separate phenanthroline C-2/C-9, C-3/C-8, and C-5/C-6 carbonpotentials ofl—6. Of particular note is the 300 ppm upfield
signals. The six carbons of the donor dithiolate ring yield six broad and shift in thel%Pt NMR signal of comple>3 compared to that
low-amplitude!3C signals (range of line widths-415 Hz for D-1 to D-6). . e .
The D-1 and D-6 signals in compldxhave similar line widths to the D-1  Of complex4. This shift gives evidence for thé¥t atom to
and D-6 signals ofl (7—8 Hz), but the D-2 to D-5 resonances are pe more electronically shielded #likely due to a better
considerably broader (3910 Hz). overlap of platinum d orbitals with sulfur p orbitals.
D3 However, the H-2, H-9 and H-3, H-8 NMR signals of the
A ”1'9 l phenanthroline ring of complek are shifted to lower field
Jy - compared to those of compleX showing that there is

1
D5 aconcomitant decrease in the electronic shielding in the
v_/LD
D-5
D

B

ﬁ?

2tBu | | 4tBu

phenanthroline ring with the increase in electronic shielding
-3 at the Pt atom. We believe that the differences in shielding
of phenanthroline hydrogens can be explained by the
enhanced electron-withdrawing effect of twecarborane
cages .
C e Visible Absorption Spectroscopy.Solutions of complexes
1-6 exhibit an intense absorption at 290 nm due tostHe-
a* transition of diphenylphenanthroline and a second
H-9J1H-2 ol absorption at longer wavelength with extinction coefficient
- = = 3 e ‘o values of the order of P(Hrrﬁ mc.)l‘1 cm‘l_('_rable 3, Flggrg
_ 7). The energy and the extinction coefficient of this visible
Figure 6. 500 MHz NMR spectra of Pt(Il) compleXk at 25°C. (A—B) . . .
difference NOE spectra: (A) irradiation of théBu methyl gives selective absorptlon band depends on the electron Wlthdrawmg/
NOE enhancements at the D-3 proton of the donor phenolate ring and onedonating ability of the ligand, the coordination geometry (di
proton of th_e acceptor phenanthroline_ rin_g which corresponds to H-9 in Vs bis Iigation), and the nature of donor atom, as shown in
the numbering scheme used. (B) Excitation of th%Bu-mt_eth)l/I reveals Table 3. The energy of the transition increases on going from
enhancements at D-5 and D-3 of the donor phenolate ring'HQYMR :
spectrum. electron donatingtert-butyl derivatives to the strongly
electron-withdrawing carboranes (elgto 3 or 2 to 4). In
25 °C (Figure 6) show lack of a mutual NOE between the a!l cases, th_e absorption shifts to lower energy from bis- to
24Bu and 4'Bu methyl groups, implying that those are dll-cl;oordlnatlon.. Compound_pos_sesses the highest-energy
oriented away from each other and possibly located on visible e}t_)sorpt|on b.a nd, which is partly obscuredzbyo-

. . . . gr* transition of the diphenyl-phenanthroline, abgossesses
opposne faceg Of, the donor ring resulting from. steric the lowest-energy absorption. These observations demon-
hl_ndrance. Taking into account the generally largerline strate thiolate/phenolate ligand orbital participation in the
widths of D-2 to D-5 compared to D-1 and D-6 (attached t0 ¢ nied molecular orbital responsible for this electronic
S— or O-), the specific line broadening of D-3, and the ansition. Within the same structural mo& s 1), changing
observation of a specific NOE indicating proximity of the from oxygen to sulfur slightly (550 cr) shifts the absorp-
donor 2'Bu group to the acceptor H-9 phenanthroline proton, tion to higher energy.
the overall NMR data suggest a working model with distorted  The extinction coefficients for the lowest absorption band

or bent donor ring where a 'Bu group on the “top” face  are much higher for the complexes with bidentate thiolate
approaches H-9 of the phenanthroline ring to yield a distinct ligands than for those with the monodentate ligands (8000
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voltammetry and UV/vis (spectro)electrochemistry to elu-
cidate the nature of the frontier orbitals in these chro-
mophores. The redox potentials of compourids6 are
summarized in Table 4. Representative cyclic voltammo-
grams are shown in Figure 9 f@r 5, and3. The absorption
maxima of the electrochemically generated radical anions
of compoundd.—6 and Pt(dpphen)@hand that of the radical
cation of5 registered in DMF at 273 K are summarized in
Table 5.

700 Reduction. All the complexes investigated exhibit a
reversible one-electron first reduction process in the region

Figure 8. Electronic absorption spectra @fin acetonitrile (thick solid ; ;
line). CHCh (dashed line), and benzene (thin sold line). The plot of CCtWEEN—1.49 and—1.68 V. The complexes with bidentate

absorption energy (in cm) vs solvent parameteis shown in the insert.  thiolate or phenolate ligands display the half-wave potential
of the first reduction at ca. 60 mV more negative than their
11000 vs 22564000 L molt cm™2). This is likely due to monodentate analogues (s 6 and1 vs 2). There is only a
better mixing with the metal d orbitals for the former. small (0.02 V) negative shift in the first reduction potential
Interestingly, solutions o8 and4 in DMF, CHCL, CH,Cl,, when an S-containing ligand is replaced by an O-containing
and GHs are stable to irradiation into the long-wavelength analogue 1 vs 5, 2 vs 6). Thus, neither the mode of
absorption band which can be contrasted with the previously coordination (bis vs di), nor the type of donor atom (S vs
reported reactivity of Pt(diimine)(dithiolate) complexes such O), nor the electron withdrawing/donating properties of the
as Pt(bpy)(tdt>°1 The lowest-energy absorption bands in ligand substantially effect the magnitude of the first reduction
1—-6 show negative solvatochromic behavior, that is, the band potential of the complexes, which is close to that of the first
position shifts to lower energies with an increase of solvent reduction potential of Pt(dpphen)}@t-1.55 V). We therefore
polarity. Such behavior is indicative of a significant differ- conclude that the first reduction is predominantly localized
ence between the ground- and excited-state dipole moment®n the diimine ligand and that the LUMO is of mainly
and is typical for MLCT/LLCT transition8293A representa- ~ diimine character. The small gradual positive shift in the
tive example of the solvatochromic behavior of these reduction potential froml to the complex containing two
chromophores is shown in Figure 8 far thiocarboranes4) is due to a decrease in the electron-
A linear correlation has been observed between the energydonating capability of the thiolate/phenolate ligand, which
of this lowest absorption band and the solvent polarity increases diimine-to-platinum-donation.
parameter value based on the energy of the [charge-transfer- The second reduction process, detected in the region from
to-diimine] transition in Pt(dbbpy)(tdt) (dbbpy 4,4-di-tert- —2.05 t0—2.28 V, is virtually insensitive to the nature of
butyl-2,2-bipyridine, tdt= toluene-3,4-dithiolate) The slope the donor ligand and very similar to the second reduction
of the linear correlation (Figure 8) gives a so-called solva- process for Pt(dpphen)—2.17 V). Hence, it is proposed
tochromic shift (Table 3); the values obtained fior6 are that the second cathodic step is also localized on the diimine
within the range observed for charge-transfer transitions. Theligand.
pronounced solvatochromism, as well as thiolate/phenolate To obtain better insight in the nature of the LUMO,
ligand effect on the energy of the lowest absorption band, (spectro)electrochemical experiments were performed for
indicates the charge-transfer character of the correspondingl—6 and Pt(dpphen)GlIFor all the compounds investigated,
electronic transition. the first reduction process is accompanied by a gradual
Most of the compounds studied also exhibit a shoulder at change in the absorption spectrum, with the formation of
3000-3900 cnt lower in energy than the main transition New bands across the visible region (Table 5). As a typical
(Table 3), which is characterized by an oscillator strength €xample, the spectral changes accompanying the first reduc-
several times smaller than that of the main charge-transfertion process o#t are shown in Figure 10. The position and
band discussed above. It has been shown for other Pt(ll)extinction coefficients of these bands remain virtually
compounds that this singletriplet transition can be of unaffected by the nature of the thiolate/phenolate ligand: the
considerable intensity due to the presence of the heavy atonsPectral profiles of all the [Pt(dpphen)(RS/RO)pre re-
effect induced by the Pt(ll) centétWe hence tentatively =~ markably similar to each other (Table 5, Figure 10, insert),
assign the low-energy absorbance to a singiéple satellite ~ and are comparable to that of [Pt(dppheg)Cl This
to singlet-singlet charge-transfer transition described above. establishes that the first reduction process is directed to the
(Spectro)electrochemistry The redox behavior of the'pt  71*(dpphen), thus supporting the assignment of LUMO as
4,7-diphenyl-1,10-phenanthroline complexes with thiolate Predominately diimine-based fdr—6.

and phenolate ligand4—6, was studied in DMF by cyclic Oxidation. So far, direct spectroscopic probing of the
orbital parentage of the HOMO in Pt(ll) diimine thiolate/

(91) Williams, R.; Billig, E.; Waters, J. H.; Gray, H. B. Am. Chem. Soc.  Phenolates has not been possible due to the chemical

20

19

Solvent Parameter
0.5 1.0

Absorbance (normalised)

400 500 600
Wavelength / nm

©2) 1L966 8% 4B3.F>I  electroni t gnd ed.; Elsevi irreversibility of the oxidation process. In line with this fact,
ever, A. b. FPInorganic electroniC spectroscopyna eda.; Eisevier: .

Amsterdam: Oxford. 1984. all the chrornophqres §tudled expept the cateqhﬁldteplay
(93) Manuta, D. M.; Lees, A. dJnorg. Chem.1986 25, 3212. an irreversible oxidation wave in DMF solution at 298 K.
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Table 3. Absorption and Emission Data for the Platinum Chromophdre6

platinum chromophore Amad0S € solvatochromic mae™
(CHClz at 25°C) (nm) (mol~*L cm™?) shift, (ev-1)a (nmy @P

1 Pt(dpphen)(dtbdt) 634 8300 0.42 710 X203
ca.800 sh 1400

2 Pt(dpphen)(tbdt) 510 4000 0.35 660 1.%10°3
ca.625 sh 1450

3 Pt(dpphen)(dtoc) 450 8080 0.34 550 0.13
ca.520 sh 1400 [640] [% 1079

4 Pt(dpphen)(tog) 414 3460 0.09 530 0.05
475 940 0.25 [635] [1.6< 1074

5 Pt(dpphen)(dtbc) 657 11 000 0.46 d

6 Pt(dpphen)(tbp) 470 2250 0.26 556 3.2102
ca. 575 750

a A gradient of the plot ofvma22S (eV) vs solvent parametein 2-MeTHF, 77 K.P +£20%, measured relative to [Ru(bgldl. (¢ = 0.376 at 77 K in
MeOH glas&). ¢ Values in square brackets correspond to studies at 298 K in aeratgdl.Ctd measured relative to [Ru(bpdtl. (¢ = 0.028 in aerated
H,0). 9 No emission was observed between 500 and 800 nm.

Table 4. Electrochemical Data for the Platinum Chromophate$

metal chromophore Ey0- Eypp /2 E.0x) AE (Fc/Fch) mV O 195t AE edos V Eemis 77 K, cnT1(eV)
5Py(dpphen)(dibc)  —1.66 (70)  —2.28 (70) —0.07 (70) and 0.56 70 —1992.7 1.63 b
1Pt(dpphen)(dtbdt) —1.68(70)  —2.28 (70) 0.05 70 —-3517 1.73 13790 (1.71)

2 Pt(dpphen)(tbf) —~1.62(70)  —2.22(70) 0.19 70 —3444.2 1.81 15150 (1.88)

6 Pt(dpphen)(tbp) —~1.60(70)  —2.22(70) 0.40 and 0.73 70 -1816.7 2.00 17990 (2.23)
3Pt(dpphen)(dtoc)  —1.54(70)  —2.14 (70) 0.95 70 —3437.9 2.49 18180 (2.25)
Pt(phen)(GFs—S)®  —1.61 0.99 —-3215

4 Pt(dpphen)(toe) —1.49(70)  —2.06 (80) 1.05 70 —3142.1 2.54 20040 (2.48)
44 pt(dpphen)(tog)  —1.57(70)  —2.05(90), qr  1.09 70 2.65 20040 (2.48)
Pt(dpphen)Gl —-155(70)  —2.17 (70) 0.89 70

2 The first and second half-wave reduction potentilg’~ andEy > /2, oxidation potentiaE% or oxidation waveEg?, in V, vs Fc/Fc, with anodic/
cathodic peak separation given in parentheA&edox= Ep? — E1/2”~, Eemis= emission maximum at 77 K is given to be compared witheqox ° Emission
not detected? From ref 2.¢In dichloromethane.

Table 5. Electronic Absorption Spectra of the Radical Anions df Pt 5x10°
4,7-Diphenyl-1,10-phenanthroline Chromophotes (at 273 K) and of
the Radical Cation of [Pt(dpphen)(dtbcy, (at 243 K)

Electrochemically Generated at an OTE, in DMF Solution

D

ax10*
0.5

metal chromophore Ama/nM

1 [Pt(dpphen)(dtbdt)] 272, 283sh, 317sh, 384, 453, 501, 605, 677, 734, 817

3x10°

2 [Pt(dpphen)(thbt]
3 [Pt(dpphen)(dtoc)}
4 [Pt(dpphen)(toc)

5 [Pt(dpphen)(dtbc)}
6 [Pt(dpphen)(tbp] —*
[Pt(dpphen)Gll~

5 [Pt(dpphen)(dtbc)i

289, 338sh, 426, 497, 610, 660, 716sh, 794

281, 308sh, 334, 369sh, 402, 472sh, 595, 643, 716, 799

268, 295, 317, 336sh, 426, 458sh, 513, 578, 624, 692
770, 861

284, 307, 365sh, 444sh, 502, 616, 664, 733, 814

290, 322 sh, 425, 502 sh, 604 sh, 656, 812, 792

325, 357, 441, 475, 591(sh), 635, 709(sh), 790

324sh, 372sh, 478, 608, 660sh

50 A

Potential, V

Figure 9. Cyclic voltamograms of 1¢ M solution of (a) [Pt(dpphen)-
(tbt)2], (2); (b) [Pt(dpphen)(dtbtc)],5); (c) [Pt(dpphen)(dtoc)],3). DMF,

0.2 M ["BusN][BF4] at 293 K, glassy carbon disk electrode, 100 mV scan
rate; x axis shows potential vs FéFc couple.

Remarkably, the first oxidation of the catecholate chro-
mophore5 is a reversible one-electron processSemi-
quinone radical anions are known to form stable radical

0.0

400 600

800
Wavelength / nm

&,L/Molcm

2x10° [f

1x10°

600
Wavelength / nm

Figure 10. Spectral changes accompanying one-electron reduction process
of [Pt(dpphen)(tog), 4, in DMF at @°C, in the presence of 0.2 MBusN]-

[BF4). Insert: Spectra of radical anions Pt(dpphen)(dtt&)* (thick line),

and Pt(dpphen)(tbp)6—* (thin line), generated electrochemically in an OTE
cell under the same conditions.

while remaining bound to the metal center?® Reversible
thiolate/phenolate-based oxidation has been reported for Pd-
(2,2-bipyridine)L (L = 3,5-ditert-butylbenzene-1,2-dithi-
olate or 1,2-dicathecolat&).To the best of our knowledge,

5 represents the first example of such behavior in a Pt(ll)
diimine thiolate/phenolate complex. Thus, we initiated studies
to determine the orbital parentage of the HOMO for this class
of complexes.

(96) Piepont, C. G.; Buchanan, R. Moord. Chem. Re 1981 38, 45.
(97) Piepont, C. G.; Lange, C. Wrog. Inorg. Chem1994 41, 331.

complexes with transition metals and undergo redox reaction(98) Rall, J.. Kaim, W.J. Chem. Soc., Faraday Trar994 90, 2905.

(94) Demas, J. N.; Crosby, G. A. Am. Chem. Sod.971, 93, 2481.
(95) Hartl, F.; Vicek, A.Inorg. Chem.1996 35, 1257.

(99) Ghosh, P.; Begum, A.; Herebian, D.; Bothe, E.; Hildenbrand, K.;
Weyhermuller, T.; Weighardt, KAngew. Chem., Int. EQR003 42,
563.
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a
£
= x
=]
= b <N>j/° ;
- t
= N N /Y
W

3000 3200 3400 3600
300 Magpnetic field / Gauss

wavelength / nm Figure 12. EPR spectra of radical anions of Pt(dpphen)(dtb&)

Figure 11. Spectral changes accompanying one-electron oxidation process electrochemically generated in DMF at 273 K, recorded at 77 K. The system
of [Pt(dpphen)(dtbc)]5, in DMF at 243 K, in the presence of 0.2 M| of coordinates used is shown as an insert. Experimental (thick line) and
BusN][BF 4]. simulated spectra (thin line) are offset for clarity. Radical anion, 5,
modulation amplitude 10 Gs. Parameters used in simulafien fyperfine
The oxidation peak potentidd,? (Table 4) is remarkably s%gt'Flgl)C‘L’;ySta”éfgl;”Xl; IIrZ]I_%VEILIl(g)h in parzegtshsfsesi gggmfl)l: Q{g
. .. - JAyy, — VRAzz, — 10y = 2.009 Oxx L. ,0zz L. .
sensitive to the nature and bl_ndlng m_Ode of the & O__ b. Radical cation 5, modulation amplyi{ude 1 Gs. Parameters used in
donor ligand. TheEg? value shifts considerably to negative — simulation: Ax, 56 (7),Ay, 35 (17),Azz 22 (11);0xx 2.002,0yy, 2.038,0z2
potentials with increasing donor capacity of the thiolate/ 1-948-
phenolate ligand, providing a 1.1 V difference within the 0 _ 0
series of the chromophores studied. For instance, compound%lnUCIeuS .E(nUflzaLSptlrr]F 0 (66t'2 f)) r?nd - 1/dz 5&3'8 /;’)’ ¢
3 and4 possessing thiocarborane derivatives exhibit the most as mbetm'l esde y the spectral shape and the values o
positive oxidation potentials. A change from sulfur to oxygen gx’fl_yﬁzz oEPaéne ’ ¢ t radical ani@r at 77 K i
donor atom alters the electrochemical behavior significantly, € PR spectrium of radical ani a IS a
shifting the oxidation potentials by ca. 200 mV toward more superpos!tloh of tW(.) rhombl(? I.EPR spectra, correspondlng
positive values. The change from mono- to bidentate binding to ;hi/;n;?r?'c spec:les hcontalr]ll?r? aEE:?nuclel:s gthf_o
mode leads to a decrease of the oxidation potential. These™ - Ihe overall shape ot the Spectruns ofis

imi i 103
observations suggest that the HOMO has significant contri- S|m|I§r _to thoie observed previousiyi® for s_evera!
bution from the orbitals centered at the donor ligand. [Pt(diimine)Cp] ™ complexes. The results of the simulation

The reversible nature of this first oxidation processes of the EPR spectra are presented in Figure 12, with the

observed for the catecholate chromophbrallowed for a palrtar:netﬁrs usedt s(;Jmmquze:j It?] ”t“.a f|tgr1]ure capron. fh
(spectro)electrochemical investigation of the nature of the as been notea previously thatn the complexes ot the
HOMO. The formation of a mono-oxidized species (Figure type P(diimine)C] the main co_ntnbuuon of the Pt center
11) is accompanied by the depletion of the absorption band ™ e Sloozl\l/log of the radical anion com;alsosfrom,@hd ép
at 601 nm and the formation of an intense new absorption orbitals.®* !\/Iclnnes and Yel'low!eéé " described an
band at ca. 478 nm. The position of this band is very close approach which allowed contrlbuthns from 5.0' .and 6p Pt
to that reported for the semiquinone 3,5telit-butylcathecol ;)rbkl)tals '? tr|1et S(IjOfMO of r?dl'cﬁl an:cgns [P;c_(ttil_umlne)]SI; N
radical coordinated to the Ni(Il) center (472 nm in acetoni- Ot N tc?jcfu a eth r(I)En;Rme a i ypE].‘crthe Spiiting constants
trile).1%° This electronic transition has been assigned previ- extracted from the EFR Spectra of these Species.
ously to a dft)—s* MLCT transition where ther* orbital _ To extract contributions Of 5(@) a.”d 6p (b”) orbitals
of the catecholate semiquinone ligand has Spmmetr in the SOMO of57*, the following equations were usé&:103

. . d 9 Y Aw= A — (ATP2 — (2/5P7 Ay = A+ (2/T)Pea? —
assuming &C,, point group. These results suggest that the 2"75 P2 A — d + (27 Pp ) +W 4/53P » d h
oxidation is centered on the catecholate ligand, thus further.( P05 Ap = As + (27)Pax (4/5)Pb" A is the

. . ] A .
supporting the assignment of the HOMO as predominantly |sf0::]op|c Fterrlnl ct:onst?hnt telrmt. Assumllng E(Ijﬂ.)nﬁlguratlonl.
phenolate/thiolate ligand based. of the central atom, the electron nuclear dipolar coupling

EPR Spectroscopy.The nature of the electrochemically gzrgdrgetelr(syff ;r?g Zgg 62;&?2????5@3&?2’ dV\i/r?rree;gkleonz
generated radical anion and radical catiorbafias further ~ x

studied by EPR spectroscopy (Figure 12) to evaluate thean\(/jleitor;th 51?5'5 Oftrr:f:totl)ih techolat lex
extent of Pt orbitals contribution into the frontier orbitals. € extende s treatment to the catecholate contple

The EPR spectra of electrochemically generdtedands+ assuming S8configuration of the central atom and that the
were recorded in frozen solution at 77 K. There is a clear symmetry of the LUMO of the neutral molecule is not

dlflference beMeen the' EPR spectrum obtained for the radical(1g1y Rieger, P. HJ. Magn. Res1997 124, 140.

anion and radical cation dd (Figure 12), although both  (102) Mcinnes, E. J. L.; Farley, R. D.; Macgregor, S. A.; Taylor, K. J.;

spectra reveal an interaction of the unpaired electron with Iggg"giegé'gél’ Rowlands, C. Q. Chem. Soc., Faraday Trans.

(103) Mclnnes, E. J. L.; Farley, R. D.; Rowlands, C. C.; Welch, A. J,;

(100) Benelli, C.; Dei, A.; Gatteschi, D.; Pardi, Inorg. Chem1989 28, Rovatti, L.; Yellowlees, L. JJ. Chem. Soc., Dalton Tran4999
1476. 4203.
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affected by the replacement of the CI ligand with the
catecholate (b symmetry of #*-bpy LUMO, C,, point
group). The contribution of 5dand 6p Pt orbitals in the
SOMO of 57 obtained from the parameters of the EPR
spectrum at 77 K was 0.047 and 0.095, respectively. The
larger contribution of 6porbital and the overall contribution
of 14% are consistent with the data reported previddsly
for the SOMO of [Pt(diimine)G] . These data, along with
the values ofj factors, strongly support Pt orbital participa-
tion into the SOMO of the radical anion &f* and perhaps
in the LUMO of the neutrab. Figure 13. Emission spectra af—4, and6 in tetrahydro-2-methylfuran
Oxidation of 5 yields the radical catiob*. Similar to at 77 K. The spectrum of Pt(dpphen)G$ shown as a dotted line for
5, a characteristic rhombic EPR spectral profile is observed comparison ¢ = 0.07, emission lifetime= 11 us).
in the spectrum obtained in the frozen matrix at 77 K (Figure ) ) S ) o
12). The smaller absolute values of metal hyperfine splitting, of spin density a_t the Pt center and posmve_ if thert_a is a deficit
A, and theg values obtained for the radical catidi® if of elec_tron density _on Pt center. For the anisotropic spectrum,
compared to the radical anién* (Figure 12 caption) suggest "€ sign of the individual components @& shall be
smaller contribution of the Pt orbitals into the SOMOS0f. determined individually, and this cannot be done from a
We attempted to extract the contribution of Pt orbitals into conven_tlonal EPR spectrum_. Forthe rgdlcal cations [Pt(diimine)-
the SOMO of5* more quantitatively by extending the Cld " it has been determined previously t#gj, Ay, and
treatment described above for the radical anion of Pt- A-zaré negative. We hence assumed &atAy,, andA,, for
(dpphen)(dtbc) to the radical catidi*. The symmetry of 5™ are neggtwe, since a replapement of a Cl ligand by a
the SOMO in the semiquinone catecholate radical;igf b ~ Mere donating catecholate & is unlikely to affect the
one assumeS,, point group and axes as specified in Figure reduction process (see. Elegtrochemlgal segtlop). As dis-
12 (xy plane is the plane of the molecule; please see ref 104CUssed, the metal orbltals' mvolvgd in reqllstr|but|on of
for the detailed description of the orbitals). Thus, asSor electron density for the radical catici* are likely to be
the 5¢, and 6p orbitals are expected to make the most the same as for the radical anion. Then the signfA,,,
significant contribution of the metal center into the SOMO. andA:for the radical cation will be opposite to that for the
This assumption allowed the assignment of the sign for all "adical anion; i.e.Aq, Ay, andA;,for 57 are assumed to be
components ofA values for 5** as opposite to those POSIlVe.
experimentally determined previou¥§1% for 5. The A smaller contribution of the gmrbital in the SOMO of
hyperfine splitting constants obtained from simulating the 5™ if compared with the SOMO 06~ is consistent with
EPR spectrum ob5* (Figure 12, caption) were used to the generally accepted localized character of the SOMO in

Emission Intensity (Normalised)

500 600 700 800
Wavelength / nm

deduce Pt d orbitals contribution in the SOMO ®f. A semiquinone radicals bound to the metal center. The par-
5cB configuration for the metal center &i* was assumed ticipation of metal orbitals in the SOMO ™ is very
since the value of the oxidation potential ®and the UV/ interesting despite the presence of the absorption band at

vis spectrum of5** were consistent with the oxidation of 478 nm in5™ which matches the energy of the MLCT
neutral5 being primarily localized on the catecholate ligand. transition in a valence-localized (3,5-ditertbutyl-semiqunone)-
The contribution of 5¢ and 6p Pt d orbitals in the SOMO  Ni(ll) complex. The SOMO irb** has a somewhat delocal-
of 5 was determined to be-0.045 and—0.027, respec-  ized character. This result extends to Pt(ll) complexes the
tively. This translates to an overall 7% Pt orbital contribution previous findings on the electronic structure of Re and Mn
into the delocalization of the SOMO. The positikevalues, complexes of 3,5-ditertbutyl-semiqunottdn those studies,
and consequently “negative” values obtained for electron the ancillary ligand was shown to tune the extent of electron
density on Pt orbitals, reflect the deficiedtyof the spin delocalization within the [Msemiquinone)] chelate ring,
density on the Pt nucleus B if compared to the neutral  leading to a change of metal contribution in the SOMO,

species. which in turn was tuning the energy of the corresponding
The sign of the hyperfine splitting constéfitcan be MLCT transition.
derived on the basis of the expressionAcr (2uo/3)gets) Q. Emission Spectroscopy.Compounds1l—4 and 6 are

Here,ge is the free electrog factor,us is the Bohr magneton,  emissive at 77 K in the frozen glass matrix of 2-Me-THF
y is the nucleus magnetogyric ratio which is characteristic upon excitation into the lowest absorption band (Figure 13).
for the isotope, an@ is the spin density at the nucleus. For Emission energy is sensitive to the nature of the thiolate or
an isotropic EPR spectrum, the signfd, is determined by ~ phenolate ligand and increases when the coordination
the product of the sign of the nuclear magnetogyric ratio geometry changes from di to bis (e.d.,vs 2) or upon
and that of the spin density at the nucleus. Sipder 1°5Pt introduction of a more electron-withdrawing thiolate/
is positive Ao is expected to be negative if there is an excess phenolate ligands1(vs 3 or 2 vs 4). Within the same

o Gord : " Chom 1982 21 290 structural motif, a change from sulfur to oxygen also
803 A&LSSH,DN\.]”NII:. e;rsingi’p%smgfrgélect??ﬁl szin Jﬁesor?aimcsnis increases emission energy. No emission was observed for

Horwood and PTR Prentice Hall: New York, 1993. the catecholate compleX In contrast to the other Pt(ll)
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Figure 14. Plot of emission energy at 77 KE{mg vs the difference  pigyre 15 Correlation between anodic peak potential (V, vs F¢JFor
between the ground-state oxidation and reduction potentials for the previousie thiolatesi—4 (@) and for the previously studied Pt(ll) diimines with

diimine dithiolate platinum(ll) complexé0) and complexed—4 and6 perfluorinated thiolate ligands, featuring bipyridir@)(or phenanthroline
(@) (©). Compound3, Pt(dpphen)(dtoc), does not follow this trend.

diimine thiolate/phenolate compounds, the emission spectragiate are of the same origin, and hence that emission

for Pt(ll) complexes3 and 4 at 77 K are structured. The  griginates from a (charge-transfer-to-diimine) excited state.
920 cnt* vibrational spacing observed in the EMISSION  Elactronic Structure. The nature of the frontier orbitals
spectrl_Jm oH roughly matches the energy of th€CS) n in 1—6 has been determined by a combination of absorption,
12 This obs_erva-t|on ?queSts some involvement ofllntra- emission, and (spectro)electrochemical techniques. The
carborane wbrapops '_n the excnatlon' pr.ocess and in the charge-transfer nature of the lowest electronic transition is
process of redistribution of the excﬂaﬂqn energy. The supported by (i) the strong dependence of the absorption
emission spectrum d3 possesses well-defined vibrational  nerqy on the electronic structure of the thiolate or phenolate
progression of about 1350 criy which corresponds to the jigang: (ii) the large solvatochromism; and (iii) the correlation

C=C stretch of the diimine ligand. At 77 K, the quantum  payeen low-temperature emission energies and the differ-
yields for P(ll) chromophores, 2 and are approximately  gnce petween oxidation and reduction potentials of the
1073, whereas the quantum yields for the thiocarborane g.6,ng state. The values of the first reduction potential for
derivatives3 and4 are 100 times larger. all the compounds investigated (Table 4) are virtually
Complexes3 and4 are emissive in fluid solution, featuring  independent of the donor ligand and are close to the value
structureless emission spectrum which is shifted to the lower of the first reduction potential of Pt(dpphen)Cihdicating
energies when compared to the spectra at 77 K (Table 3).that the LUMO is mostly localized on the* orbital of the
Emission lifetime of3 and4 are 6 and 26 ns, respectively, 4,7-diphenyl-1,10-phenanthroline. This conclusion is further
in aerated CHCI, solution at room temperature. Thus, supported by the UV/is (spectro)electrochemistry results,
compounds3 and 4 join the family of relatively rare  which show the formation of the diimine-localized absorben-
example&+1522.250f solution-emitting Pt(ll) diimine com-  cies in the course of the first reversible reduction process.
plexes with donor ligand other than acetylide. One possibility The strong influence of the thiolate/phenolate ligand on the
for the enhancement of room-temperature emission is anvalue of the oxidation peak potential and on the absorption
increase in the energy of the-d state. Perhaps a strongly energy is indicative of the HOMO being mainly centered
electron-withdrawing carborane cage acts as strong-field on the thiolate/phenolate ligand. Firthe EPR spectroscopic
ligand, making the &d state less thermally accessible, as data suggest that Pt(ll) orbitals participate both in the LUMO
with Pt(Il) imine acetylide¥-3¢55 or cyanide$® This ob- and HOMO.
servation is also consistent with the higher photostability The large increase of the extinction coefficient of the
observed for the carborane derivatidand4 in comparison lowest absorption band (from 225@000 to 8006-11000
to previously known Pt(diimine)(arylthiolate®}’* Other ~ mol-* dm? cm2) upon changing from mono- to bidentate
factors which might account for carborane complexes being coordination can also be rationalized in terms of increased
emissive in solution include higher energy of the lowest contribution of Pt orbitals in the HOMO of the latter. Thus,
excited state if compared to the other chromophores studiedthe lowest electronic transition ih—6 studied is charge-
and vibrational progression observed in the emission spectragransfer from Pt/thiolate(phenolate)-based HOMO to the
which could be indicating smaller intraligand distortion upon diimine/Pt-based LUMO.
excitation for the carborane complexes if compared to their A ¢orrelation is also observed between @t NMR data
non-carborane counterparts. (We are grateful to the refereeang oxidation potentials. The trend in the values of chemical
for bringing the latter two possibilities to our attention.)  shifts of 195Pt resonances correlates with the trend in the
The trend in emission energies bf-4 and6 follows the oxidation peak potentials with the thiolate (Figure 15) and
trend in absorption energies and the trend established forphenolate subgroups of complexes. An increase in the anodic
Pt(diimine)(1,2-dithiolate) complexes (Figure 14) between peak potential coincides with a less-negative shift in'thet
emission energies and the difference between the oxidationNMR spectrum. Even though there is a rather limited data
and reduction potentials of the ground state. These dataset available for other thiolate compouridbe data fit this
support the picture that the emissive state and the absorbingcorrelation (Table 4, Figure 15). This observation further

4554 Inorganic Chemistry, Vol. 45, No. 11, 2006



Probing the Electronic Structure of Platinum(ll) Chromophores

supports the conclusion about participation of metal orbitals mono-coordinated donor ligands. The lower extinction coef-
in the HOMO. ficient observed for the corresponding transition for the
Interestingly, EPR results indicate larger Pt d orbital phenolate in comparison to the thiolate chromophores reflects
contribution in the SOMO of the radical anion than the larger mixing of Pt d orbitals with the more donating sulfur
radical cation of5. In the neutral species, the situation is atom. Consistent with the energy gap law, the 77 K emission
likely to be reversed, as evidenced by the large metal centerenergy decreases along with a decrease in the transition
contribution in the HOMO obtained by EH calculations for energy, with the lowest emission energy detected for the
Pt(bpy)(PhSy® and by a shift in energy of the lowest compound with the most donating and rigid dithiolate ligand.
electronic transition on changing the central atom from Pt- There is a dramatic difference in the photophysical properties
(1) to Pd(Il). The photophysical properties of Pt(ll) thio- of carborane complexeésand4 compared to other mixed-
carborane compound3and4, differ from those of the other  ligand Pt(ll) compounds, which includes the presence of
phenolate/thiolate Pt(ll) diimine chromophores, despite the room-temperature emission and photostability. Hence, thio-
same nature of the lowest excited state. Chromoplagsl carboranes offer an alternative to the acetylide or cyanide
4 exhibit structured emission in fluid solution, which can be ligands with respect to enabling emission of Pt(ll) complexes
rationalized in terms of the strong ligand field of the in solution, which does not require a carbon anion directly
thiocarboranes, leading to an increase in the energy of thebound to the metal center. The reversible oxidation exhibited
d—d state, thus creating conditions for fluid solution emission by Pt(dpphen)(dtbc) allowed for direct probing of the
of the charge transfer state. For the case of arylthiolate Pt-parentage of the HOMO by UV/vis (spectro)electrochemistry
(1) diimine compounds, it has been shown by resonance and EPR spectroscopy, which confirmed Pt(ll) orbital
Raman spectroscoplythat none of the intra-thiolate vibra-  involvement in the HOMO. These results provide additional
tions are significantly affected upon excitation of the MLCT/ guidelines and insight to prepare Pt(ll) chromophores with
LLCT band. The pronounced vibrational structure of the specific photophysical properties. Given the broad interest
emission spectra df, which is different from that observed in metal chromophores for applications ranging from elec-
for Pt(dpphen)Gl emission, supports involvement of the tronics to catalysis, continued basic studies to elucidate the
orbitals localized on the carborane moiety in the emissive underlying chemical/physical phenomena and to create
electronic state. Thus, thiocarboranes cannot be consideredtructure-property-function relationships are critical for
as direct analogues of arylthiols due to delocalization of long-term success.
HOMO over the carborane cage while in the case of ) )
arylthiols the HOMO is more localized on the S atoms. ~ EXPerimental Section
. Complete details of the synthesis and experiments can be found
Conclusion in the Supporting Information.
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