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ABSTRACT: In this work we discuss five new complexes with the
general formula trans-Pt(bodipy)I(PEt;),, where differently substituted
bodipy dyes attach to the coordination center via a direct Pt—C o-bond to
the pyrrolic carbon atom C2 or C3. We also report an isolable
intermediate of the oxidative addition step where the bodipy is 7”>-bonded
to the cis-Pt(0)(PEt;), moiety. Comparison between the new complexes,
meso-platinated analogue 8-Pt, and the parent dyes reveals that the site of
platinum attachment influences the spectroscopic, photophysical, electro-
chemical, and electronic properties. In contrast to 8-Pt, absorption and
emission bands are red-shifted with respect to the parent dyes. 2-
Platinated bodipy dyes 2-Pt-6H, 2-Pt-6I, 2-Pt-Mes-6I, and 2-Pt-6Et ’«=5881m J;, =797 nm
exhibit dual fluorescence and NIR phosphorescence emissions, with low

quantum yields, whereas 3-Pt emits solely by fluorescence (@ = 52.7%). The complexes are modestly efficient sensitizers for
photochemical 'O, production but outperform methylene blue. They also undergo one reversible one-electron reduction and
oxidation as indicated by cyclic voltammetry. Half-wave potentials are cathodically shifted by 340—510 mV with respect to the
parent dyes. The one-electron reduced and some of the one-electron oxidized forms were generated and investigated by UV/vis/
NIR and EPR spectroscopy as well as TD-DFT calculations. The similarity of their spectra to those of the one-electron reduced
or oxidized forms of other bodipy dyes as well as the richly structured EPR spectra and g-values close to g, attest to a dominant
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- NIR phosphorescence
- rich electrochemistry
- photocatalysis

bodipy character of the relevant frontier MOs.

B INTRODUCTION

Color has always fascinated mankind. The fabrication of dyes
has been key to the development of synthetic organic chemistry
and the shaping of modern chemical industry. Nowadays,
myriads of dyes allow for generating any desired hue of color.
More recently, dyes have gained importance as sensitizers in
organic or organometallic Iizght—emitting diodes (OLEDs)"? or
for bioimaging purposes.”* Further applications of modern
dyes rely on their capability to undergo efficient intersystem
crossing (ISC) to their excited triplet states T, and to
radiatively relax to the electronic ground S, state by
phosphorescence emission. The significantly longer phosphor-
escence lifetime (usually by three or more orders of magnitude)
compared to fluorescence from the excited singlet state S;
opens further avenues for such photosensitizers like their
utilization in dye-sensitized solar cells (DSSCs),” photo-
catalysis,~® photodynamic thera%)y,()_12 or triplet—triplet
annihilation (TTA) upconversion.'”"*

The family of 4,4-difluoro-4-bora-3a,4a-diaza-s-indacen-8-yl
(bodipy) fluorophores holds a particularly prominent place in
these respects. Their chemical robustness and easy derivatiza-
tion allow for precise adjustment of the energy levels of the
excited singlet and triplet states of bodipy dyes, to decorate
bodipys with a huge variety of substituents, and to incorporate
them into a vast number of functional arrays.">~"® This endows
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them with the capabilities of energy or charge transfer between
their individual constituents on photoexcitation”'”~*" or makes
them amenable to bioconjugate chemistry for medical
purposes.””>* Effective ISC to the excited triplet state of
bodipys has been known since 2005,”> when it was observed
that the fluorescence quantum yield (QY) of 2,6-diiodo-bodipy
is strongly reduced with respect to the nonhalogenated dye due
to the competitiveness of ISC with fluorescence emission.
Further progress was made by linking two bodipys to rigid
orthogonal arrays®*™*° or bringing bodipy dyes into the
coordination sphere of a heavy metal ion such as ruthenium,
rhodium, iridium, or platinum, usually by covalently attaching
them to a polypyridine ligand motif or by introducing them as
acetylide ligands.”'~** Representative examples of the latter
kind of compounds are mono- and dinuclear Pt(Il) bipyridine
or diphosphane bis(acetylide) complexes with two identical or
nonidentical bodipy-acetylide ligands.”*>* Most of these
complexes exhibit dual fluorescence and phosphorescence
emissions with, however, usually rather modest phosphor-
escence QYs at room temperature (r.t.). Upon lowering the
temperature or embedding the compounds into solid films, the
phosphorescence QY may be significantly increased.’”**!

Received: November 6, 2017

DOI: 10.1021/acs.organomet.7b00806
Organometallics XXXX, XXX, XXX—XXX


http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.organomet.7b00806
http://dx.doi.org/10.1021/acs.organomet.7b00806

Organometallics

Scheme 1. Overview of the Complexes and Their Syntheses
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Experimental and quantum chemical studies show that the
frontier molecular orbitals (FMOs) of the latter platinum
complexes are dominated by the acetylide ligands with only
modest contributions from the platinum ion(s). The platinum
ion then acts as a remote heavy atom. In this scenario, the
efficacy of ISC scales with d™° and therefore rapidly decreases
with increasing spatial separation d of the center of the #
chromophore from the heavy metal ion.””~** It is therefore
advantageous to bring the platinum jon as close to the
chromophore as possible, in particular by attaching the dye to
the heavy metal ion via a direct metal—carbon o-bond. That
approach was first applied to anthracenes,” perylenes,*
corannulenes,””*® or dibenz[a,c]anthracenes.”” The latter
chromophores were introduced into the coordination sphere
of a platinum ion via oxidative addition of the corresponding
haloarene to a bis(phosphane) platinum(0) source such as
Pt(PR;), or Pt(PR,),(1*-olefin). The resulting o-aryl Pt(II)
complexes, however, were mostly only fluorescent, again as a
result of the large distance between the heavy metal ion and the
center of the extended 7-chromophore.

We have recently observed that platinum complexes cis/
trans-Pt(PR;),X (R = Ph, Et; X = monoanionic ligand) with a
o-bonded thioxanthonyl or bodipy ligand show dual
fluorescence and phosphorescence emissions with phosphor-
escence QYs of up to 41% in fluid solution at r.t., even though
the free ligands are not or only very weakly phosphorescent
under these conditions. So far these studies only involved
complexes where the platinum ion attaches to the bodipy dye
via its meso position C8. As an expansion of our previous work,
we here report on five new complexes where the metal ion
binds to the pyrrolic carbon atoms C2 or C3 of a bodipy dye
(see Scheme 1). Monoplatination of diiodo-derivatives of the
bodipys also allows us to compare analogous complexes with or

without additional iodo atoms at the bodipy dye and to probe
for the additional heavy atom effect of the remaining iodo
substituent.

In this context one should note that the HOMO of bodipys
has a nodal plane along the B—C8 vector.””>" This severely
limits platinum contribution to the HOMO, thus reducing the
impact of the Pt(PR;),X fragment to that of a potent electron
donor with a remote heavy atom. In contrast, positions C2 and
C3 have large contributions to the FMOs. Platinum attachment
to any of these positions is therefore expected to cause major
perturbations of the bodipy z-system which should become
manifest in their optical, photophysical, and electrochemical
properties.”***"*>7*° Quantum chemical calculations have also
been performed and are augmented by UV/vis/NIR and EPR
spectroelectrochemical studies to directly probe for the identity
of the respective redox sites and the platinum contribution to
the SOMO of the reduced and oxidized forms of these
complexes.

B RESULTS AND DISCUSSION

Synthesis and Characterization. All new complexes of
this study and their syntheses are summarized in Scheme 1.
The platinum fragment was introduced by oxidative addition of
the corresponding 2- or 3-halogenated bodipy dye to Pt(i-
C,H,)(PEty),, which itself is conveniently prepared from the
diethyl complex by thermally induced reductive elimination of
ethane.”” Those reactions inevitably afforded mixtures of the cis
and trans isomers, which were conveniently converted to the
pure trans complexes by successive treatment with AgOTf and
Nal. Quite interestingly, further reaction of complexes 2-Pt-
Mes-61 and 2-Pt-6I with an additional equivalent of Pt(n*
C,H,)(PEty), or direct treatment of the 2,6-diiodinated dye
with 2 equiv of the platinum precursor failed in our hands to
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Table 1. Selected Bond Lengths [A] and Angles [deg] for the Complexes

bond parameter 2-Pt-6H” 2-Pt-61

Pt—Chodipy 2.027(4) 2.018(4)
2.023(4)

Pt1-1 2.6943(4) 2.6852(3)
2.6872(4)

Pt1-P1 2.3119(14) 2.2992(11)
2.3022(14)

Pt1-P2 2.3142(14) 2.3181(10)
2.3064(15)

C8-C9 1.404(7) 1.427(5)
1.393(7)

C—Pt1-P1 89.73(14) 92.82(11)
90.56(15)

C—Pt1-P2 91.46(14) 88.16(11)
91.10(15)

11-Pt1-P1 89.37(3) 88.77(3)
89.20(3)

I1-Pt1-P2 89.48(3) 90.27(3)
89.22(4)

P1-Pt1-P2 178.48(5) 177.31(3)
176.02(5)

C—Pt1-11 177.11(15) 178.38(10)
178.63(14)

[B]-[Pt]” 85.7 85.4
85.5

[B]-[Ar]° 769 80.3
83.7

[Pyr]—[Pyr]? 52 34
32

2-Pt-Mes-61 2-Pt-6Et” 3-Pt

1.991(11) 2.016(7) 1.977(7)
2.020(7)

2.6812(9) 2.6766(6) 2.6849(5)
2.6841(7)

2.299(3) 2.305(2) 2.326(2)
2.301(2)

2.304(4) 2.306(2) 2.325(2)
2.303(2)

1.425(17) 1.421(11) 1.392(11)
1.400(11)

90.3(4) 90.6(3) 89.7(3)
90.1(2)

90.2(4) 91.4(3) 90.6(3)
89.6(2)

90.56(9) 89.28(5) 91.24(7)
90.08(6)

88.95(8) 89.45(6) 89.29(7)
90.24(5)

177.15(16) 172.68(8) 175.18(9)
178.56(9)

177.30(11) 174.4(2) 170.0(2)
179.2(3)

88.28 88.8 89.6
88.5

86.86 79.8
88.9

7.0 2.0 6.5
6.4

“Data for the two independent molecules of the unit cell. “Interplanar angle between the best plane through the inner six-membered ring of the
bodipy ligand and the coordination plane at the platinum ion. “Interplanar angle between the best plane through the inner six-membered ring of the
bodipy ligand and the meso-aryl substituent. dInterplanar angle between the two pyrrolic subunits of the bodipy ligand.

provide the dinuclear complexes, even under forcing con-
ditions. This is possibly due to electronic deactivation on the
introduction of the first platinum fragment. The stronger C—Cl
bond of the 3-chloro-5,7-dimethylbodipy increases the energy
barrier for oxidative addition such that the intermediate
substitution product 8,9-Pt, where the ethylene ligand of the
precursor is replaced by the #*-coordinated bodipy, can be
isolated. Owing to the poor solubility of that complex in
benzene, crystals suitable for X-ray molecular structure
determination were directly deposited from the reaction
solution. Above 40 °C in THF-d;, 8,9-Pt slowly converts to
the products of oxidative addition. Full conversion required 72
h at 60 °C as depicted in Figure S1 and afforded a mixture of
trans- and cis-3-CI-Pt with the cis isomer as the kinetic and the
trans isomer as the thermodynamically preferred product. Van
der Boom and co-workers have reported on a similar
intermediate with #*-coordination of a d'® Pt(0) center to the
C=C double bond of a brominated stilbazole. After primary
coordination to a remote double bond, the low valent platinum
center migrates along the conjugated 7-system until it reaches
the halogenated double bond.”®

All complexes were readily identified by multinuclear (‘H,
BC, *'P, and "Pt) NMR spectroscopy and their purities
confirmed (see Figures $2—S30). The *'P NMR spectra of the
trans-Pt(bodipy)I(PEt;), complexes feature just one sharp
singlet which is located at 7.69 ppm for 3-Pt or in between 9.03
and 9.75 ppm for the 2-platinated bodipy complexes and is
symmetrically flanked by Pt satellites (Jpp = 2540—2560

Hz). The Pt NMR resonance signal of every complex is
consequently split into a triplet with a chemical shift of —4784
to —4802 ppm for the complexes where platinum(II) ion is
bound to C2 and of —4599 ppm for complex 3-Pt. The
presence of a direct Pt—C o-bond was also confirmed by
platinum satellites of the corresponding adjacent nuclei in the
'"H and *C NMR spectra of the complexes. Owing to the
orthogonal arrangement of the platinum coordination plane to
the bodipy ligand (vide infra) and a hindered rotation around
the Pt—C axis the methylene protons of the PEt; ligands are
diastereotopic. For complexes with the platinum ion attached
to carbon atom C2, shift differences are rather minor such that
only slight broadening of the respective resonance signals is
observed. 3-Pt, however, shows two separate resonances for the
methylene protons in its '"H NMR spectrum (Figure S27).
Platinum coordination to the C8=C9 double bond of 3-
chloro-5,7-dimethylbodipy in the complex 8,9-Pt splits the
resonance signal for H8 into a doublet of doublets with *Jyy
couplings of 9.1 and 4.3 Hz to the two inequivalent phosphane
ligands and additional platinum satellites with a *Jpg; coupling
constant of 49.2 Hz. As the result of #*-coordination, all
corresponding resonance signals appear at higher field as
compared to the parent dye. This is most dramatically seen for
HS8 and C8, whose resonances are shifted from 6.15 to 3.83
ppm (compare Figures S21 and S23) or from 123.5 to 42.1
ppm (compare Figures S22 and S26, Jpc = 43.6 Hz). The Pt
NMR spectrum of 8,9-Pt shows the expected doublet of
doublets at 6 = —4950 ppm; the coupling constants Jpp of 4800
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and 3320 Hz match with the '*°Pt satellites in the *'P NMR
spectrum.

Single-Crystal X-ray Diffraction Analysis. Single crystals
of complexes 2-Pt-6H, 2-Pt-61, 2-Pt-Mes-61, and 2-Pt-6Et as
well as of complexes 3-Pt and 8,9-Pt were grown by the
procedures given in the Experimental Section and were
successfully subjected to X-ray diffraction analyses. Details of
the data collection and structure refinement are collected in
Table S1. The most important metric parameters derived from
the structure solutions are provided in Tables 1 and 2. The unit

Table 2. Selected Bond Lengths [A] and Angles [deg] for
8,9-Pt

bond parameters 8,9-Pt
C8—Ptl 2.127(9)
C9—Pt1 2.226(9)
Pt1-P1 2.301(2)
Pt1-P2 2.229(3)
C8—C9 1.431(13)
C8—Pt1—-C9 38.3(4)
C8—Pt1-P2 97.5(3)
C9—Pt1-P1 120.0(3)
C8—Pt1-P1 157.9(3)
C9—Pt1-P2 135.8(3)
P1-Pt—P2 103.92(9)
[B]-[Pt]” 81.6
[Pyr]—[Pyr]” 17.0

“Interplanar angle between the best plane through the inner six-
membered ringbof the bodipy ligand and the coordination plane at the
platinum ion. “Interplanar angle between the planes of the pyrrolic
subunits.

cell of 8,9-Pt contains both different enantiomers that result
from platinum coordination to either the Re or Si face of the
prochiral olefin. The crystal of 2-Pt-6I contained highly
disordered molecules of n-pentane. All attempts to refine the
solvent molecules were unsuccessful and the corresponding
reflexes were removed using the solvent mask tool in OLEX2.

The molecular structures are displayed in Figure 1. Every o-
bodipy platinum complex exhibits an almost ideal square-planar
coordination geometry at the coordination center with the cis
bond angles at the platinum ion close to 90°. The P—Pt—P
angle is slightly bent at 172.68—178.56°. The coordination
plane at the platinum atom as defined by the atoms Pt, P1, P2,
I, and C2 or C3 is in a close to orthogonal orientation
(interplanar angles 85.4—89.6°) with respect to the plane
through the inner six-membered ring of the attached bodipy
ligand. The lengths of the Pt—C2 o-bonds fall within a narrow
range of 1.991(11)—2.027(4) A and are nearly identical within
the limits of the standard deviations, while the bond length Pt—
C3 of 1.977(7) A is slightly shorter. Previously reported 8-Pt,
where the Pt ion attaches to the meso position of the bodipy,
has a similar Pt—C bond length of 1.994(10) A.*’ With
interplanar angles of 76.9—88.9°, the meso aryl substituents are
also in a close to orthogonal orientation with the bodipy plane.
The C8—Pt—C9 bond angle of 38.3(4)° and the angle P1—Pt—
P2 of 103.92(9)° (Table 2) closely resemble those of other
diphosphane platinum olefin complexes in the literature,”®*"’
The Pt—C bond lengths are longer than those of
2.031(3)—2.114(4) A found for related compounds, while the

C—C bond length of 1.431(13) A is still in the usual range of
1.275(3)—1.454(6) A>506!

Not unexpectedly, the Pt—C bond to the sterically less
hindered carbon atom C8 of 2.127(9) A is significantly shorter
than that of 2.226(9) A to the pyrrolic carbon atom C9. The
coordination plane at the platinum atom as defined by the
atoms Pt, P1, P2, C8, and C9 forms an interplanar angle of
81.5° with the plane of the bodipy ligand. 7*-Coordination to
the C8=C9 bond and concomitant rehybridization of the meso
carbon atom causes a larger deviation of the pyrrole rings from
coplanarity of 17.0° (Table 2) as compared to that of 2.0—7.0°
for the other complexes (Table 1). The distortion nevertheless
remains small and is thus not expected to severely impact on 7-
conjugation within the bodipy ligand.

Packing diagrams of the various crystal structures are
provided as Figures S31—S36. Short intermolecular H--I
contacts between pyrrolic (3-Pt, 2-Pt-6H) or the meso H
atom (3-Pt, d(H---1 = 3.005 A) and the iodide ligand as well as
short intermolecular H---F contacts between the BF, group and
methyl (8,9-Pt, d(H---F) = 2.612 A) and/or methylene protons
of the PEt, ligands (8,9-Pt, d(H-+-F) = 2.579 A; 2-Pt-6I, d(H---
F) = 2.561 A, 2-Pt-6H, and d(H--F) = 2490 A) or to
cocrystallized benzene (2-Pt-61, d(H---F) = 2.537, 2.571, and
2.658 A) or CH,Cl, molecules (2-Pt-6Et, d(H---F) = 2.480 A)
are found.

Electronic Absorption Spectroscopy. Figures 2 and S37
display the electronic absorption spectra of the parent dyes and
their platinum complexes, while Table 3 lists all relevant data
including band assignments and calculated transition energies
derived from time-dependent density functional theory (TD-
DFT; for comparisons of experimental and calculated spectra
see Figures S38—540). Remarkably, #7*-coordination of the 3-
chloro-5,7-dimethylbodipy dye to the Pt(PEt;), moiety does
not affect the position and intensity of the characteristic bodipy
7 — 7* band. Complex 8,9-Pt and the parent dye have their
absorption maximum at 508 nm, and, on platinum coordina-
tion, the extinction coeflicient is reduced by about the same
factor as the molecular mass increases. Geometry optimization
of the molecular structure on the pbelpbe/6-31g(d) level with
the CH,CI, solvent accounted for by the PCM formalism
overestimates the structural perturbation due to n*-coordina-
tion somewhat. Thus, the two pyrrole rings are more bent with
a calculated interplanar angle of 24.5° as opposed to the
experimental value of 17.0° (vide supra). The calculated
stronger structural distortion might also cause some differences
between the TD-DFT calculated and experimental spectra in
terms of the energetic ordering of the individual transitions as
indicated by Figure S40.

According to our calculations all relevant MOs of 8,9-Pt
receive strong contributions from the Pt(PEt;), fragment (40
and 37%, respectively as inferred from Mulliken decomposition
analysis, see Table S2). An intense absorption arising from the
typical £ — #* excitation of the z-coordinated bodipy dye is
calculated as the HOMO—1 — LUMO transition and hence at
higher energy than the weaker, but still rather strong, HOMO
— LUMO band (see Figure S41). The latter transition is
predicted to have appreciable intraligand charge-transfer (CT)
character with a shifting of electron density from the chloro-
substituted to the dimethyl-substituted pyrrole ring. Both, the
relative intensities and the solvatochromism of these bands
rather point to an opposite ordering of the HOMO and
HOMO-T1 levels. Thus, the prominent band at ca. 500 nm is
only slightly solvatochromic with a blue shift of 280 cm™
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Figure 1. ORTEP®” diagrams of (a) 2-Pt-6H, (b) 2-Pt-61, (c) 2-Pt-Mes-61, (d) 2-Pt-6Et, (e) 3-Pt, and (f) 8,9-Pt. The ellipsoids are drawn at a $0%
probability level. Solvent molecules and hydrogen atoms are omitted for reasons of clarity. For 2-Pt-6H, 2-Pt-6Et, and 8,9-Pt only one of the two
independent molecules of the unit cell are shown.
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Figure 2. (a) Electronic absorption spectra of the halogenated dye precursors in ca. 1 X 10> M toluene solutions. (b) UV—vis spectra of the bodipy
platinum complexes in ca. 1 X 10 M toluene solutions.
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Table 3. Absorption Data of the Complexes in ca. 1 X 10~° M Solutions in THF, Toluene, or CH,Cl, and TD-DFT-Calculated
(PBE1PBE/6-31G(d) PCM (CH,Cl,)) Energies and Band Assignments”

compound

2-Pt-6H

2-Pt-61

2-Pt-Mes-61

2-Pt-6Et

8,9-Pt

3-Pt

8-Pt

absorption data

TD-DFT calculations

solvent

toluene

CH,CL,
THF
toluene
CH,Cl,
THF

toluene

CH,Cl,

THF

toluene
CH,Cl,
THF
toluene
THF
toluene
CH,Cl,
THF
CH,Cl,

Ama/nm (€/L mol™! cm™)
324 (3100), 399 (7500), 425 (10300), 532 (40700),
546 (42400)
321 (4200), 400 (8000), 425 (10700), 531 (36100)
321 (4500), 400 (8200), 424 (10700), 537 (39300)
393 (7600), 433 (11000), 534 (41200), 554 (44700)
393 (7600), 433 (11000), 535 (36000), 552 (35900)
393 (7600), 431 (11100), 535 (36000), 555 (34200)

362 (7300), 384 (8900), 430 (10900), 530 (38300),
553 (44400)

381 (7400), 418 (10700), 430 (11300), 528 (38800),
553 (40900)

378 (6200), 415 (8600), 430 (9110), 529 (39300),
554 (40800)

377 (6900), 420 (11000), 541 (47400), 560 (59300)

378 (8000), 420 (11600), 535 (40700), 556 (49000)

384 (7700), 421 (10700), 539 (44000), 556 (51500)

320 (4800), 508 (38900)

349 (4800), 501 (37900)

314 (7900), 359 (8300), 531 (125000)

312 (4400), 355 (4400), 528 (101100)

312 (4400), 355 (4400), 527 (109300)

323 (12500), 344 (6500), 471 (51600)

A (nm)

465
392

352

335
261

409
334
439
334
248
392
309
295

Iz

0.66
0.26

0.032

0.083
0.082

0.19
0.36
0.77
0.070
0.064
0.39
0.07
0.17

major contributions

HOMO — LUMO (94%)
HOMO-3 — LUMO (23%),
HOMO-1 — LUMO (70%)
HOMO-5 — LUMO (76%),
HOMO-3 — LUMO (11%)
HOMO-7 — LUMO (97%)
HOMO-13 — LUMO (91%)

b
n.c.

HOMO — LUMO (96%)
HOMO-1 — LUMO (86%)
HOMO — LUMO (99%)
HOMO-4 — LUMO (97%)
HOMO-10 — LUMO (91%)
HOMO — LUMO (97%)
HOMO-5 — LUMO (81%)
HOMO—-6 — LUMO (90%)

Assigment

-
ML-L'CT*

ML—L'CT,* ILCT*

ILCT*
ML-L'CT*

ILCT* with mc*
7 — * with mc*
T - m*

ILCT”
ML-L'CT”
n—
ML-L'CT"

T - m*

“f = Oscillator strength, ML — L'CT = metal/ligand to ligand’ charge transfer, ILCT = intraligand charge transfer. bNot calculated. “mc = Metal

contribution.

-2.42eV

261 nm
ML—L'CT

335 nm
ILCT

352 nm
ML—L'CT
ILCT

-5.59 eV

392 nm
ML—L'CT

465 nm
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-6.29 eV

-6.51 eV

-6.71eV

-6.94 eV

-7.80 eV

HOMO-3

Figure 3. Graphical representation of the relevant MOs, transitions, and TD-DFT energies of 2-Pt-Mes-61. Solid arrows symbolize the main
contributor(s) to the respective transition.
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-2.31eV

248 nm
ML—L'CT

LUMO

439 nm

s 1

334 nm
ILCT

-5.52 eV

HOMO

-6.94 eV

-7.92 eV

HOMO-10

Figure 4. Graphical representation of the relevant MOs, transitions, and TD-DFT energies of 3-Pt. Solid arrows symbolize the main contributor to

the respective transition.

Table 4. Photophysical Data of the 6-Bodipy Platinum Complexes in Degassed CH,Cl,, Toluene, or 2-Me-THF Solutions at

Concentrations of ca. 107° M at . t.

maxFl/nm A’maxPh/nm
(Stokes Sh]ft/ (Stokes shlft/

cm” ) cm” ) Dy Dy,
8-Pt 481 (441) 637 (5669)"  0.002 0.364"
2-Pt-6H 580 (1074) 804 (5877) 0.0008"  0.0009"
2-Pt-61 590 (1036) 804 (5548)  0.0003"  0.0004"
2-Pt-Mes-61 588 (1109) 797 (5569) 0.0009”  0.0014”
2-Pt-6Et 587 (853) 815 (5619) 0.0006"  0.0003"
8,9-Pt 516 (305) 0.486
3-Pt 535 (141) 0.527
3-CI-5,7-Me,-bodipy” 501 (532) 0.73

kISC,S —>T1 kISC,T —S0
0, 7 (ns) oy (45) T
095  0.484 297 + 2¢ 21x10°  20x10°
051 45+02 80 + 4, 22 %100 1.3 x 10*
765 + 8,° 4
475 + 99
053 37+02930+17 67 +3, 1.5 x 10*
433 + 131,‘1
247 + S
048 ndf 150 + 10, 6.7 X 10°
843 + 64d
269 + ot
0.34 412 + 0.0.09, 243 =+ 4, 24 %10 41 x10°
0.0459 + 0008 683 + 187
423 + 0.097
nd?® 533 +0.02, 0.96 x 10°
6.28 + 0.04%
0.19 230 + 0.01, 2.06 x 10°
2.52 + 0017
5.60 + 0.01

“Measured in CH,Cl, solution at r.t. “Determined using 2,6-1,-8-Ph-Bodipy (® = 3.13%) as a standard. <'O, generation quanturn yield corrected
using the value of methylene blue (MB, @, = 0.57) as a reference. “Measured in 2-Me-THF glass at 77 K. “Not determined. kISC is the rate constant
for intersystem crossing and was estimated from eq 2. $Measured in toluene glass at 77 K. "According to ref 64.

between toluene and THF, while the second, less intense band
exhibits a sizable red shift of 2600 cm™, indicating a more polar
excited state (see Figure S37f).

All complexes exhibit the characteristic sharp and intense 7
— 7* absorption band of a bodipy dye. Platinum coordination
to the 2- or 3-position shifts the main absorption band
bathochromic, e.g., from 508 nm for 3-chloro-5,7-dimethylbo-
dipy to 531 nm (A# = 850 cm™") for 3-Pt or from 516 nm for
2-iodo-8-phenylbodipy to 546 nm (Ad = 1070 cm™") in 2-Pt-
6H. This is in striking contrast to the hypsochromic shift of
1600 cm™" observed for the previously reported complex 8- Pt,
where the platinum ion attaches to the meso position C8.%
(TD)-DFT calculations explain this disparate behavior. Thus,

the HOMO of a bodipy dye has a nodal plane along the C8—B
vector, whereas the LUMO has not. Hence, the electron-
donating Pt(PR;),I fragment destabilizes the LUMO more than
the HOMO, thereby increasing the HOMO—-LUMO gap. In
contrast, when bound to carbon atoms C2 or C3, the Pt(PR;),I
moiety contributes more to the HOMO than to the LUMO,
which decreases the HOMO—LUMO gap by 500 or 1100 cm™
with respect to the free halogenated dye (Figures 3 and 4).
Similar to 8-Pt, the 7 — #* band of 3-Pt is sharp, whereas it
is broadened significantly in all of the 2-platinated bodipy
complexes. Such broadening suggests a stronger perturbation of
the bodipy 7-system by the attached Pt(PEt;),I fragment and
additional underlying transitions resulting in richer absorption
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Figure S. Left: Luminescence spectra of 3-Pt (green) and 8,9-Pt (cyan) in ca. 107 M toluene solution; right: luminescence spectra of 2-Pt-6H

(orange), 2-Pt-61 (red), 2-Pt-Mes-61 (blue), and 2-Pt-6Et (magenta).

teatures. This is also borne out by our TD-DFT calculations on
model complexes 3-Pt and 2-Pt-Mes-61. Calculated and
experimental spectra are compared in Figures S38 and S39,
while Figures 3 and 4 display the crucial MOs and the
computed transitions. Electron density difference maps
(EDDMs) of the calculated transitions are also included as
Figures S43 and S44; fragment contributions to the
corresponding MOs according to Mulliken decomposition
analysis are provided as Tables S3 and S4. Our calculations
provide only a qualitative level of agreement with the
experimental data (see Table 3) because the energies of the
electronic transitions are overestimated by DFT methods. This
is a known problem for bodipys and related cyanine dyes.*>**
Nevertheless, TD-DFT calculations agree with our experimen-
tal observations in predicting additional, rather intense
HOMO-1/HOMO-3 — LUMO transitions with PtI —
bodipy CT character for 2-Pt-Mes-6I at rather close energies to
the dominant # — 7* transition (see Table 3 and Figure 3).
The latter have no equivalent in 3-Pt (Figure 4) or 8-Pt.>” The
predicted ML — L’CT admixture to the high-energy part of
this band still fails to cause any notable solvatochromism (see
Figure S37a—d). A similar broadening of the HOMO —
LUMO absorption band of a Pt(bipy)(2-ethynylbodipy),
complex was recently observed by Zhong et al. and likewise
attributed to MLCT and intraligand charige-transfer (ILCT)
admixtures to the main 7 — 7% excitation.” The results of our
TD-DFT calculations for 3-Pt provide an excellent match with
the experimental spectrum in predicting a single, intense
bodipy-based # — #* band and additional ML — L'CT and
ILCT bands of only minor intensity in the UV (see Figures 4
and S39).

Luminescence Spectroscopy. As just discussed, changing
the site of platinum attachment to the bodipy chromophore
from meso/C8 to C2 or C3 gauges platinum contribution to the
relevant frontier MOs and, in case of the 2-complexes, also
mixes some Ptl — bodipy CT character into the main 7 — 7*
absorption. One therefore expects that the positioning of the
Pt(PEt;),] entity influences the ISC rates and emission energies
as well as the relative intensities of the fluorescence and
phosphorescence emissions. This is indeed the case.

Table 4 and Figure 5 summarize the luminescence properties
of the new complexes as measured in gastight cuvettes under
rigorous exclusion of air, along with those of the previously
reported 8-Pt as a point of comparison. The latter complex is

very weakly fluorescent but Sphosphoresces at 641 nm with a
quantum yield of up to 41%.”” Complexes 3-Pt and 8,9-Pt are
strongly fluorescent in solution at r.t. (®p ca. 50%) with an
emission peak at 535 or 516 nm, respectively, but do not
phosphoresce, even in a 2-MeTHF glass matrix at 77 K
(Figures S45 and S46). Like in the absorption spectrum,
platinum binding to the C=C double bond does not cause any
appreciable shift of the emission wavelength with respect to 3-
chloro-5,7-dimethyl-bodipy but decreases the quantum yield
from 76 to 53%.°

In contrast, the C2-plantinated complexes exhibit dual
luminescence with a fluorescence peak at 580—590 nm and
phosphorescence in the near-infrared (NIR), at 797—81S nm.
NIR phosphorescence of a bodipy dye at r.t. in fluid solution is
a rather rare asset.”****"*>"% Comparison of the excitation
spectra recorded for the fluorescence and the phosphorescence
emissions with the absorption spectra in Figure S47 proves that
both emissions emanate from the same complex and that none
of them is due to an impurity. As an unfortunate consequence
of the small energy gap between the *zz* and the S, states of
the 2-Pt-bodipy complexes and the concomitantly higher
probability of radiationless decay to the ground state as
expressed by the energy gap law,°*® phosphorescence
quantum yields are significantly smaller than those for 8-Pt.

kisc = (1 — @) /75 — ke (1)
kise < (1 — @) /7 2)

ISC rate constants kigc were estimated from eq 2.”° By
assuming kic & 0 in eq 1 for all complexes, an upper limit for
kisc is obtained.”® Overall, the rate of ISC from the S, to the T,
state follows the trend 8-Pt > 2-Pt-6H,Et,I > 3-Pt (Table 4).

Comparison of the luminescence properties of the complexes
2-Pt-6H, 2-Pt-6Et, 2-Pt-61, and 2-Pt-Mes-61 reveals that the
substituent in 6-position at the second pyrrole ring, and, in
particular, the presence of the iodine heavy atom or blocking
the rotation of the meso aryl substituent, have only minor effects
on the ISC rates, emission lifetimes, and, consequently, the
relative intensities of the fluorescence and phosphorescence
emissions. It was observed on other occasions that replacing the
meso phenyl by a mesityl substiuent serves to close channels for
radiationless deca;f bzr rotation of the aryl substituent around
the C8-aryl bond.”"”* In the case of complexes 2-Pt-61 and 2-
Pt-Mes-6], this modification also increases the QY of the NIR
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Figure 6. Spin density surfaces of the T state of 2-Pt-Mes-6I (left), 3-Pt (middle), and 8-Pt (right).73

phosphorescence emission, but it still remains very modest at
0.14%. Phosphorescence lifetimes of the 2-Pt-bodipy complexes
range from 67 and 243 s at r.t. and increase significantly upon
cooling to 77 K in a rigid 2-MeTHF matrix (Table 4). DFT
calculations indicate that the fluorescence and phosphorescence
emissions emanate from the 'zz* and *z7* excited states of the
bodipy ligand. Figure 6 shows that the spin density of the triplet
state T, of complexes 8-Pt, 2-Pt-Mes-61, and 3-Pt concentrates
on the bodipy ligand with only minor contributions from the
Pt(PEt;),I fragment (see also Table SS for fragment
contributions according to Mulliken).

An important asset of bodipy dyes is their potency to form
'0, from *0, via TTA. This makes bodipys highly interesting
sensitizers for applications in thotoc21talysis3]’74_77 and photo-
dynamic therapy (PDT).'**>*%”%7° 8Pt and its closely related
trans-Pt(bodipy) CI(PEt;), analogue have shown up to almost
unitarian quantum yields for photochemical 'O, generation
with no signs of decomposition over 3 h. The model
photooxidation of 1,5-dihydroxynaphthalene (DHN) to
Juglone pursuant to Scheme 2 was monitored by recording

Scheme 2. Photooxidation of DHN to Juglone with 'O, in
the Presence of a Photosensitizer

OH

ISC ‘Seng*
OH
'Sens* Kq K,
0
0 _
h Send o, @oﬁou Ho, O‘
HO

OH 0

UV/vis spectra at regular intervals during photoirradiation and
calculating the pseudo first-order kinetics for DHN con-
sumption (for details see the Experimental Section and Figures
$48—S852). Slight deviations of the slopes when plotting In(C,/
C,) as a function of time t after 60 min mark the onset of
photodecomposition.

Table S summarizes the results of these experiments.
Complexes of the 2-Pt series reach only modest quantum
yields of 53 and 34%. Still, DHN oxidation to Juglone occurs
with higher turnover frequencies (TOFs) than for 8-Pt as a
result of a better overlap of their absorption envelopes with the
radiation of the light source as expressed by the higher value of
I (Table S). Although 3-Pt is nonphosphorescent, its excited
triplet state is still populated to an appreciable extent. This
follows from the reduction of the fluorescence lifetime 7
compared to 3-chloro-5,7-dimethyl-bodipy (5.46 + 0.01 ns)**
and from the 'O, quantum yield of 19% using 3-Pt as the
sensitizer. We suspect that the substantially lower quantum
yields of the present complexes for 'O, generation when
compared to 8-Pt are also rooted in the comparatively low
energies of their T states, which renders energy transfer to *O,
less exergonic while making decay by other pathways more
efficient. In summary, we note that the QYs for 'O, generation
mirror the trend for the ISC rates and decrease from 8-Pt to the
2-platinated complexes and to 3-Pt, paralleling the trends
obtained from luminescence spectroscopy (vide supra).

In order to probe whether DHN oxidation occurs preferably
via the direct reductive quenching of the excited state of the
complexes with DHN as the electron donor or by energy
transfer to 30, and the subsequent reaction of DHN with
photogenerated 'O, we exemplarily monitored the phosphor-
escence quenching of 2-Pt-Mes-61 with oxygen or DHN as the
quencher. Stern—Volmer plots and stack plots showing the
emission intensities and decays without or with the respective
quencher at various concentration levels are provided as Figures

Table $. Pseudo First-Order Kinetics, 'O, Generation Quantum Yields, and Turnover Frequencies for the DHN Photooxidation
Using the Complexes 8-Pt,>? 2-Pt-6H, 2-Pt-61, 2-Pt-Mes-61, 2-Pt-6Et, 3-Pt, and Methylene Blue (MB) as Sensitizers

Aoy (nm) Kops (min~!)* v, (x 10°° M min™')” I @, yield (%)¢ TOF (s™')
8-Pt 460 + S 0.0014S5 0.1757 0.810 0.95 25 0.0014
2-Pt-6H 550 + S 0.00377 0.4649 3.988 0.51 35 0.0037
2-Pt-61 550 + 5 0.00413 0.5093 4.221 0.53 24 0.0025
2-Pt-Mes-61 550 + S 0.00449 0.5130 4.665 0.48 26 0.0029
2-Pt-6Et 550 + 5 0.00344 0.4242 5.462 0.34 23 0.0024
3-Pt 530 £ 5 0.00337 0.415S 9.557 0.19 26 0.0027
MB 655 + S 0.00102 0.1296 1 0.57 S 0.0003

“Pseudo-first-order rate constant for DHN consumption. YInitial rate of DHN consumption. “Relative number of photons absorbed by the sensitizer
(I = 1 for the standard sensitizer MB). “Corrected 'O, generation quantum yields using the value of MB (®, = 0.57)% 7 as a reference. “Yield of
Juglone after a reaction time of 60 min. FTurnover frequency.
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§53—858. With a Stern—Volmer quenching constant Kgy of
2150 + 200 bar™ or 670 + 61 uM™’, the phosphorescence
emission of 2-Pt-Mes-6I was found to be almost as sensitive to
oxygen as that of 8-Pt (Kg = 2580 + 71 bar™).>” The
quenching constant for DHN as the quencher is smaller by a
factor of 22 (Kgy = 31 + 2 uM™"), which identifies energy
transfer as the dominant pathway. In agreement with that,
quenching by electron transfer is calculated to be endergonic by
1.01 eV (97.5 kJ/mol) based on the Rehm—Weller equation
(see also Figure SS9 for the peak potential of electrochemical
DHN oxidation).*® Similar values were derived for the other
complexes so that this statement should apply for these as well.

Electrochemistry and UV/Vis/NIR and EPR Spectro-
electrochemistry. Bodipys are generally electroactive and can
be oxidized and reduced by one electron each.*"****>® Their
associated radical cations or anions are sometimes sufficiently
persistent to allow for their spectroscopic characterization by
UV /vis/NIR* ™ or EPR spectroscopy.”’ Such investigations
are particularly relevant for the spectroscopic identification of
bodipy radical species in the photoexcited, charge-separated
states. Examples are dyads or triads, where a bodipy is linked to
a perlpheral 2,4,5-trimethoxybenzene,” phenylanthracene,*
triarylamine®” or N-(2-ethylhexyl)dithieno[3,2-b:2',3'-d]pyrrole
(DTP))2 electron donor or a fullerene® or carborane
acceptor.”’ The latter are of great interest with respect to
light-to- ener_ggr conversmn schemes or mimicking natural
enzymes.*5¥7P092

The results of our voltammetric studies on the o-platinum
bodipy complexes are summarized in Table 6. In their cyclic

Table 6. Electrochemical Data for all Complexes and
Representative Halogenated Bodipys®

Ey Eip

complex 0/+ 0/—
8-Br-bodipy —1530
8-Mes-2,6-1,-bodipy 890 —1520
3-Cl-bodipy 950 —1420
2-Pt-6H 450 ~1920
2-Pt-61 540 —1810
2-Pt-Mes-61 540 —1860
2-Pt-6Et 370 —1960
3-Pt 410 —1930
8-Pt —1770

“All potentials are given in mV relative to the Cp,Fe”* couple (E;/, =

0.000 V) and were measured in CH,Cl, at 293 K with NBu,PF as the
supporting electrolyte.

voltammograms, all complexes except for 8-Pt show a fully or
nearly reversible one-electron oxidation and a reversible to
partially reversible reduction within the electrochemical
window of the CH,Cl,/NBu,PF, supporting electrolyte (see
Figures 7 and 8). Figure S60 illustrates the voltammetric traces
of the 8-mesityl-2,6-diiodobodipy, 3-chloro-5,7-dimethyl-
bodipy, and 8-bromo-bodipy precursors under the same
conditions as points of comparison. For the latter two
compounds, higher sweep rates were required in order to
outrun chemical follow processes following oxidation or
reduction. Similar to related bis(phosphane) platinum alkynyl
complexes containing 2- or 8-ethynylated bodipy ligands,”**
attachment of the electron-rich platinum entity causes sizable
cathodic shifts of both redox waves. The cathodic shift of 450—
540 mV for the 0/+ redox couple on platinum attachment to

the bodipy carbon atom C2 or C3 slightly surpasses that of
340—510 mV for the 0/— process (Table 6). This is consistent
with the higher contribution of the Pt(PEt,),I fragment to the
HOMO (c. f. Figures 3 and 4 and Tables S3 and S4).

The oxidation (0/+) or reduction (0/—) half-wave potentials
also trace the degree of the electronic interaction of the
Pt(PR;),I-fragment with the bodipy chromophore. Attachment
to the meso-position C8 causes a smaller potential difference
AE, ), of 240 mV with respect to the parent dye than platinum
attachment to carbon atom C2 (AE,,, = 340 mV) or C3
(AE, ), = 510 mV; note, however, that the presence of a chloro
substituent in 3-Cl-bodipy instead of the iodo substituent in
the other dyes likely contributes to the increased potential shift
of 3-Pt). Exchanging the substituent in 6-position of the 2-
platinated dyes has a similar effect on both half-wave potentials
and causes a cathodic shift with increasing electron donating
capability in the ordering Et > H > L

All our previous data indicate that the HOMO and LUMO of
the platinum o-bodipy complexes are dominated by the bodipy
ligand. Monitoring the changes in the UV/vis/NIR spectra on
one-electron reduction or oxidation provides a direct means to
experimentally probe for the identity of the corresponding
redox site. Some accounts of spectroelectrochemical inves-
tigations on bodipy dyes have already appeared in the literature.
The results of these studies can serve as reference points for our
present results.*¥*>*7#77L929%95 [ jke for the other studies, the
radical cations or anions were generated inside a transparent
UV/vis/NIR cell’® or inside an EPR tube under the in situ
conditions of spectroelectrochemistry. The results of these
studies are displayed in Figures 9 and S61—S63, while Table 7
summarizes the relevant data and the TD-DFT calculated band
energies and assignments. Plots of the pertinent MOs and
transitions along with the corresponding electron density
difference maps (EDDMs) of the oxidized and reduced forms
of representative complexes as well as fragment contributions
according to Mulliken analysis can be retrieved from Figures
S64—S71 and Tables S7—-S10.

As it was previously observed for other bodipy dyes, the
prominent 7 = 7* band partially bleaches on reduction while a
new, weaker absorption band grows in. The latter is by ca. 40—
50 nm to the red from the former HOMO — LUMO band
(see Figures 9a—c, S61a, and S62a). According to our TD-DFT
results, the new low-energy band of the radical anions is
assigned as a bodipy — Pt(PEt;), CT transition (see Table 7
Figures S64, S65, and S68—S71). As shown in Figure S$62a, the
reduction of 8-mesityl-2,6-diiodo-bodipy produces nearly
identical spectroscopic changes. All reduction processes are
highly reversible as shown by the multiple isosbestic points and
the nearly complete recovery of the original spectra after a full
reduction/reoxidation cycle (c.f. Figures S62b and S63).

On the time scale of spectroelectrochemical experiments,
only 2-Pt-Mes-61 (Figures 9d and S63e) and 2-Pt-6Et (Figure
S61b and S63f) can be reversibly oxidized. Concomitant with
the bleaching of the characteristic # — #* transition, a weak,
broad NIR band enveloping the entire regime between 750 and
1750 nm is observed. This again agrees with previous studies
on other bodipys.*”**”**> TD-DFT calculations suggest that
the NIR absorption of the 2-Pt-Mes-6I radical cation originates
from a mixed ILCT (Mes — bodipy) and PtI — bodipy ML —
L'CT transition at 1162 nm and at 805 nm with CT from the
iodo and mesityl substituents to the bodipy 7 system (see
Figures S66 and S67 and Table 7).
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(v =200 mV/s) in CH,Cl, solution at T = 293 K with NBu,PF (0.1
M) as the supporting electrolyte.

Owing to the presence of multiple nuclei with a nuclear spin
I # 0, and the fundamental differences between ligand- and
metal-centered spin, EPR spectroscopy provides another potent
tool to probe for the identity of the respective redox site. In
particular, the hyperfine splittings (hfs) to the abundant
(33.8%) Pt I = 1/2 nucleus provides a means for probing
the platinum contribution to the relevant SOMO. We note that
EPR spectroscopic investigations on bodipy-derived radical
cations or anions are extremely rare.”’ The radical forms of all
compounds were prepared by electrochemical oxidation or
reduction inside an EPR tube using a three-electrode
configuration. EPR spectra of the one-electron reduced forms
of the complexes 2-Pt-Mes-61, 3-Pt, and 8-Pt as well as those
of oxidized 2-Pt-Mes-61 and 3-Pt are displayed in Figures
10—12. Comparison with the EPR spectra of the oxidized and
reduced forms of the 8-mesityl-2,6-diiodo-bodipy precursor
(see Figure S72) aids in the identification of the '**Pt and 3'P
hfs.

The radical cation of 8-mesityl-2,6-diiodo-bodipy gives a
partially resolved EPR spectrum at a g-value of 2.0042. The

EPR spectra of the radical cations of the Pt complexes are
broader but exhibit clearly resolved hfs to the platinum nucleus
of the '**Pt-containing isotopomer. At 100.9 G, the value of the
2-platinated complex 2-Pt-Mes-61 is larger than that of 81.7 G
for 3-Pt. As a result of the minor metal contribution to the
SOMO (for calculated spin densities, see Figures 13 and 14,
and for fragment analysis, see Tables $7—S10), the g-values are
only moderately increased with respect to the Landé factor g, of
2.002319 of the free electron and that of the 8-mesityl-2,6-
diiodo-bodipy radical cation.

Quite remarkably, the EPR spectrum of the 8-Pt radical
anion is entirely dominated by hyperfine interactions with *'P
and the '*°Pt nuclei of the Pt(PEt;), fragment (see Figure 10,
Table 8). Calculated spin densities are displayed in Figure S73,
while a fragment analysis is provided in Table S11. The EPR
spectra of the radical anions of free dyes and associated
platinum complexes 2-Pt-Mes-6I and 3-Pt offer an even richer
structuring due to resolved hfs to the 4N, 111B and F nuclei
(see Figures 13 and 14 for calculated spin density
distributions). Comparison of the spectra of the 8-mesityl-
2,6-diiodo-bodipy radical anion (see Figure S72 and Table S11
for calculated spin density distributions) with those of reduced
2-Pt-Mes-6I and 3-Pt evidence the presence of hfs interactions
with the Pt nucleus in the latter. Spectra simulated with the
hfs constants compiled in Table 8 are also displayed in Figures
10—12 and S72. Despite the overall good agreement between
experimental and simulated spectra, the multitude of possible
hfs interactions render our simulations and assignments of hfs
constants only tentative. Again, the g-values of the reduced
complexes (1.9917—1.9993) are close to that of 1.9935 for the
8-mesityl-2,6-diiodo-bodipy radical anion. This again confirms
the organic parentage of these paramagnetic species.

In summary, the close resemblance of the UV/vis/NIR and
EPR spectra of the oxidized and reduced forms of 8-mesityl-2,6-
diiodo-bodipy and related bodipy dyes to those of the
electrogenerated radical cations and anions of the o-bodipy
platinum complexes fully agrees with our conclusions derived
from their optical and photophysical properties and reconfirms
that their HOMOs and LUMOs are largely based on the
bodipy ligands.
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Figure 9. Changes of the UV/vis/NIR spectra (1,2-C,H,CL, NBu,PF;, T = 293 K) on (a) reduction of 8-Pt, (b) reduction of 2-Pt-Mes-6I, (c)

reduction of 3-Pt, and (d) oxidation of 2-Pt-Mes-61.

B SUMMARY AND CONCLUSIONS

Five new platinum bodipy complexes, where a trans-Pt(PEt;),]
moiety attaches to the pyrrolic carbon atom C2 or C3 of a
bodipy dye via a direct Pt—bodipy o-bond have been prepared.
They complement previous series of complexes where a trans-
Pt(PR,),X (R = Ph, X = Br; R = Et, X = Cl, Br, I, NCS, NO,,
and CH;) entity binds to the meso bodipy position C8.°”%* The
higher activation barrier for oxidative addition of the Pt(PEt;),
fragment to a C,,,;—Cl bond as compared to a C,,;—I bond has
also allowed us to isolate complex 8,9-Pt as a direct precursor
to complexes cis/trans 3-Cl-Pt, Pt—Cl analog of the iodo
complex 3-Pt. Thermal conversion of 8,9-Pt to 3-CI-Pt and the
gradual (yet incomplete) cis — trans isomerization of 3-Cl-Pt
were followed by *'P NMR spectroscopy. The spectroscopic,
structural, photophysical, and electrochemical properties of all
complexes were studied and compared to those of the meso-
substituted complex 8-Pt and the corresponding bodipy
precursors. Contrary to 8-Pt, platinum attachment to either
position C2 or C3 puts the Pt(PEt),] entity within the
conjugated 7-system and thus induces a sizable red shift of the
characteristic bodipy absorption band along with a broadening
for the 2-isomers. Its dominant bodipy # — #* character is
retained as inferred from the DFT-calculated frontier MOs and
the TD-DFT based band assignments.

All complexes can be oxidized or reduced by one electron
each as probed by cyclic voltammetry. Introduction of the
electron-donating Pt(PEt;),] entity causes strong cathodic
shifts of 340—510 mV for both oxidation and reduction. UV/

vis/NIR and EPR spectroelectrochemistry allowed for spectro-
scopic characterization of the persistent radical anions and of
some sufficiently stable radical cations of the complexes and
provides direct experimental evidence for ligand-centered
frontier MOs. Thus, their UV/vis/NIR spectroscopic patterns
are very similar to those of the one-electron oxidized or
reduced forms of their bodipy precursors. Moreover, richly
structured EPR spectra with resolved hfs to heteronuclei (**°Pt,
3P, N, and '°F) with g values close to g, have been recorded
and attest to a dominantly organic spin, again in full agreement
with DFT calculated spin density distributions.

Like 8-Pt, all complexes where the Pt ion is bonded to
carbon atom C2 dually emit through fluorescence and
phosphorescence with phosphorescence emission well in the
NIR, at 797—815 nm. However, quantum yields are severely
reduced from 41% in 8-Pt to meager values of 0.14% or less.
Nevertheless, all complexes are active sensitizers for photo-
chemical 'O, generation and outperform methylene blue as a
catalyst for the photooxidation of 1,5-dihydroxynaphthalene to
Juglone. Our present results show that attachment to either the
2- or 3-positions is no viable route to Pt—bodipy dyes with
intense NIR phosphorescence emission. It remains to be
investigated whether such compounds are accessible from
appropriately substituted 8-bromo (meso) bodipys with
extended 7-conjugation at the pyrrole rings. Work along
these lines is presently being pursued in our laboratories.
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Figure 10. Experimental (top curve) and simulated (bottom curve)
EPR spectra of the radical anion of 8-Pt in CH,Cl,/NBu," PF,~ at 248
K

B EXPERIMENTAL SECTION

Materials and Methods. The oxidative addition reactions were
performed under a N, atmosphere using standard Schlenk techniques
or inside a glovebox. The cis/trans isomerization reactions and workup
were conducted in air. C{D4, CD,Cl,, CDCl; and THF-dg were
supplied from Eurisotop. Compounds 6-H-bodipy,”” 6-I-bodipy,”” 2,6-
Iz-bodi&)y,97 2,6-1,-8-Mes-bodipy,*>”® 6-Et-bodipy,”® 3-Cl-bodi-
py," """ and Pt(Et),(PEt;),”” were synthesized according to literature
protocols. NMR experiments were carried out on a Varian Unity Inova
400, a Bruker Avance III DRX 400, or a Bruker Avance DRX 600
spectrometer. 'H and C spectra were referenced to the solvent
signal, while *'P and '"Pt spectra were referenced to external
standards (85% H,PO, or saturated K,[PtCls] in D,O, respectively).
NMR data are given as follows: chemical shift (6 in ppm), multiplicity
(br, broad; d, doublet; dd, doublet of doublets; m, multiplet; s, singlet;
t, triplet, vt virtual triplet), integration, and coupling constant (Hz).
Unequivocal signal assignments were achieved by 2D NMR experi-
ments. The numbering of the nuclei follows that of the chemical
structures in Figure 1. Combustion analysis was conducted with an
Elementar vario MICRO cube CHN-analyzer from Heraeus.

X-ray diffraction analysis of single crystals was performed at 100 K
on a STOE IPDS-II diffractometer equipped with a graphite-
monochromated radiation source (A = 0.71073 A) and an image
plate detection system. A crystal mounted on a fine glass fiber with
silicon grease was employed. If not indicated otherwise, then the
selection, integration, and averaging procedure of the measured
reflection intensities, the determination of the unit cell dimensions and
a least-squares fit of the 20 values as well as data reduction, LP-
correction and space group determination were performed using the

X-Area software package delivered with the diffractometer. A
semiempirical absorption correction was performed.'®> All structures
were solved by the heavy-atom methods (SHELXS-97,'" SHELXS-
2013,104 SHELXS-2014,105 or OLEX2106). Structure solutions were
completed with difference Fourier syntheses and full-matrix least-
squares refinements using SHELXL-97,103 SHELXS-ZOIE’»,]O4
SHELXS-2014,'" or OLEX2'® minimizing w(F,> — FZ2)%. The
weighted R factor (wR?) and the goodness of the fit GOF are based on
F*. All non-hydrogen atoms were refined with anisotropic displace-
ment parameters, while hydrogen atoms were treated in a ridin%
model. Molecular structures in this work are plotted with PLATON"’

or Mercury.'”® CIF files of the complexes have been deposited at the
Cambridge Structure Data Base as CCDC 1583642 (2-Pt-6H),
CCDC 1583615 (2-Pt-61), CCDC 1583616 (2-Pt-Mes-61), CCDC
1583637 (2-Pt-6Et), CCDC 1583640 (8,9-Pt), and CCDC 1583638
(3-Pt) and can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrievinghtml or from the Cambridge Crystallographic Data
Center, 12 Union Road, Cambridge CB2 1EZ, UK,; fax (+44)1223—
336—033, or at deposit@ccdc.cam.ac.uk. Luminescence spectra and
lifetimes as well as quantum yields were measured on thoroughly
deaerated solutions (three freeze—pump—thaw cycles in a quartz
cuvette equipped with an angle valve from Normag) of the complexes
in CH,Cl,, 2-MeTHEF, or toluene solutions on a PicoQuant FluoTime
300 spectrometer. Unless stated otherwise absolute quantum yields
were determined with an integrating sphere. UV/vis/NIR spectra were
recorded on a TIDAS fiber optic diode array spectrometer (combined
MCS UV/NIR and PGS NIR instrumentation) from J&M in
HELLMA quartz cuvettes with 0.1 cm optical path lengths. Electron
paramagnetic resonance (EPR) experiments were performed on a
MiniScope MS400 table-top X-band spectrometer from Magnettech.
Simulation of the experimental EPR spectra was performed with the
MATLAB EasySpin program.'® All electrochemical experiments were
executed in a home-built cylindrical vacuum-tight one-compartment
cell. A spiral shaped Pt wire and an Ag wire as the counter and
pseudoreference electrodes are sealed into glass capillaries and fixed by
quickfit screws via standard joints. A platinum electrode is introduced
as the working electrode through the top port via a Teflon screw cap
with a suitable fitting. It is polished first with 1 gm diamond paste and
then 0.25 pm diamond paste before measurements. The cell may be
attached to a conventional Schlenk line via a side arm equipped with a
Teflon screw valve, allowing experiments to be performed under an
argon atmosphere with approximately S—7 mL of analyte solution.
NBu,PFs (0.1 mM) was used as the supporting electrolyte.
Referencing was done with addition of an appropriate amount of
decamethylferrocene (Cp*,Fe) as an internal standard to the analyte
solution after all data of interest had been acquired. Representative sets
of scans were repeated with the added standard. Electrochemical data
were acquired with a computer-controlled BASi CV50 potentiostat.
The optically transparent thin-layer electrochemical (OTTLE) cell was
lab-built and followed the design of Hartl and co-workers.” It

o
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Figure 11. Experimental (top curve) and simulated (bottom curve) EPR spectra of the radical cation (left) and the radical anion (right) of 2-Pt-

Mes-61 in CH,Cl,/ NBu,PF at 248 K.
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Figure 12. Experimental (top curve) and simulated (bottom curve) EPR spectra of the radical cation (left) and the radical anion (right) of complex

3-Pt in CH,Cl,/NBu,PF at 233 K.

Figure 13. Calculated spin densities of the radical cation (left) and the
radical anion (right) of 2-Pt-Mes-61 (PBE1PBE/6-31G(d) PCM
(CH,CL)).

Figure 14. Calculated spin densities of the mono-cationic (left) and
mono-anionic (right) form of 3-Pt (PBE1PBE/6-31G(d) PCM
(CH,CL)).

comprised a Pt working and counter electrode and a thin silver wire as
a pseudoreference electrode sandwiched in between two CaF,
windows of a conventional liquid IR cell with the working electrode
positioned in the center of the spectrometer beam.

Computational Details. The ground-state electronic structures
were calculated by density functional theory (DFT) methods using the

Gaussian 09''® program package. Quantum-chemical studies were
performed without any symmetry constraints. Open-shell systems
were calculated by the unrestricted Kohn—Sham approach.''!
Geometry optimizations followed by vibrational analysis were
performed either in a vacuum or in solvent media. The quasi-
relativistic Wood—Boring small-core pseudopotentials (MWB),"" >
the corresponding optimized set of basis functions''* for platinum and
the halogen atoms, and the 6-31G(d)-polarized double-{ basis set''®
for the remaining atoms were employed together with the Perdew—
Burke—Ernzerhof exchange and correlation functional (PBEO0)."''"”
Solvent effects were accounted for by the polarizable conductor
continuum model (PCM)''"®*™"*' with standard parameters for
dichloromethane. Absorption spectra and orbital energies were
calculated using time-dependent DFT (TD-DFT)'**
functional/basis set combinations as those mentioned above. For an
easier comparison with the experiment, the obtained absorption and
emission energies were converted into wavelengths and broadened by
a Gaussian distribution (full width at half-maximum = 3000 cm™)
using the program GaussSum.'*> Atomic coordinates of the calculated
structures are provided as a separate file in the Supporting
Information.

'0, Generation from Sensitizers. For the photoreactions
involving 'O, generation, a CH,Cl,/MeOH (9/1) solution containing
DHN (1.2 X 107 M) and a sensitizer (1.7 mol % vs DHN) was
irradiated in a quartz cell of 1 cm path length using the xenon lamp of
a PicoQuant FluoTime 300 spectrometer (A..(3-Pt) = 530 + S nm,
I{530 + 5 nm) = 2.40 mW; (4. (2-Pt-6H, 2-Pt-61, 2-Pt-Mes-61, 2-
Pt-6Et) = 550 + S nm, I{(550 + S nm) = 2.37 mW; 4.,.(MB) = 655 +
S nm, I; (655 + 5 nm) = 580 yW). UV—vis absorption spectra were
recorded at intervals of 5—20 min on a Varian Cary 50 spectrometer.
The consumption of DHN was monitored by the decrease in
absorption at 301 nm (¢ = 7664 M~' cm™'),"** while Juglone
production was monitored by an increase of the absorption at 427 nm
(e = 3811 M~ cm™")."** The yield of Juglone was calculated from the

with the same

Table 8. EPR Data of 8-Pt, 8-Mes-2,6-1,-bodipy, 2-Pt-Mes-61, and 3-Pt*

q g-value A("pt)? A('P)Y
8-Pt - 1.9993 153.8 (1) 216 (2)
2.0042
8-Mes-2,6-1,-bodi
eSO bodlpy 1.9935
. ¥ 2.0194 1009 (1)
2-Pt-Mes-61
- 1.9955 120 (2)
. + 2.0075 817 (1)
3-Pt
- 19917 375 (1)

A(MN)PE A(*MB)? A(®R)” A(D)?
9.6 (2) 111 (1) 9.6 (2)
124 (2) 62 (2)
5.8 (1), 34 (1) 82 (2)
72 (1), 53 (1) 5.8 (1) 111 (2) 5.8 (1)

“In CH,Cl, solution; all hyperfine coupling constants are given in G. The number of interacting nuclei is given in parentheses. “Unsymmetrically
substituted complexes give two different hyperfine couplings for the two '*N nuclei.

(0]
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concentration of Juglone and the initial concentration of DHN. The
singlet oxygen quantum yield (®,) was determined using eq 3:"**'**

D = By yq(vlia/ i al) (3)

where @, 4 is the singlet oxygen quantum yield of a standard
sensitizer (®, = 0.57 for methylene blue, MB),”' ™ 1, is the initial
rate of DHN consumption, and I and I, are the number of photons
absorbed by the sensitizer and the standard, respectively.

I= f L(2)(1 — 1079 da @

I was estimated from eq 4 using the A interval 525—535 nm for 3-Pt,
545—55S nm for the 2-Pt-bodipy sensitizers, and 650—660 nm for
MB, where I{(1) is the wavelength dependence of the intensity of the
incident light evaluated with a photometer (for values vide supra),
&(A) is the extinction coefficient of the respective sensitizer recorded in
CH,Cl,/MeOH (9/1), c, is the concentration of the sensitizer, and [ is
the length of the cell. Stern—Volmer plots for emission quenching by
oxygen or DHN were obtained by admitting appropriate amounts of
air or of a DHN stock solution into the cuvette with enough time for
equilibration between solvent and gas phase. As for the oxygen
quenching experiment, partial pressures were also transformed into
concentrations with the literature-known oxygen solubilities in
toluene.'*

Synthesis and Characterization. Except for 8,9-Pt and 3-Pt, all
other synthesis followed the representative synthesis protocol provided
below. Individual parameters, such as reaction time and temperature,
eluent mixtures for chromatography, and crystallization parameters,
are given for each compound separately.

Typically, a Young tube was filled with 150 ymol (1 equiv) of
Pt(Et),(PEt;), and 0.7 mL of C¢D4 The solution was frozen,
evacuated, and heated to 110 °C for 90 min. Inside a glovebox, 1.09
equiv of the respective bodipy dye was added. The mixture was
allowed to react for the given time at the stated temperature. Prior to
the next step all volatiles were removed, and 1.4 equiv of AgOTf was
added. The mixture was refluxed in CH,Cl, for 15 min. The
precipitate was filtered off and the resulting solution was added to a
methanolic solution of 2 equiv of Nal. After stirring for 20 min the
solvents were removed and the crude product was purified as detailed
for every compound separately.

trans-lodo-(1,3,5,7-tetramethyl-8-phenyl-4,4-difluoro-4-bora-
3a,4a-diaza-s-indacene-2-yl)-bis(triethylphosphane)platinum(li) (2-
Pt-6H). The oxidative addition was performed at 45 °C for 8 h. The
final product was purified by column chromatography (silica, CH,Cl,/
petrol ether 1:2), washed with 4 X 2 mL of n-pentane, and dried in
vacuo. Yield: 32%. Single crystals for X-ray structure analysis were
obtained cooling a saturated C¢Hg/n-pentane solution of the complex
to —25 °C. 'H NMR (399.79 MHz, C¢D, 304 K): § 7.07 (m, 3H,
H17/H18/H19), 7.00 (m, 2H, H16/H20), 5.75 (s, 1H, H6), 3.02 (s,
3H, H12), 2.70 (s, 3H, H13), 1.72 (m, 12H, P—CH,CH,), 1.57 (s
with shoulders, 3H, H11), 1.32 (s, 3H, H14), 0.81 (dt, 3y = 7.7 Hz,
Jo = 164 Hz, 18H, P—CH,CH,). ¥P NMR (161.84 MHz, C/Dj,
304 K): § 9.56 (s with satellites, Jpp = 2556 Hz). Pt NMR (85.56
MHz, C¢Dq, 304 K): § —4784 (t, Jpp = 2556 Hz). 3*C NMR (100.53
MHz, CDCl,, 300 K): § 162.3 (s with satellites, *Jp,c = 82.8 Hz, C3),
150.0 (s, C5), 143.6 (s with satellites, *Jp,c = 45.8 Hz, C10), 139.2 (s,
C9), 137.3 (s with shoulders, C8), 136.2 (s, C7), 134.5 (s with
satellites, *Jp.c = 71.1 Hz, C1), 133.6 (t, ¥Jpc = 9.4 Hz, C2), 129.6 (s,
C15), 129.1 (s, C16/C20), 128.6 (s, C18), 128.4 (s, C17/C19), 119.3
(s, C6), 182 (t, Jcr = 2.6 Hz, with satellites >Jp,c = 37.2 Hz, C12),
18.1 (s with satellites, *J,c = 60.2 Hz, C11), 16.0 (vquint, Joc = *Jpc =
17.9 Hz, with satellites *Jp,c = 36.1 Hz, P—CH,CHj;), 14.3 (m, C13),
14.1 (s, C14), 8.4 (s with satellites, ’Jpc = 24.4 Hz, P—CH,CHj,).
Anal. Caled for CyH,gBF,IN,P,Pt: C, 42.24; H, 5.49; N, 3.18. Found:
C, 42.82; H, 5.67; N, 3.39.

trans-lodo-(6-idodo-1,3,5,7-tetramethyl-8-phenyl-4,4-difluoro-4-
bora-3a,4a-diaza-s-indacene-2-yl)-bis(triethylphosphane)-
platinum(ll) (2-Pt-6l). The oxidative addition was conducted at 45 °C
for 4h. The final product was purified by column chromatography
(silica, CH,Cl,/petrol ether 60:40 — 50:50), the vacuum-dried residue

was washed with 2 mL of n-pentane once and dried in vacuo. Yield:
58%. Single crystals were obtained by cooling a saturated C4Hy/n-
pentane solution to —25 °C. '"H NMR (399.79 MHz, C(Dy, 304 K): 6
7.03 (m, 3H, H17/H18/H19), 6.88 (m, 2H, H16/H20), 3.00 (s, 3H,
H12), 2.84 (s, 3H, H13), 1.70 (m, 12 H, P-CH,CH},), 1.53 (s with
shoulders, 3H, H11), 1.35 (s, 3H, H14), 0.80 (dt, *Jyy = 7.7 Hz, *Jpy =
16.3 Hz, 18H, P—CH,CH,). 3'P NMR (161.84 MHz, C;Dy, 305 K): §
9.42 (s with satellites, Jpp = 2540 Hz). Pt NMR (85.55 MHz, C¢Ds,
300 K): 5 —4779 (t, Jpp = 2540 Hz). *C NMR (100.53 MHz, CDCl,,
300 K): & 164.8 (s with satellites *Jp,c = 85.3 Hz, C3), 149.4 (s, C5),
144.7 (s with satellites 3Jp,c = 45.8 Hz, C10), 139.1 (s, C8), 136.6 (s,
C9), 135.9 (s, C7), 1354 (t, Jpc = 9.4 Hz, with satellites Jp,c = 1090
Hz, C2), 134.9 (s with satellites *Jp,c = 37.2 Hz, C1), 129.5 (s, C15),
129.3 (s, C17/C19), 128.9 (s, C18), 128.3 (s, C16/C20), 81.7 (s, C6),
184 (t, Jcr = 2.4 Hz, C12), 18.3 (s with satellites *Jpc = 60.9 Hz,
Cl1), 16.2 (s, C14), 16.0 (vquint, Jpc = ¥Jpc = 17.6 Hz, with satellites
Yo = 35.8 Hz, P-CH,CHj,), 15.5 (t, ¥Jcr = 2.5 Hz, C13), 8.4 (s, with
satellites 3Jp,c = 24.2 Hz, P—CH,CH;). Anal. Calcd for
C,,H,;BF,L,N,P,Pt: C, 36.96; H, 4.70; N, 2.78. Found: C, 36.21, H,
4.34, N, 2.73.

trans-lodo-(6-idodo-1,3,5,7-tetramethyl-8-mesityl-4,4-difluoro-4-
bora-3a,4a-diaza-s-indacene-2-yl)-bis(triethylphosphane)-
platinum(ll) (2-Pt-Mes-6l). Oxidative addition was conducted at 60
°C for 7 h. The final crude product was purified by column
chromatography (ALO;, petrol ether/CH,Cl, 6:1). The product
fraction was recrystallized form a saturated n-pentane/CH,Cl, mixture
forming single crystals at —25 °C. Yield: 42%. "H NMR (399.78 MHz,
CDCl,, 300 K): 6 6.95 (s, 2H, H17/H19), 2.68 (s, 3H, H12), 2.58 (s,
3H, H13), 2.34 (s, 3H, H22), 2.06 (s, 6H, H21/H23), 1.85 (m, 12H,
P—CH,CH,), 1.34 (s, 3H, H11), 1.33 (s, 3H, H14), 1.01 (dt, *Jyy =
7.7 Hz, 3Jpy = 16.3 Hz, 18H, P—CH,CH,). 3'P NMR (161.83 MHz,
CDCl,, 300 K): § 5.14 (s with satellites, Jpp = 2539 Hz). Pt NMR
(85.55 MHz, CDCl,, 300 K): § —4802 (t, Jpp = 2539 Hz). 3C NMR
(100.53 MHz, CDCl,, 300 K): 6 164.1 (s with satellites, *Jp,c = 82.1
Hz, C3), 149.4 (s, C5), 144.0 (s with satellites, *Jp,c = 43.2 Hz, C10),
138.6 (s, C16/C20), 138.3 (s, C7), 136.2 (s, C9), 134.9 (s, C8), 134.7
(t, *Joc = 9.7 Hz, C2), 134.2 (s with satellites, *Jp,c = 72.1 Hz, Cl),
132.0 (s, C15), 129.2 (s, C17/C19), 128.4 (s, C18), 81.3 (s, C6), 21.4
(s, C22), 19.5 (s, C21/C23), 18.4 (t, *Jcg = 2.5 Hz, with satellites, *Jpc
= 39.5 Hz, C12), 17.3 (s with satellites, *J,,c = 60.5 Hz, C11), 16.2
(vquint, Joc = ¥Jpc = 17.5 Hz, with satellites *Jpc = 35.9 Hz, P—
CH,CH,), 15.6 (t, ¥Jcr = 2.5 Hz, C13), 15.1 (s, C14), 8.4 (s with
satellites, 3Jp,c = 24.3 Hz, P—CH,CH;). Anal. Calcd for
C34HgBF,LLN,P,Pt: C, 38.91; H, 5.09; N, 2.61. Found: C, 39.44; H,
522; N, 2.91.

trans-lodo-(6-ethyl-1,3,5,7-tetramethyl-8-phenyl-4,4-difluoro-4-
bora-3a,4a-diaza-s-indacene-2-yl)-bis(triethylphosphane)-
platinum(ll) (2-Pt-6Et). For the oxidative addition step, the reaction
mixture was heated to 50 °C for 72 h. The final product was purified
on a short silica column (petrol ether/ethyl acetate 40:1). Crystals
suitable for X-ray structure analysis were obtained from diffusion of n-
pentane into a concentrated CH,Cl, solution of the product. Yield
26%. '"H NMR (399.78 MHz, C¢Dg, 300 K): 6 7.09 (m, 3H, H19/
H20/H21), 7.02 (m, 2H, H18/H22), 3.04 (s, 3H, H12), 2.66 (s, 3H,
H13), 2.11 (q, ¥Jyy = 7.5 Hz, 2H, H15), 1.73 (m, 12H, P-CH,CHj,),
1.59 (s with shoulders, 3H, H11), 1.27 (s, 3H, H14), 0.82 (m, 21 H,
H16/P—CH,CH,). 3'P NMR (161.83 MHz, C¢Dy, 300 K): & 9.75 (s
with satellites, Jpp = 2561 Hz). '*>Pt NMR (85.55 MHz, C(Dy, 300
K): 6 —4788 (t, Jpop = 2561 Hz). 3C NMR (100.53 MHz, CDCl,, 300
K): 6 160.8 (s with satellites, *Jp,c = 83 Hz, C3), 149.1 (s, C5), 143.0
(s with satellites, *Jp,c = 46 Hz, C10), 137.0 (s, C8), 136.5 (s, C9),
136.3 (s, C7), 134.1 (s with satellites, *Jp,c = 71 Hz, C1), 132.7 (t, ¥Jpc
= 9.3 Hz, C2), 1314 (s, C6), 129.3 (s, C17), 129.1 (s, C19/C21),
128.6 (s, C20), 128.5 (s, C18/C22), 18.16 (m with satellites, 3Jpc = 38
Hz, C12), 18.15 (s with satellites, *J,,c = 60 Hz, C11), 17.2 (s, C15),
16.0 (vquint, Jyc = *Jpc = 17.5 Hz, with satellites *Jp,c = 36.1 Hz, P—
CH,CHy,), 15.0 (s, C16), 12.3 (t, ¥Jcr = 2.5 Hz, C13), 11.5 (s, C14),
8.4 (s with satellites, *Jp,c = 24.6 Hz, P—CH,CH,). Anal. Calcd for
C;;H,,BF,IN,P,Pt: C, 43.58; H, 5.76; N, 3.08. Found: C, 43.50; H,
5.73; N, 3.28.

DOI: 10.1021/acs.organomet.7b00806
Organometallics XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.organomet.7b00806

Organometallics

cis-(8,9-n%-3-Chloro-5,7-dimethyl-4,4-difluoro-4-bora-3a,4a-
diaza-s-indacene)-bis(triethylphosphane)platinum(ll) (8,9-Pt). A
Young tube was filled with 216 umol (1 equiv) of Pt(Et),(PEts),
and 0.7 mL of C¢Dg. The solution was frozen, evacuated, and heated
to 110 °C for 90 min. Inside a glovebox, 1.09 equiv of 3-Cl-bodipy was
added. The complex crystallized directly from the reaction mixture
forming single crystals. After removing the solvent the compound was
dried under reduced pressure. Yield: 94%. The following signal
assignment follows the atom numbering in Figure 1. "H NMR (399.78
MHz, THE-dg, 300 K): 6 5.85 (s, 1H, H6), 5.80 (br s, 1H, H1), 5.75
(d, ¥y = 2.54 Hz, 1H, H2), 3.83 (dd, 3Jpy = 9.10 Hz, 4.34 Hz, with
satellites >y = 49.2 Hz, 1H, H8), 2.40 (d with shoulders, ®Jp;; = 5.90
Hz, 3H, H11), 1.82 (m, 3H, H12), 1.80—1.48 (m, 12H, P—CH,CH,),
0.96 (m, 18H, P—CH,CH,). 3'P NMR (161.83 MHz, THF-dg, 300
K): 6 19.10 (d, >Jpp = 9.70 Hz, with satellites Jyp = 4801 Hz, P2), 6.89
(d, HJpp = 9.70 Hz, with satellites Jpp = 3321 Hz, P1). Pt (85.51
MHz, THF-dg, 300 K): § —4950 (dd, Jpp = 4801 Hz, Jpp = 3321 Hz).
13C NMR (150.97 MHz, THF-dg, 290 K): § 152.5 (s, C5), 132.8 (s,
C10), 127.5 (s, C9), 119.1 (s, C3), 112.8 (s, C6), 106.9 (s, C2), 106.2
(s, C1), 103.3 (s, C7), 42.1 (d, ¥Jpc = 43.6 Hz, C8), 17.7 (d, Jpc = 30.7
Hz, with satellites *Jpc = 80.5 Hz, P2-CH,CH,), 15.6 (d with
shoulders, Jpc = 25.7 Hz, P1-CH,CH,), 14.8 (s, C11), 14.3 (s, C12),
8.6 (s with satellites, 3Jpc = 35.6 Hz, P2-CH,CH;), 8.5 (s with
shoulders, P1-CH,CH,). Anal. Calcd for C,;H,,BF,CIN,P,Pt: C,
40.28; H, 5.88; N, 4.08. Found: C, 40.47; H, 6.14; N, 4.51.

trans-lodo-(5,7-dimethyl-4,4-difluoro-4-bora-3a,4a-diaza-s-inda-
cene-3-yl)-bis(triethylphosphane)platinum(ll) (3-Pt). First, 100 ymol
of 8,9-Pt was loaded into a Young tube and heated in THF-dg to 60
°C for 72 h. The resulting isomeric mixture was treated as explained in
the general protocol (vide supra). Purification by column chromatog-
raphy (silica, ethyl acetate/pentane 10:1) and recrystallization from
CH,Cl, yielded orange needles. Yield: 54%. '"H NMR (399.78 MHz,
C¢Dg, 300 K): 6 6.60 (d with shoulders, *Ji;; = 4.1 Hz, 1H, H1), 6.49
(s with satellites, *Jpqy = 13.3 Hz, 1H, H8), 6.40 (d, *J,3; = 4.1 Hz, with
satellites *Jpy; = 20.2 Hz, 1H, H2), 5.72 (s, 1H, Heé), 2.57 (s, 3H,
H11), 2.11 (m, 6H, P-CH,CHy,), 1.84 (s, 3H, H12), 1.80 (m, 6H, P—
CH,CHj;), 0.98 (dt, iy = 7.9 Hz, *Jpyy = 16.3 Hz, 18H, P—CH,CHj).
3IP NMR (161.83 MHz, C(Dg, 300 K): § 7.69 (s with satellites, Jpp =
2547 Hz). Pt (85.55 MHz, C¢Dg, 300 K): 6 —4599 (t, Jopp = 2547
Hz). 3C NMR (100.53 MHz, CDCl,, 300 K): 6 174.3 (t, >Jpc = 10.1
Hz, with satellites Jp,c = 1150 Hz, C3), 1514 (s, CS), 137.7 (s with
satellites *Jp,c = 81.6 Hz, C10), 136.2 (s, C7), 131.7 (s, C9), 128.7 (s
with satellites *Jp,c = 59.4 Hz, C1), 128.6 (s with satellites *Jpc = 101
Hz, C2), 117.8 (s, C8), 117.1 (s, C6), 15.7 (vt, Joc = *Joc = 17.7 Hz,
with satellites *Jp,c = 34.8 Hz, P—CH,CHj,), 14.7 (s, C11), 11.3 (s,
C12), 8.1 (s with satellites, *Jp,c = 25.5 Hz, P-CH,CHj,). Anal. Calcd
for C,3H,,BF,IN,P,Pt: C, 35.54; H, 5.19; N, 3.60. Found: C, 35.06; H,
5.26; N, 3.77.
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