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ABSTRACT

Straightforward palladium (ll) catalyzed direct cross-coupling reaction between decyl, (5)-2-methyl-
butyl and dodecyl N-substituted diketopyrrolopyrrole thiophene (DPPT), including a 3-methoxy-
thiophene derivative, and 6-bromo-2,2’-bipyridine afforded a series of mono- and bis-bipyridine
substituted DPPT ligands 1-3. Complexation reactions with PtCl,(DMSO), provided ortho-metalated
platinum (II) complexes 1-Pt and 2-Pt, together with the NANAO complex 3d-Pt(NAN”O) resulted from
the O-Me activation of the intermediary complex 3d-Pt(N~AN). The ligand 1b and the mononuclear
complexes 1a-Pt and 1b-Pt have been structurally characterized by single crystal X-ray structure,
evidencing the establishment of numerous intermolecular n-m interactions in the solid state.
Moreover, in the crystal structure of the model complex DMTB-Pt(NANAO) (DMTB = 3,4-dimethoxy-
(2,2’-bipyridine)) the chelating tridentate N*N~O mode is clearly evidenced. The chiral ligand 1b and
its mononuclear complex 1b-Pt do not show any CD signal in solution, but they are CD active in the
solid state, with bisignate bands in the low energy region, opposite in sign between the ligand and the
complex, suggesting helical supramolecular arrangement of the dpp chromophore in the solid state.
Photophysical investigations demonstrate that all the ligands are fluorescent, with high quantum
yields, while the emission is quenched for the complexes, except partially in 3d-Pt(N~AN), very likely
through an intersystem crossing mechanism promoted by the heavy metal. DFT calculations support
the differences observed between the absorption properties of the ligands, ortho- and non ortho-
metalated complexes. The highly fluorescent bipyridine ligands reported herein open the way towards
multifunctional transition metal complexes and their use in organic electronics.



1. INTRODUCTION

Diketopyrrolopyrrole (DPP) and its derivatives are very efficient fluorescence probes thanks to their
high emission quantum yields and good stability.! Therefore, they found applications in molecular
imaging,> DNA detection,® anion/cation recognition,* sensing,® field effect transistors (FET),®
aggregation-induced emission (AIE),” circularly polarized luminescence (CPL),® or solar cells.”!! They
are usually prepared by reaction of an aromatic nitrile with dialkyl succinate, which allows to attach a
large variety of aromatic groups on the DPP core, such as phenyl,*? pyridine,'* thiophene*'> or
selenophene.® Although Cu(l), Ag(l) and Au(l) complexes of bis(deprotonated) dianionic DPP
derivatives have been reported already in 2000 by Lorenz et al.,'”*® the coordination and
organometallic chemistry of DPP based ligands started to be more systematically explored in the last
decade, yet their number remains very limited to date. For example, derivatives of bis-2-thienyl-DPP
(hereafter named DPPT) have been used to prepare metal-organic polymers? or discrete coordination
complexes with cobalt-dithiolene.?* The attachment of N-donor subunits such as imines, within Schiff
bases derived from o-salicylaldehyde attached to a thiophene of DPPT,? or 2-pyridyl in combination
with the deprotonated pyrrole N atoms to provide N,N chelates,?*% proved to be as well a valuable
strategy to access DPP-based complexes. Finally, a last strategy consists of cross-coupling reactions
between a DPPT derivative and a complex precursor (Chart 1). For example, Castellano et al. have
reported Ir'"" complexes based on 2,2’-bipyridine (bpy) linked to DPPT through an alkyne linker.2%
More recently, Schanze et al. have reported Pt" complexes containing the DPPT unit. The DPPT-Pt(acac)
and the DPPT-Pt(CC) complexes were prepared by cross-coupling reactions between the DPPT and the
corresponding preformed Pt" complexes as building blocks.?®%° The particularity of the DPPT-Pt(acac)
compound consists in the participation of the metal ion in ortho-metalation with the adjacent
thiophene unit. Ortho-metalation of the pyridine and bpy adjacent rings (phenyl, thiophene) has been
shown to be a straightforward strategy towards bis-, tris- and tetradentate chelated metal complexes
that show interesting photophysical properties such as phosphorescence®®** and excimer
emission.>®3” Moreover, five member ring cyclometalated Pt' complexes have been also formed by
C—H activation of methoxy group of 6,6’-dimethoxy-bpy tridentate ligands.*®

Chart 1. DPPT-based coordination complexes
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Here we propose unprecedented DPPT-2,2’-bpy ligands with direct link between thiophene and the
chelating bpy units, which can afford, or not, ortho-metalation with platinum(ll) depending on the
substitution scheme of thiophene rings (Chart 1). Interestingly, ligands in which the position 3’ of the
thiophene ring was blocked with methoxy units give, unexpectedly, unsymmetrical cyclometalated
tridentate NAN~O chelated complexes with five (NAN) and six (N*O) member rings. We describe herein
the synthesis and characterization of ligands 1-3 (Scheme 1), their electrochemical and photophysical
properties, backed up with DFT calculations. Coordination of Pt" metal ions, providing the mono- or
bimetallic complexes 1-3-Pt, has been investigated with the objective to disclose the type of
complexation of the heavy metal and its influence on the photophysical properties of the ligands. This
represents the first such comparative study throughout a homogenous series of ortho-metalated Pt-
(NANAC) and non ortho-metalated tridentate Pt-(NAN”~Q) and bidentate Pt-(NAN) complexes prepared
in a straightforward manner from common DPPT-bpy based ligands.

2. RESULTS AND DISCUSSIONS

2.1. Synthesis and solid state structure characterization

The DPPT-bpy based ligands (mono- and bis-chelating) and their corresponding mono- and binuclear
complexes have been obtained following the synthetic sequence shown in Scheme 1. The
corresponding alkylated DPPT precursors (4 and 5) have been engaged in direct cross-coupling
reactions®® under microwave conditions with 6-bromo-2,2’-bipyridine to afford ligands of type 1, 2 and



3 in satisfactory yields by adjusting the amount of the bipyridine reagent. Two of the DPPT precursors,
4b and 4c, are enantiomerically pure, being decorated with one and two chiral alkyl chains,
respectively. The followed strategy in the case of DPPT 5 made use of methoxy units in order to block
the 3-position of the two thiophene rings and thus to avoid the ortho-metalation. Then, by using the
Pt'Cl,(DMSO), reagent four types of complexes have been obtained, i.e. three with tridentate binding
mode (1-Pt, 2-Pt and 3d-Pt(NAN~O)) and one with bidentate binding mode (3d-Pt(N~AN)). The
completion of the complexation could be observed after one night by the color change of the reaction
mixture from pink to deep blue for 1-Pt and 2-Pt. Mass spectrometry analysis and single crystal X-ray
structure determination of compounds 1a-Pt and 1b-Pt revealed the participation of the thiophene
units in the coordination with the Pt(ll) ion (vide infra). The ortho-metalation in compounds 1-Pt and
2-Pt was further confirmed by UV-Vis absorption measurements. Unexpectedly, coordination of ligand
3d to the PtCl; fragment, aiming at obtaining the NAN bidentate chelating mode within the 3d-Pt(N~AN)
complex, proved to be more complex than initially thought. Accordingly, ligand 3 was first reacted with
one equivalent of Pt"Cl,(DMSO); reagent in dichloromethane at reflux. After 12 hours of reaction we
have obtained a mixture of two complexes which, based on NMR spectroscopy and mass spectrometry,
were the targeted 3d-Pt(NAN) together with 3d-Pt(NAN~AO) (Scheme 1), the latter resulting from the
coordination of the thiophene-oxido form of the ligand following the unexpected O—Me cleavage.
When a second equivalent of the Pt"Cl,(DMSO), reagent was added and the reaction continued for
another 12 hours under reflux, complex 3d-Pt(NAN~O) solely has been isolated. Thus, interestingly,
complex 3d-Pt(NAN~O) has been obtained directly from the methoxy-thiophene-bipy ligand 3d, upon
in situ displacement of the methyl group of the adjacent methoxy substituent by C-O activation
promoted by a second equivalent of Pt(ll) precursor. Consequently, while with ligand 3d ortho-
metalation cannot take place as with ligands 1 and 2, in the obtained complex the ligand still shows a
tridentate mode with the participation of the O atom of the thiophene, providing five (NAN) and six
(N~AO) member rings (Scheme 1 bottom and Scheme S1). Note that closely related Pt(NANAQ)
complexes with phenoxo-2,2’-bipy ligands have been obtained stepwise from ortho-methoxy-phenyl-
2,2’-bipy precursors upon deprotection of the methoxy group in acidic conditions followed by
coordination of the resulting HO-phenyl-bipy ligands.*>*! In order to have a deeper insight on the
reactivity of methoxy-thiophene-2,2’-bipy based ligands towards the PtCl,(DMSO), precursor to afford
Pt(NAN~O) and/or Pt(NAN) complexes, we have designed the simplified model ligand 3,4-dimethoxy-
thiophene-(2,2’-bipy) (DMTB) (Scheme S2, Sl). Contrary to the synthesis of 3d-Pt(NANAO) the test
reaction has been directly performed with two equivalents of Pt"Cl,(DMSO), reagent, first at room
temperature followed by reflux, each time for 12 hours. Interestingly, at room temperature, mass and
exact mass spectrometry confirm the formation of the DMTB-Pt(N~AN) complex only (see SI), whereas
DMTB-Pt(NANNO) is obtained only after heating (see SI). Chromatography separation afforded the
pure tridentate complex. Single-crystal X-ray diffraction of DMTB-Pt(NAN~O) unambiguously reveals
the NAN”O tridentate binding mode of the ligand thanks to the elimination of the methyl group of
methoxy adjacent to the bipy unit. This type of C-O activation assisted by the vicinity of the Cl,Pt(bipy)
fragment is unprecedented, to the best of our knowledge. Indeed, the presence of the coordinated
Pt(Il) center not far from the methoxy group, possible favoring a MeO--Pt interaction, is required in
order to observe the cleavage of the O—Me bond. Accordingly, heating of Pt"Cl,(DMSO), with the
simple 3,4-dimethoxy-thiophene precursor, not containing the 2,2’-bipy ligand, in the same conditions,
does not provoke any O—Me bond breaking. The exact mechanism of this unprecedented C-O
activation and the outcome of the leaving methyl group and of the second Pt(ll) equivalent are
unknown at the present stage.



Scheme 1. Synthetic pathway for the preparation of compounds 1a-b, 2a-c (top) and 3d (bottom), together
with their Pt complexes
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Single crystals of ligand 1b have been obtained by slow evaporation of a dimethylformamide (DMF)
solution. The compound crystallizes in the monoclinic non-centrosymmetric P21 space group, the
asymmetric unit being composed of one independent molecule (Figure 1, Table S1). In both methyl-
butyl chains the stereogenic carbon atom preserves the S configuration of the starting material,
confirming that the molecule is enantiomerically pure. The thiophene rings are almost coplanar with
the DPP unit, showing a small deviation from the DPP plane. The molecular planarity of the DPPT and
their stacking along the crystallographic a axis favor donor-acceptor intermolecular -t interactions
between pyrrole and thiophene rings. Furthermore, C-S short distances of 4.26 A between the alkyl
chain and the thiophene unit of the neighboring molecule have been observed (Figure 1). On the other
hand, the bipyridine unit shows an important twist, with a dihedral angle of 26.25° between the plane
of the bipyridine and that of the DPPT core. As a consequence of the intermolecular C-H---interactions
between bipyridine and thiophene a helical arrangement of the molecules following the b axis occurs
(Figure 2).



Figure 1. Structure of 1b with atom label (top). Intermolecular r-rt stacking (pink dashed lines) and C-H---S
interactions (yellow dashed lines). The 2-methyl-butyl chains are represented in a stick mode for clarity (bottom).
Color code: C (black), H (cyan), N (blue), O (red), S (yellow).



Figure 2. Helical arrangement of the molecules along the b axis in 1b.

Compound 1a-Pt could be obtained as dark platelet-like single crystals after recrystallization from a
mixture of chloroform and DMF. The complex crystallizes in the monoclinic centrosymmetric C2/c
space group with one [PtCl(1a)] molecule in the asymmetric unit (Figure 3 left, Table S1). One of the
decyl (Ci10) alkyl chains is equivalently disordered over two positions. Similarly to the above described
ligand, the thiophene rings show only a slow deviation from the planarity of the molecule (see Tables
S2 and S3 for selected bond distances and torsion angles in 1b and 1a-Pt). In the complex, the
bipyridine fragment is fixed by coordination with the platinum metal ion which renders coplanar all
the aromatic units of the molecule. This planarity favors numerous intermolecular m—rm interactions
between pyrrole, thiophene and bipyridine units, thus forming dimers of complexes in a head-to-tail
fashion (Figure 4). However, these dimers are quite isolated from each other due to the presence of
bulky Cyo alkyl chains (Figure S1).

Compound 1b-Pt was obtained as dark needle-like single crystals. Due to the presence of chiral S-
methyl-butyl chains on the lactam unit, this compound crystallizes in the non-centrosymmetric P1
space group and presents a very different crystal packing (Figures S2 and S3, Table S1). Indeed chains
of complexes are formed along the a axis, following an -A-B-A-B- sequence (Figure 5). These chains can
be described as dimers of complexes disposed in a similar head-to-tail arrangement and molecular
overlap as in 1a-Pt with r—mt stacking (B-A contacts). These dimers are connected to each other via
strong Pt-Pt interactions of 3.282 A (A-B contacts) which has as consequence a massive longitudinal
shift of the successive dimers leading to less w-m interactions when compared to the intra-dimer ones.



Figure 3. Structures of 1a-Pt (left) and 1b-Pt (right) with atom label. Color code: C (black), H (cyan), N (blue), O
(red), S (yellow), ClI (light yellow), Pt (grey).

Figure 4. Intermolecular - stacking (pink dashed lines) between neighboring molecules in 1a-Pt of 3.567 A and
3.734 A). The Cyoalkyl chains are represented in a stick mode for clarity. Color code: C (black), H (cyan), N (blue),
O (red), S (yellow), Cl (light yellow), Pt (grey).



Figure 5. Intermolecular -t stacking (pink dashed lines) and Pt---Pt interactions (orange dashed lines) between
neighbouring molecules in 1b-Pt of 3.479 A, 3.650 A and 3.282 A, respectively. The 2-methyl-butyl chains are
represented in a stick mode for clarity. Colour code: C (black), H (cyan), N (blue), O (red), S (yellow), CI (light
yellow), Pt (grey).

Finally, the model complex DMTB-Pt(NAN"O) has been obtained as single crystals by slow evaporation
of a dichloromethane solution. It crystallized in the monoclinic space group P2:/c. The structure of the
complex definitely confirms the elimination of the methyl group through the cleavage of the O—Me
bond from one methoxy unit and thus the coordination of the platinum metal center in a NAN/AO
tridentate mode (Figure 6).

Figure 6. Structure of DMTB-Pt(NAN"O) with atom labels scheme. Color code: C (black), H (cyan), N (blue), O
(red), S (yellow), ClI (light yellow), Pt (grey).

2.2. Absorption and emission properties



Compounds 1a and 1b, bearing one bipy chelating unit, present a maximum of absorption around 580
nm, which is about 40 nm bathochromically shifted compared to parent DPPT molecules (Figure 7).
These bands are further red-shifted by 20-30 nm in compounds 2a, 2b and 2c, as a consequence of the
increased m-conjugated system thanks to the presence of two bpy units (Table 1). Another way to
modulate the HOMO-LUMO gap is by introducing strong electron-donating groups on the thiophene
rings, as recently emphasized by Dudnik et al. in methoxy-substituted DPP polymers.* Indeed, the
maximum of absorption of compound 3d, which bears a methoxy substituent in the position 3 of
thiophene, presents a bathochromic shift compared to compounds 1a and 1b (Amax = 594 nm). Both
absorption and emission spectra show the typical dpp two-band pattern for all compounds due to a
vibronic structure (vide infra). The quantum yields of all the ligands have been determined, showing
values between 56 — 59% for 1 and 2, and 77% for the methoxy-substituted 3d, which are lower than
in the parent DPPT compound (around 85%).2%
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Figure 7. Normalized absorption (black), emission (red) and excitation spectra (dashed blue) of compounds 1-3
at room temperature in DCM solution (except of 2¢c recorded in THF solution). Incident excitation and emission
wavelengths are noted.

Table 1. Values of maximum absorption and emission wavelengths, maximum molar extinction coefficients
and quantum yield of luminescence for compounds 1-3

Absorption Emission
Compound A Awax (1) o f,]'.’ffcm.l) Aoy (n) Quant&r? Yield
1a 540 580 41 800 601 57
1b 540 580 37 315 604 56
2a 569 609 38 100 630 59
2b 566 611 34 900 631 57
2c 558 605 35300 618 56
3d 551 594 45720 612 77

In general the complexes show a bathochromic shift of their maximum of absorption after coordination
by the Pt" metal ion (Figure 8). This shift is about 50 — 60 nm in the binuclear compounds 2-Pt, whereas
in the mononuclear compounds 1-Pt, 3d-Pt(N~N) and 3d-Pt(NANAO) it is only between 3 and 8 nm.
Compounds 1-Pt and 2-Pt show a broadening of the absorption band and an abrupt decrease of the
molar extinction coefficient (emax) values after complexation (Figure S4). It should be noted that the
decrease rate of the gmax values is the same in either mononuclear or binuclear complexes (about four
times lower compared to the related free ligand). On the contrary, the absorbance spectra of the non-
ortho-metalated complexes 3d-Pt(N~AN) and 3d-Pt(NAN~O) are more similar in shape and intensity to
that of the free ligand 3d. Regardless the complexation scheme (mono-or bi-nuclear and tridentate)
the Pt" complexes lose the emissive properties due to an increase in non-radiative decay promoted by
S1 = Ti intersystem crossing.** While in the tridentate coordination modes the emission of the DPPT
chromophore is completely quenched, the bidentate 3d-Pt(N~AN) shows a residual fluorescence of the
DPPT chromophore as deduced from the measured quantum yield of about 16%. No phosphorescence
could be observed for these complexes (Figure S5).

1,04
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0,8 —-—- 2a-Pt
—-—- 2b-Pt
—-—- 2¢c-Pt
0,6 — 3d-Pt(NN)

3d-Pt(NNO)
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T . -
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Wavelength (nm)
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Figure 8. Absorption spectra of compounds 1-3-Pt at room temperature in CH,Cl, solutions (except 2c-Pt in DMF
solution).



The chiroptical properties of the chiral compounds 1b and 1b-Pt have been studied by circular
dichroism (CD) measurements (Figures 9 and S6-S9). In solution, no CD signal can be observed for
either the ligand or the complex. On the other hand, measurements on thin films show a small
bathochromic shift of the absorption as well as the appearance of a CD signal for both 1b and 1b-Pt.
Very interestingly, there is a sharp contrast between the CD spectra of the ligand and the complex,
since in 1b a bisignate positive/negative Cotton effect is observed, while in the complex the bisignate
band is reversed (Figures S7 and S9), indicating a change in the predominant helical twist of the DPPT
chromophores upon complexation.

15 - !
. —— Solution

—Film
10

-10 4

-15

x T . T % T A I 5 1 " T A T L 1
350 400 450 500 550 600 650 700 750
Wavelength (nm)

Figure 9. CD spectra of 1b in solution and in thin film at room temperature.

The cyclic voltammetry of the new ligands and related Pt complexes has been investigated in order to
assign their oxidation and reduction potentials (Figures S10-S11). In agreement with the absorption
spectra the extension of the conjugated system in 2 compared to 1 reduces the HOMO-LUMO gap
rendering easier both the first reduction and first oxidation (Table S4). Whereas no change in the LUMO
level was observed from 2 to its related complex 2-Pt, in 3-Pt(NANAQ) the LUMO level was raised by
0.26 V compared to ligand 3.

2.3. Influence of the coordination modes of DPPT ligands on the photophysical properties

When considering these compounds, three different coordination modes can be disclosed, each one
inducing distinctive modulations of the optical properties. The tridentate coordination mode present
in this work in the ortho-metalated compounds 1-,2-Pt and in the compound 3d-Pt(NANAQ) is noted
as mode A, and the bidentate coordination mode in compound 3d-Pt(N~N) as mode B (Chart 2). In the
two ortho-metalated DPPT-Pt(acac) complexes reported by Schanze et al.,”® the Pt" metal ion is
coordinated in a bidentate mode to the DPPT-based ligand, and the thiophene-pyridine coordination
site is separated from the DPP core by an extra thiophene unit. Therefore the coordination mode
better parallels the one in our bidentate compound 3d-Pt(N~AN) (mode B). Finally, in the DPPT-Pt(CC)
compound, the metal ion is coordinated through an acetylide bridge with no ortho-metalation, here
noted as mode C.



Chart 2. Different modes of coordination in the DPPT-based Pt" complexes discussed in this study

This Work Previously Reported

Mode A Mode B Mode C

The coordination mode A strongly affects the optical properties of the DPPT chromophores.
Compounds 1-Pt and 2-Pt show a strong decrease of the emax value compared to the related free
ligands, and a significant bathochromic shift can be observed for the dinuclear complexes 2-Pt. This
can be explained by an increased r-delocalization coupled with a more effective spin-orbit coupling
due to the proximity of the heavy metal ion. Indeed, in the coordination mode A, the metal ion is linked
in a tridentate mode to the DPPT chromophore and promoted the inclusion of two cyclometalated
rings into the rr-conjugated system. On the contrary, this is not observed in the coordination mode B.
As a consequence, in 3d-Pt(N~AN) the metalation barely affects the absorption of the molecule. The
€max Values are of the same order of magnitude for the ligand and the complex (around 4.10* L.mol-
!.cm™) and the maximum of absorption is almost unchanged. Note that in the study of Schanze et al.,*®
since the DPPT-Pt(acac) complexes were prepared by cross coupling reactions between the DPPT and
the complex precursor [Pt(Br-thiophene-bpy)(acac)], the related free ligands were not isolated.
However they observed a large bathochromic shift of about 110 nm between the DPPT and the DPPT-
Pt(acac) complexes which was attributed to the increase of the mr-electron system, with only small
contributions from Pt-based orbitals to the HOMO and LUMO. This is clearly confirmed in the spectra
of 3d and 3d-Pt since the coordination of the metal ion has a very little effect on the long-wavelength
absorption values, which are here red-shifted by less than 10 nm in 3d-Pt(N~AN) and 3d-Pt(NAN~O).
Moreover the spin-orbit coupling appears to be less effective in the mode B complexes than in the
mode A. This is further confirmed by a higher proportion of residual fluorescence of the DPPT
chromophore after complexation. Indeed in 3d-Pt(N~AN), the quantum yield of the fluorescence is 16%,
while it falls to 1% in compounds 1-Pt, 2-Pt and below 1% in 3d-Pt(NAN~O). Finally, the coordination
mode C of the metal ion in DPPT-Pt(CC) resulted in a strong increase of the gmax value (11.10* L.mol
'.ecm™) compared to the DPPT-alkyne precursor and a reduction of the electronic bandgap confirmed
by a bathochromic shift of about 50 nm at longer wavelength values. A moderate reduction of the
fluorescence after complexation has been observed, with a small decrease of the quantum yield of
fluorescence from 66% in the free ligand to 53% in the Pt" complex, probably due to a much lower
spin-orbit coupling compared to the coordination modes A and B.



2.4. Ab-initio calculations

The observed differences in the absorption properties clearly reveal the importance of the ortho-
metalation in this family of compounds. To clarify the origin of these differences, the electronic
structure and optical properties of both ligands and complexes were investigated with the help of
density functional theory (DFT) and time-dependent DFT calculations (see the Supporting Information
for computational details). As observed experimentally, bathochromic shifts of about 10 and 60 nm
were calculated for the SO->S1 excitation with the complexation of 1b and 2b into 1b-Pt and 2b-Pt,
respectively (Tables S5 and S6). For comparison, the complexation of the model ligand 3b, containing
an (S)-2-methyl-butyl chain instead of the dodecyl one, into 3b-Pt(N~N) and 3b-Pt(NANAO) induces
shifts of only about 5 nm and 11 nm, respectively. The nature of the transitions is represented with
the help of the natural transition orbitals (NTOs) in Figure 10 for the complexes (see Figures S12 and
S13 for ligands and complexes, respectively). In the three Pt complexes, the transitions correspond to
am— ©* excitation with a very small contribution from the 5d orbitals of the Pt centers, this latter going
from ca. 4% in the HOMO of 1b-Pt and 2b-Pt to almost 0% in the HOMO of 3b-Pt(N~N).

3b- Pt(NN) Virt.

.T.. O«

3b-Pt(NNO) Occ. 3b-Pt(NNO) Virt.

Figure 10. Natural transition orbitals (NTOs) calculated for the SO -> S1 transition in 1b-Pt, 2b-Pt, 3b-Pt(N~N) and
3b-Pt(NAN/O). Isosurface value = +£0.03 au.

The calculated UV-vis absorption spectra of 1b-3b and their Pt" complexes accurately reproduce the
experimental bathochromic shifts of the low-energy bands in 1b/1b-Pt and 2b/2b-Pt, while in 3b/3b-



Pt(N~N)/3b-Pt(NAN”O) the band occurs at the same energy, as experimentally observed (Figures S14-
S16). Compared to the experimental spectra, the splitting of the first absorption and first emission
bands is not reproduced theoretically. Such a behavior is attributed to the lack of considering vibronic
effects in the calculations. Indeed, the introduction of vibronic effects in the calculated absorption and
emission spectra of the ligand 1b (Figure 11) nicely reproduces the splitting of these bands.**
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Figure 11. Calculated first absorption band (blue) and first emission band (red) of ligand 1b with introduction of
vibronic effects.

3. CONCLUSIONS

Chelating monotopic and ditopic 2,2’-bipyridine (bpy) based diketopyrrolopyrrole-thiophene (DPPT)
ligands 1-3 have been elegantly obtained following a direct cross-coupling strategy. The derivatization
of the DPPT core with bpy has little influence on the emission properties, as shown by photophysical
investigations, therefore the new ligands possess strong fluorescence in solution. The effect of the
spin-orbit coupling on the emission properties has been investigated in a first series of ortho- and non
ortho-metalated Pt" complexes. A very peculiar and unique reactivity has been observed with the
methoxy containing ligand 3d. Unexpectedly, the complexation of the PtCl, fragment by the bipyridine
unit into 3d-Pt(N~N) is followed by cleavage of the O—Me bond assisted by a second equivalent of
platinum(ll) precursor, affording the 3d-Pt(NAN~O) complex where the ligand shows tridentate
coordination mode. This reactional sequence has been further demonstrated by the use of the model
ligand 3,4-dimethoxy-(2,2’-bipyridine) (DMTB) which afforded step wisely the complexes DMTB-
Pt(N~N) and Pt(NANAQ), the latter being characterized by single-crystal X-ray diffraction. The ortho-
metalation induces a high degree of planarity between the dpp core and the thiophene-bpy-Pt unit,
expressed in the crystal structures of 1a-Pt and 1b-Pt through the establishment of n-r interactions.
Moreover, short intermolecular Pt--Pt contacts are observed in the structure of 1b-Pt. The ortho-
metalated complexes 1-2-Pt and the complex 3d-Pt(NANAQ) present a strong spin-orbit coupling
leading to a complete quenching of the fluorescence. On the other hand, the complex 3d-Pt(N~AN)
shows a residual fluorescence with a quantum yield of about 16%, confirming the importance of the
coordination mode of the metal (bidentate or tridentate) on the optical properties of the
chromophore. TD DFT calculations emphasize the influence of the complexation in the absorption
properties and demonstrate the vibronic nature of the dual splitting of the first absorption and
emission bands of the DPPT derivatives. The easy preparation, modular coordination and emissive



properties of the series of ligands 1-3 make them attractive for the coordination of other transition
metals to provide multifunctional complexes. On the other hand, we are currently working on the
preparation of photoconducting materials based on compound 3d-Pt(N~AN) and electroactive ligands
such as dithiolenes.

4. EXPERIMENTAL SECTION

4.1. Materials and methods. All reactions were carried out under Argon atmosphere using the Schlenk
technique. The precursors (C10)2DPPT, (Cs).DPPT, CsHDPPT and (C;2).DPPT were prepared as previously
reported in the literature.**® Nuclear magnetic resonance spectra (Figures S17-5S34) were recorded on
a Bruker Avance DRX 300 spectrometer (operating at 300 MHz for *H and 75 MHz for 13C) or on a Bruker
Avance DRX 500 (operating at 125 MHz for 13C). Chemical shifts are expressed in parts per million (ppm)
downfield from external TMS. The following abbreviations are used: s, singlet; m, multiplet; Hy, H from
thiophene; Hpy, H from pyridine. MALDI-TOF MS spectra (Figures $S35-S55) were recorded on Bruker
Biflex-1lITM apparatus, equipped with a 337 nm N, laser and exact mass determination on a Spiral-TOF
Jeol JMS3000. Elemental analyses were recorded using Flash 2000 Fisher Scientific Thermo Electron
analyser. UV-Vis absorption, excitation and emission spectra were recorded using Shimadzu UV 1800
and RF-6000 spectrometers in 10° M CH,Cl, solutions (except for the monoalkylated DPP-based
compounds 2c¢ and 2c-Pt which have been measured respectively in THF and DMF solutions for
solubility reasons). The quantum vyields of fluorescence have been determined using cresyl violet
perchlorate as standard reference. CD spectra were recorded on a JASCO J-1500 spectrometer at 20°C.
Cyclic voltammetry was measured in CH,Cl, using platinum working and counter electrodes and an
Ag/Ag* pseudo-reference electrode in 0.1 M nBusPFs as supporting electrolyte, with a scan rate of 100
mV.s™. All potentials are reported relative to an Fc/Fc* internal standard.

4.2. Synthesis of the organic DPPT derivatives (1-3). The DPPT precursors ((C10).DPPT, (Cs),DPPT,
CsHDPPT or (C12)2DPPT) (1 mmol), 6-bromo-2,2’-bipyridine (1 mmol for 1a,b, 2ab and 3d, 2 mmol for
2c), K2COs3 (2 mmol), Pd(OAc); (0.18 mmol) and pivalic acid (0.12 mmol) were dissolved in anhydrous
dimethylacetamide (8 mL) under inert atmosphere. The mixture was placed in the microwave for 40
min (T =180 °C, P = 10 bar). The product was extracted with dichloromethane or tetrahydrofuran and
washed with brine. The organic phase was dried with Mg,S0O4 anhydrous and concentrated under
vacuum. The crude product was purified by column chromatography on silica gel using CH,Cl, followed
by CH,Cl>:AcOEt 1/1 as eluents.

(C10)2DPPT: Two fractions were obtained corresponding to 1a and 2a (yields: 1a, 39%; 2a, 5%).
(Cs).DPPT: Two fractions were obtained corresponding to 1b and 2b (yields: 1b, 30%; 2b, 5%).
CsHDPPT: One fraction was obtained corresponding to 2c (yield 18%).

(C12):DPPT: One fraction was obtained corresponding to 3d (yield 17%).

1a: 'H-NMR (300 MHz, CDCls). 6:9.07 (d, H9, J = 4.2 Hz), 8.95 (dd, H10, J = 3.9, 0.9 Hz), 8.68 (d, H4, ] =
4.1 Hz), 8.53 (d, H5, J = 7.9 Hz), 8.35 (d, H1, ) = 7.7 Hz), 7.84 (td, H2-H6, J = 8.0 Hz), 7.75-7.68 (m, H7-
H8), 7.62 (d, H12, ) = 5.0 Hz), 7.34 (ddd, H3, ) = 7.5, 4.8, 0.9 Hz), 7.27 (t, H11, J = 4.5 Hz), 4.17 (t, H13-
H14, J = 7.5 Hz), 4.05 (t, H15-H16, J = 7.5 Hz), 1.79 (m, 4H), 1.61-1.40 (m, 4H), 1.45-1.11 (m, 24H),
0.94-0.83 (m, 6H). 3C-NMR (75 MHz, CDCls). 6: 161.7, 161.6, 156.2, 155.7, 151.0, 150.7, 149.5, 140.4,
140.2, 138.1, 137.3, 137.2, 135.7, 131.4, 131.0, 130.2, 128.9, 125.8, 124.4, 121.5, 120.5, 119.5, 108.5,
108.3,42.7, 42.6, 32.2, 32.2, 30.4, 30.3, 30.0, 29.9, 29.7, 29.6, 29.6, 27.4, 27.2, 23.0, 23.0, 14.5, 14.4.
MALDI (positive mode): 735.4 (1a + H*). Anal. Calcd for CaaHs4N4O5S;: C 71.90, H 7.40, N 7.62, S 8.72.
Found: C71.60, H 7.49, N 7.28, S 8.36.



1b: 'H-NMR (300 MHz, CDCls). 6: 9.15 (d, H9, J = 4.5 Hz), 9.00 (d, H10, J = 3.9 Hz), 8.70 (d, H4, J = 4.5
Hz), 8.56 (d, H5, J = 8.2 Hz), 8.39 (d, H1, J = 7.8 Hz), 7.93 — 7.82 (td, H2-H6, J = 7.5 Hz), 7.77 (d, H7, ) =
8.1Hz), 7.75 (d, H8, J = 4.2 Hz), 7.64 (d, H12, J = 5.1 Hz), 7.35 (ddd, H3, ) = 7.8, 4.8, 0.9 Hz), 7.27 (t, H11,
J=4.2Hz), 4.12 (t, H13-H14, J = 7.8 Hz), 4.02 (dd, H15-H16, J = 7.3, 6.9 Hz), 2.11 (m, 1H), 1.94 (m, 1H),
1.62-1.48 (m, 2H), 1.38-1.20 (m, 2H), 1.01 (q, 6H, J = 3.6 Hz), 0.92 (m, 6H). The extra peak at 1.56 ppm
comes from H,0 solvent molecules. *C-NMR (125 MHz, CDCls). § 161.8, 161.7, 155.9, 155.5, 150.7,
150.5, 149.2, 140.5, 140.2, 137.9, 137.3, 136.9, 135.7, 131.1, 130.7, 130.0, 128.6, 125.3, 124.1, 121.2,
120.2, 119.1, 108.2, 108.1, 77.5, 77.1, 76.6, 47.7, 47.7, 35.8, 35.5, 27.2, 27.0, 16.8, 16.6, 11.4, 11.3.
MALDI (positive mode): 594.1 (1b). Anal. Calcd for Cs4H34N40,S,: C 68.66, H 5.76, N 9.42, S 10.78.
Found: C68.11, H5.73, N 9.18, S 10.63.

2a:'H NMR (300 MHz, CDCls) § 9.13 (d, 2 H9, J = 4.2 Hz), 8.70 (d, 2 H4, J = 4.5 Hz), 8.56 (d, 2 H5, J = 8.1
Hz), 8.38 (d, 2 H6, J = 7.9 Hz), 7.87 (m, 2 H2 - 2 H6), 7.79-7.74 (m, 2 H7 - 2 H8), 7.36 (dd, 2 H3, J = 6.4,
4.9 Hz), 4.26-4.20 (m, H10-H11-H12-H13), 1.90-1.74 (br, 4H), 1.47-1.39 (br, 4H), 1.32-1.20 (br, 24H),
0.85 (m, 6H). The extra peak at 1.56 ppm comes from H,0 solvent molecules. **C-NMR of the sample
was not successful because of its low solubility in the chosen solvent (please see attached figure in the
SI). MALDI (positive mode): 889.5 (2a + H*).

2b: 'H-NMR (300 MHz, CDCls). §: 9.19 (d, 2 H9, J = 4.2 Hz), 8.70 (d, 2 H4, J = 4.6 Hz), 8.56 (d, 2 H5, J =
7.9 Hz), 8.38(d, 2 H1,J = 7.7 Hz), 7.88 (q, 2 H2 - 2 H6, J = 7.4 Hz), 7.79-7.73 (m, 2 H7 - 2 H8), 7.38-7.32
(m, 2 H3), 4.18-4.08 (m, 2 H10 - 2 H11), 2.16-2.07 (m, 2H), 1.69-1.56 (m, 2H), 1.41-1.29 (m, 2H), 1.03
(t, 6H, J = 6.1 Hz), 0.88-0.78 (m, 6H). The extra peak at 1.56 comes from H,0 solvent molecules. *C-
NMR of the sample was not successful because of its low solubility in the chosen solvent. MALDI
(positive mode): 748.2 (2b).

2c: 'H-NMR (300 MHz, THF-d8). 6: 10.83 (NH), 9.21 (d, H9, J = 4.2 Hz), 8.71 (d, H10, J = 4.2 Hz), 8.65
(dd, 2 Hth, J = 4.5, 0.9 Hz), 8.59 (d, 2 Hpy, J = 8.1 Hz), 8.43 (dt, 2 Hpy, J = 6.4, 2.1 Hz), 7.96 — 7.85 (m, 6
Hpy - H8 - H11), 7.40 — 7.33 (dd, 2 Hpy, J = 7.5, 4.8 Hz), 4.17 — 4.12 (m, H19-H20), 1.35-1.28 (m, 2H),
1.03 (m, 6H). The extra peak at 3.57 ppm comes from H,0 solvent molecules. *C-NMR (125 MHz,
CDCls). &: 161.6, 161.0, 155.9, 155.9, 155.4, 155.3, 150.9, 150.9, 150.2, 150.0, 149.1, 149.1, 138.7,
137.8,137.7, 137.2, 136.7, 136.5, 136.5, 134.0, 132.4, 131.6, 126.2, 125.3, 123.9, 120.5, 120.5, 119.8,
119.0, 119.0, 53.9, 47.1, 35.9, 29.7, 27.0, 16.1, 13.5, 10.7. MALDI (positive mode): 679.1 (2c + H").

3d: 'H-NMR (300 MHz, CDCls). 8: 9.17 (s, H8), 8.69 (d, H1, J = 4.0 Hz), 8.62 (d, H9, 1.7 Hz), 8.50 (d, H5,
8.0 Hz), 8.29 (d, H4, ) = 7.8 Hz), 8.17 (d, H6, J = 7.8 Hz), 7.83 (m, H2-H7), 7.32 (ddd, H3, J = 7.2, 4.8, 0.9
Hz), 6.62 (d, H10, 1.5 Hz), 4.20 (s, H18-H19-H20), 4.20 (t, H16-H17, J = 7.8 Hz), 4.05 (t, H14-H15, J= 7.5
Hz), 3.91 (s, H11-H12-H13), 1.80 (m, 4H), 1.29 (m, 36H), 0.86 (m, 6H). 3C-NMR (75 MHz, CDCl3). &:
161.5, 159.4, 156.8, 139.5, 138.1, 128.3, 125.2, 108.4, 104.5, 58.0, 52.4, 47.1, 42.6, 32.1, 30.2, 30.1,
29.9,29.8,29.7, 29.5, 27.3, 27.0, 22.8, 14.3. MALDI (positive mode): 850.5 (3d).

4.3. Synthesis of DMTB. 3,4-Dimethoxythiophene (1 mmol), 6-bromo-2,2’-bipyridine (1 mmol), KxCO3
(2 mmol), Pd(OAc), (0.18 mmol) and pivalic acid (0.12 mmol) were dissolved in anhydrous
dimethylacetamide (4 mL) under inert atmosphere. The mixture was placed in the microwave for 40
min (T = 180 °C, P = 10 bar). The product was precipitated with water, filtered and the solid was
extracted with dichloromethane. The organic phase was dried with Mg,SO, anhydrous and
concentrated under vacuum. The crude product was purified by column chromatography on silica gel
using CH,Cl, as eluent affording pure DMTB in 40% yield. *H-NMR (300 MHz, CDCl5). &: 8.67 (d, H4, J =
4.1 Hz), 8.54 (d, H5, ) =8.0 Hz), 8.26 (dd, H1, ) = 7.8, 0.9 Hz), 8.07 (dd, H6, ) = 7.9, 0.9 Hz), 7.87-7.80 (m,
H2-H7), 7.31 (ddd, H3,)=7.5, 4.8, 1.2 Hz), 6.31 (s, H8), 3.97 (s, H14-H15-H16), 3.89 (s, H11-H12-H13).



3C-NMR (75 MHz, CDCls). &: 156.07, 155.2, 151.4, 150.8, 149.1, 137.8, 137.0, 123.9, 121.4, 120.5,
119.0, 97.9, 60.3, 57.4.

4.4. Synthesis of the DPPT-based complexes 1-2-Pt. PtCl;(DMSO), (0.03 mmol, 13 mg) was added to a
10 mL dichloromethane solution of the corresponding DPPT ligand (0.03 mmol) and the mixture was
stirred under reflux overnight. The resulting solution was concentrated under vacuum and the crude
product was washed with methanol to remove the unreacted free ligand. The residue was dissolved in
dichloromethane and concentrated under vacuum. The absence of free ligand in the filtrate was
confirmed by TLC (CH,Cl,/AcOEt: 95/5%). After recrystallization from a mixture of CHCls/DMF, single
crystals of compounds 1a-Pt and 1b-Pt could be obtained and used for structure determination by X-
ray diffraction. Yields: 83% (1a-Pt), 88% (1b-Pt), 28% (2a-Pt), 24% (2b-Pt), 34% (2c-Pt). MALDI (positive
mode): 962 (compound 1a-Pt); 823 (1b-Pt); 1345 (2a-Pt); 1205 (2b-Pt); 1134 (2c-Pt). Exact mass:
compound 1a-Pt: 962.2927 (theoretical for C34H33N40,S,CIPt: 962.2925).

1b-Pt: "H-NMR (300 MHz, CDCls). 6: 9.03 (m, H8), 8.88 (m, H7), 7.95 (m, Hpy — 2 Hth), 7.67 (m, 2 Hpy),
7.58 (m, H7), 7.46 (m, H3), 7.28 (m, H10), 7.21 (m, H2) 3.99 (m, H12-H13-H14-H15), 2.17 (s, 2H), 1.92
(m, 4H), 0.92 (m, 12H). The extra peaks at 1.56 ppm and 1.23 ppm come from H,O and AcOEt solvent
molecules.

4.5. Synthesis of 3d-Pt(N~N). PtCl,(DMSO); (0.03 mmol, 13 mg) was added to a 10 mL dichloromethane
solution of the corresponding DPPT ligand (0.03 mmol) and the mixture was stirred at room
temperature overnight. The resulting solution was concentrated under vacuum and the crude product
was washed with diethylether and methanol to remove the unreacted free ligand. The residue was
dissolved in dichloromethane and concentrated under vacuum. A small amount of pure sample has
been obtained after several washings with various solvents and the yield could not be determined in
these conditions. The absence of free ligand in the filtrate was confirmed by TLC (CH,Cl,/AcOEt:
95/5%). MALDI (positive mode): 1079 (3d-Pt(N~N) — CI). Exact mass: 1079.3854 (theoretical for
CsoHesN404S,CIPt: 1079.3835).

4.6. Synthesis of 3d-Pt(NAN~O). PtCl;(DMSO), (0.06 mmol, 26 mg) was added to a 10 mL
dichloromethane solution of the corresponding DPPT ligand (0.03 mmol) and the mixture was stirred
under reflux for 24h. After removal of the solvent under vacuum, the crude product was purified by
column chromatography on silica gel using CH,Cl, followed by CH,Cl,:AcOEt 1/1 as eluents. Yield: 66%.
MALDI (positive mode): 1064 (3d-Pt(NANAQ)). Exact mass: 1064.3598 (theoretical for
C49He3N404S,CIPt: 1064.3598). *H-NMR (300 MHz, CDCls). 6: 9.62 (d, H4, J = 4.8 Hz), 8.68 (m, H5), 8.00
(m, H1-H9-H10), 7.72 (m, H6-H7-H8, 7.8 Hz), 7.40 (m, H3), 6.66 (m, H2), 4.07-3.97 (m, H14-H15-H16-
H17), 3.90 (s, H11-H12-H13), 1.77-1.67 (m, 4H), 1.25-1.21 (m, 36H), 0.85 (m, 6H).

4.7. Synthesis of DMTB-Pt(N~N). To a dichloromethane solution of dimethoxy-thiophenyl-bipyridine
(DMTB, 0.03 mmol) was added two equivalents of PtCl;(DMSO), (0.03 mmol, 13 mg) and the mixture
was stirred at room temperature overnight. After concentration of the solvent under vacuum and
washing of the crude product by precipitation with diethylether, the compound DMTB-Pt(N~N) was
isolated as an orange powder after slow evaporation of a chloroform solution Yield: 35%. *H-NMR (300
MHz, CDCls). 6: 8.70 (m, H1), 8.54 (d, H5, ) =8.1 Hz), 8.28 (d, H4, ) = 7.6 Hz), 8.08 (m, H6), 7.90-7.82 (m,
H2-H7), 7.34 (m, H3), 6.32 (s, H8), 3.97 (s, H14-H15-H16), 3.89 (s, H11-H12-H13). MALDI (positive
mode): 527.1. Exact mass: 527.0085 (theoretical for C16H14N20,SCIPt: 527.0085).

4.8. Synthesis of DMTB-Pt(NANAO). To a dichloromethane solution of dimethoxy-thiophenyl-
bipyridine (DMTB, 0.03 mmol) was added two equivalents of PtCl,(DMSO), (0.03 mmol, 13 mg) and
the mixture was stirred under reflux overnight. After removal of the solvent under vacuum, the crude
product was purified by column chromatography on silica gel using CH,Cl, followed by CH,Cl,:AcOEt



1/1 as eluents. After recrystallization from a chloroform/dichloromethane solution, single crystals of
compound DMTB-Pt(NAN"O) could be obtained and used for structure determination by X-ray
diffraction. Yield: 68%. 'H-NMR (300 MHz, CDCls). &: 9.56 (d, H1, J = 5.0 Hz), 8.01 (m, H2-H6-H7), 7.70
(d, H4, J= 7.0 Hz), 7.52 (d, H5, J = 8.3 Hz), 7.35 (td, H3, J = 6.1, 2.6 Hz), 6.33 (s, H8), 3.88 (s, H11-H12-
H13). MALDI (positive mode): 513.1. Exact mass: 512.9929 (theoretical for C1sH11N20,SCIPt: 512.9929).

4.9. X-ray Crystallography. Single crystals of compounds 1b, 1a-Pt, 1b-Pt and DMTB-Pt(NAN~AO) were
mounted on glass fiber loops using a viscous hydrocarbon oil to coat the crystal and then transferred
directly to the cold nitrogen stream. Data collection were performed at 150 K on an Agilent Supernova
with Cu-Kq (A = 1.54184 A). The structures were solved by direct methods with the SIR97 program and
refined all F? values with the SHELXL-2016/4 program using the WinGX graphical user interface. All
non-hydrogen atoms were refined anisotropically. All hydrogen atoms were placed in calculated
positions and refined isotropically with a riding model. A summary of the crystallographic data and the
structure refinement is given in Table S1. CCDC 2043947 (1b), 2043948 (1a-Pt), 2043949 (1b-Pt) and
2059865 (DMTB-Pt(NAN~O)) contain the supplementary crystallographic data for the paper. These
data can be obtained free of charge from The Cambridge Crystallographic Data Centre.
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