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ABSTRACT: We report the synthesis of a key mononuclear intermediate complex based on a quinoid ligand, and its further
metalation to afford the corresponding heterobimetallic compound that revealed unique properties. An unprecedented
heterobimetallic effect in coordination chemistry could be indeed observed and exploited to prepare, through selective ligand ex-
change, a tetranuclear complex (Pd-Ni-Ni-Pd) absorbing light up to the far-red region. Most importantly, we describe here to the
best of our knowledge the first use of bischelating ligand for ligand exchange and this approach can be considered as a new route
for incorporating planar units to access multi-heteronuclear complexes. The origin of this specific ligand exchange as well as of the
nature of the electronic excited-states of the relevant structures have been investigated by first-principle calculations.

INTRODUCTION

Quinones belong to one of the most important classes of n- conjugated molecules with applications covering a broad spectrum
ranging from chemistry to materials science, physics to biology, and engineering to medicine.' Quinones have attracted considera-
ble interest in coordination chemistry because their m*-orbitals can mix extensively with the valence d-orbitals of a metal center,
allowing a full electron delocalization over both metal and ligand.” As a consequence, remarkable properties emerged especially for
complexes based on bis-chelating quinoidal ligands which could be used in catalysis, molecular electronics, magnetism or optics.’
The classical bis-chelating ligand in quinoid chemistry is the widely used 2,5-dihydroxy-1,4-benzoquinone 1 that can bind one, two
or more metal centers. Noteworthy, although 1 is probably the most used quinoid ligand (more than 200 complexes have been
reported), there are currently no record on heteronuclear complexes, most probably due to the high reactivity of both chelating sites.

The nitrogenated analogues 2 are in the limelight of coordination chemistry because of (i) the presence of N-substituents that can
be tuned almost at will’, and (ii) the easy introduction of metal centers to form mono-° and dinuclear complexes.’ These latter com-
pounds (3) have been shown to be particularly useful in magnetism (M = Cu, Fe, Cr, Mn, Co),’ catalysis (M = Ni),® polymer (M =
Na),” electromism (M = Pt)'’ and optics (M = Ir)."" The great potential of homodinuclear complexes (3) led us to investigate strate-
gies which could provide access to the as yet unknown heterometallic analogues 4, featuring two different metal centers. We rea-
soned that the persistent failure to access such heterobimetallic species could arise from the poor stability of the mononuclear com-
plexes reported so far. To address this issue, we propose here a stepwise approach based on the synthesis of square planar d® metal
mononuclear complexes enabling to maximize the electronic delocalization over the whole molecule, and consequently their stabil-

ity.
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As a preliminary step, we have focused on strategies allowing to produce multinuclear complexes by selective ligand exchanges
since these reactions are metal-dependent and favored or unfavored depending on the affinity of the ligand. Interestingly, ligand
substitutions in planar nickel(Il) complexes have been extensively investigated for monodentate ligands,12 but never with
bischelating motifs such as 2.

In the present work, we report three major advances in coordination chemistry: (i) the synthesis of an unknown square planar
mononuclear complex based on N,-type ligand 2, (ii) the complexation of two different metal center to afford the first
heterobimetallic complex in quinonediimine chemistry, and (iii) a remarkable heterobimetallic effect that could be exploited to
achieve a regioselective synthesis of coordination oligomers, one metal center being used as a reactive site (Ni) while the second
one only plays the role of stopper (Pd). This latter process involves the incorporation, through selective exchange, of an exogenic
ditopic binding moieties to yield a multinuclear complex (Pd-Ni-Ni-Pd) that presents a pronounced far-red absorption. Such
straightforward exchange reactions have thus been implemented to achieve control over the length of metal-ligand oligomers in-
volving the quinoid ligand 2. The electronic effects of the metal ligation and the ligand exchange have been investigated by absorp-
tion spectroscopy and rationalized by ab inito calculations.

RESULTS AND DISCUSSION

The synthesis of square planar mononuclear complexes was first envisaged by reacting a stoichiometric amount of ligand 2 (R =
nBu) and M(acac), (in THF for M =Ni or dioxane for M = Pd). Unfortunately, this reaction did not afford the expected complex 5
but the dinuclear species 6a and 6b (Scheme 1). Selective formation of these complexes can be explained by an allosteric effect
implying that metalation of the first chelating site enhances the metal-binding ability of the second site. In other words, 5 can be
seen as an “activated” intermediate featuring improved metal-binding properties. The homodinuclear species 6a and 6b could be
obtained in much better yields (72 and 70% respectively) from 2 when using two molar equivalents of M(acac),. Their stability
could be established both at the solid-state and in solution, even in the presence of an excess of 2 (Scheme 1).

Scheme 1. Synthesis and reactivity of homodinuclear complexes 6a-b
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Remarkably, introduction of unsubstituted ligand 7 to a solution of 6a and 6b (up to 70°C) revealed a drastic difference in reac-
tivity depending on the metal centers. If an inseparable mixture of oligomers could be observed from 6a (M = Ni), no reaction
could be observed upon the same conditions from 6b, evidencing both the crucial role of the metal and the impact of using an un-
hindered ligand 7 instead of 2. This observation can be explained by ligand substitution often encountered on planar nickel(II)
complexes that undergo exchange ligand reactions." These results prompted us to devise synthetic strategies providing access to the
heterobinuclear analogue 9 wherein: (i) the Ni(II) site could be available for ligand exchange, and (ii) the Pd(II) center could be-
have as a « stopper » preventing the formation of oligomers on this side. To address the above-mentioned allosteric effect, the
metalation reaction was conducted in the presence of an acid used to annihilate the reactivity of the « metal free » binding site by
selective protonation of one nitrogen atom. Thus, the free ligand 2 (R=n-Bu) was thus reacted with 1 equiv. of Pd(acac), and 1
molar equiv. of HBF, in 1,4-dioxane to afford the corresponding mononuclear complex 8 as a dark powder in 81% yield (Scheme
2).

Scheme 2. Stepwise synthesis of mono- (8), heterodi- (9) and heterotetranuclear (10) complexes
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X-ray diffraction analysis of complex 8 indicates the mono-metallation of the ligand and the presence of BF, anion to balance the
monocationic charge on the palladium center (see Figure 1 for 8). Close examination of the bond distances within the N(1)-C(1)-
C(2)-C(3)-N(3) and N(4)-C(4)-C(5)-C(6)-N(2) moieties of 8 revealed an alternating succession of single and double bonds and the
presence of two imine functions in ortho position [C(1)-N(1) and C(6)-N(2)], whereas the C(1)-C(6) and C(3)-C(4) are single bonds
with respective distances of 1.502(4) and 1.493(4) A, highlighting the lack of conjugation between the two halves of the molecule.
These data thus reveal that coordination of a metal center comes along with a para—ortho isomerization of the ligand® which pro-
vides a square planar environment around the metal center, hitherto unknown for mononuclear complexes based on 2.

Next, 8 was reacted with an excess of Ni(acac), in MeOH at 60 °C. The obtained precipitate was isolated by filtration to afford a
brown powder identified as being the targeted heteronuclear complex 9 (37% yield). In contrast to 8, X-ray diffraction study on
single crystals of 9 revealed an extensive m-electronic delocalization (uniform bond lengths over the whole structure) whereas the
lack of significant conjugation between the two 67-subsystems was maintained, as already observed for homobimetallic complexes
such as 6a and 6b and related dinickel complexes.® The presence of the two different metals (Ni and Pd) was clearly established (by
comparison with the X-ray data of 6a and 6b, see SI), the metal centers and the ligand being guasi in the same molecular plane.



Figure 1. ORTEP views of 8 and 9 (H atoms are omitted for clarity).

Interestingly, comparative NMR studies carried out on 6a, 6b and 9 revealed that the heterobimetallic complex (9) exhibits key
distinctive features of both homobimetallic reference compounds (6a and 6b), as displayed for instance by the resonances of the N-
CH, and H, protons (Figure 2). Similar conclusions can be drawn from electrochemical data recorded in DCM on platinum elec-
trodes. Each compounds exhibit two fully irreversible oxidation waves whose characteristic peak potential values are shifted upon
replacing nickel with palladium (E,,,[6a] < E,,;[6b]). As revealed by NMR, the CV curve of the mixed compound 9 can be seen as
the sum of the signatures of 6a and 6b with E,,,[9]= E ,,;[6a] and E,,, [9]= E ,.1[6b] (see the SI). The potential values collected
for all the complexes (see SI, Table S3) can be used to provide hints about the location of electron transfer. The first oxidation
potential (£,~0.5 V vs. SCE in all cases) collected for all the dinuclear species 6a, 6b and 9 is for instance consistent with a ligand-
centered oxidation process. This conclusion is obviously supported by the fact that the oxidation potential is poorly influenced by
the metals complexed on both sides. In addition, metal centers in most Pd(I) and Ni(II) complexes are usually not oxidized at such
low potential values (Pd(III) and Ni(III) complexes are quite rare and these oxidation states are difficult to stabilize). Such prelimi-
nary analysis can unfortunately only be carried out with the first oxidation processes due to the existence of chemical steps cou-
pled to the electron transfer (EC type of mechanism). With respect to reduction, the same reasoning can be used to attribute the
waves observed at similar potential values in DMF for 6a, 6b and 9. Here again the limited influence of the metal centers strongly
support the conclusion that reduction occurs on the ligand rather than on the metal.

Next, we were keen to exploit the heterobimetallic nature of 9 in which the Ni center should be reactive with respect to ligand
exchange reactions whereas the Pd metal should be inert. To this end, complex 9 was reacted with the unsubstituted and
bischelating ligand 7 (1 molar equiv.) in THF at room temperature. After 3 days, the tetranuclear complex 10 was isolated as a dark
blue powder in 46% yield. This molecule is stable in solution under air and moisture in neutral or basic conditions, but appeared
sensitive to acidic medium in solution (even in CHCI; after several hours). Complex 10 was fully identified using NMR spectros-
copy, elemental analysis and high-resolution mass spectrometry (HRMS) (see the SI). The '"H NMR spectrum of 10 revealed the
presence of signals at 5.38 (I=2), 4.72 (I=2) and 4.57 (I=4) ppm consistent with the acac C-H resonances, and with the central and
external quinoidal C-H protons, respectively (see the SI). At this stage, one can infer that formation of 10 results from an associa-
tive mechanism in which the incoming ligand 7 coordinates at the Ni center and assists the dissociation of the leaving acac ligand.
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DEFT calculations have been carried out to provide further insights into the formation mechanism of 10 (see SI for details). These
studies revealed that the process is not thermodynamically but kinetically controlled, and that the coordination at the nickel center
of 9, either by surrounding solvent molecules (THF) or directly by 7, leads to the formation of a favored octahedral intermediate in
which the O-Ni bond is weakened. NMR of 9 in THF-d; clearly indicates the absence of high spin complex (i.e. no coordination of
solvent). We have therefore evaluated the hypothesis of a directly attacking 7 on both the Ni and Pd centers of 9 and we found that
the most stable 7+9 intermediate is constituted of a high-spin octahedral Ni environment (the most stable structure is displayed in
Figure 3), whereas complexation on the Pd side offers structures higher in energy irrespective of the considered spin state. There-
fore, the observed reactivity is probably due to the complexation of 7, that allows this metal to go to the more reactive triplet state,
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Figure 2. '"H NMR spectra of 6a, 6b, and 9 in CDCl,.

in which breaking the acac bond is easier.

Figure 3. The most stable 7+9 intermediate that could be obtained (triplet ground-state, complexation on the Ni side). The hydro-

The UV-Vis absorption spectra of 8 (Pd) and 9 (Ni-Pd) exhibit broad bands centered at 421 and 445 nm for 8 and 467 and 501
nm for 9 (Figure 4). As expected, complex 10 features a pronounced redshift and the absorption extends up to the far-red region as
a result of the extension of the delocalization of the conjugated Tt-system.14 Remarkably, a considerable hyperchromic effect is also

gen atoms have been omitted for clarity.

observed (¢°™ =110 400 M'cm™ for 10 vs &°' "= 42 400 M"'cm for 9).
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Figure 4. Absorption spectra of 8 (red), 9 (purple) and 10 (blue) in dichloromethane.

DEFT calculations have also been carried out to establish relationships between the electronic spectrum and the n-electron delocal-
ization in these compounds (see the SI for details). For 8, 9 and 10, TD-DFT returns the first significantly dipole-allowed excited-
states at 425 nm (/=0.34), 423 nm (/~1.03) and 517 nm (f=2.38) respectively. Obviously, the strong hyperchromic effect when
going from the smallest to the largest compound is well reproduced by theory, e.g., the oscillator strength of 10 is 2.3 times larger
than the one in 9, whereas the ratio between the measured ¢ is 2.6. The bathochromic displacement when going from 9 to 10, is also
well captured by TD-DFT (exp: -0.65 eV, theory: -0.53 eV).

Figure 5. Density difference plots between the excited and ground states for 8, 9 and 10. Red (blue) regions indicate increase (de-
crease) of the density upon absorption. The selected contour threshold is 0.0004 au.

Nevertheless, we note that the computed wavelengths are too blueshifted, which is the logical consequence of neglecting vibronic
effects,” and the shift between 8 and 9 is not accurately restored by theory. The excited-states of these three compounds are ana-
lyzed as density difference plots in Figure 5. In 8, there is a strong charge-transfer from one side (mostly in blue) to the other of the
molecule (mostly in red). In contrast, the density difference plots of 9 and 10 show highly-delocalized n—=[] transitions which are
strongly symmetric, involve the metallic centers, and present a nature alike the one obtained in homo-nuclear structures."*

CONCLUSION

In summary, we have reported a novel and straightforward route to access multinuclear complexes reaching the far-red region ab-
sorption. This approach is based on (i) a stepwise synthesis of a heterobinuclear Pd-Ni complex from a stable square planar mono-
nuclear Pd(IT) derivative, and (ii) an unprecedented heterobimetallic effect that allowed a selective concomitant ligand exchange.
Soluble and stable hetero-tetranuclear complexes are now accessible for a wide range of technological sectors. As far-red -
absorbing organic materials, these new dyes are highly attractive in the optoelectronic field (OPV, DSSC, photodetection, conduc-
tion).'® As multinuclear complexes, they are also relevant for catalysis,'” and selective gas sensors thanks to the presence of two
different metal centers able to bind an analyte (response by spin state changes in the case of nickel for instance)."®

EXPERIMENTAL SECTION

Synthesis of 6a. To a solution of ligand 2 (R = nBu) (m = 144 mg, 0.399 mmol, 1 equiv.) in THF (v = 4 mL) was added
Ni(acac), (m =205 mg, 0.798 mmol, 2 equiv.). The reaction mixture was stirred at room temperature overnight and the solvent was
then removed under reduced pressure. The resulting solid was taken up in Et,O (v =35 mL) and the obtained precipitate was isolated
by filtration, washed with Et,0 (v =3 x 10 mL) and dried under vacuum to afford 6a as a dark green crystalline powder (m = 193
mg, 0.286 mmol, 72% yield). Monocrystal of 6a for X-ray analysis was obtained by slow diffusion with CDCl; / n-heptane. 'H
NMR (400 MHz, CDCl, 294 K): 8(ppm) = 5.38 (s, 2H, CH-acac), 4.55 (s, 2H, N-C-C-H), 2.26 (t, *Jiy; = 7.0 Hz, 8H, N-CH,-), 1.80
(s, 12H, CHj-acac), 1.36-1.27 (m, 16H, -CH,-CH,-CHj3), 0.89 (t, *Juy = 7.0 Hz, 12H, -CH,-CH3). >C NMR (100 MHz, CD,Cl,, 294
K): 8(ppm) = 187.2, 166.0, 101.6, 84.2, 43.8, 31.4, 25.8, 21.1, 14.3. HRMS (ESI-TOF): m/z [M+H]" for C;,Hs;N,O,Ni," calcd.
673.2768, found 673.2767, err. < 1 ppm. Elemental analysis for C3,Hs;N4O4Ni, (674.17): caled. C 57.01, H 7.77, N 8.31 found C
56.94,H 7.84, N 8.18.

Synthesis of 6b. To a solution of ligand 2 (R = nBu) (m = 50 mg, 0.139 mmol, 1 equiv.) in 1,4-dioxane (v = 3 mL) was added
Pd(acac), (m = 85 mg, 0.279 mmol, 2 equiv.). The reaction mixture was heated overnight at 100 °C. The solvent was then removed
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under reduced pressure and the resulting solid was washed with Et,0 (v =3 x 3 mL), isolated by filtration and dried under vacuum
to afford 6b as a brown crystalline powder (m = 74 mg, 0.096 mmol, 70% yield). Monocrystal of 6b for X-ray analysis was ob-
tained by slow diffusion with CDCl; / n-heptane. 'H NMR (400 MHz, CDCl;) 8(ppm) = 5.33 (s, 2H, CH-acac), 4.83 (s, 2H, N-C-C-
H), 2.98 (t Jun = 7.2 Hz, 8H, N-CH,-), 1.94 (s, 12H, CH;-acac), 1.56-1.49 (m, 8H, N-CH,-CH,-), 1.43-1.34 (m, 8H, -CH,-CHs),
0.93 (t, *Jyn = 7.3 Hz, 12H, -CHZ CH;). "C NMR (400 MHz, CDCl;) &(ppm) = 186.3, 167.7, 101.0, 82.6, 46.8, 30.6, 26.5, 20.6,
14.1. MS (ESI-TOF): m/z [M+H]" for C3,H5;N,O4Pd," caled. 771.2, found 771.2. Elemental analysis for C32H52N4O4Pd2 (769.62):
caled. € 49.94, H 6.81, N 7.28 found C 49.89, H 6.63, N 7.13. UV-Vis Absorption in CH,Cly: & S =60 000 M'em™, €0 "™ =33
200 M'em™, €™ =15 700 M"'em™, £ ™= 5900 M'em!

Synthesis of 8. To a solution of ligand 2 (R = nBu) (m = 180 mg, 0.499 mmol, 1 equiv.) in 1,4-dioxane (v =25 mL), were added
Pd(acac), (m = 152 mg, 0.499 mmol, 1 equiv.) and aq. HBF, (0.153 M, v = 3.26 mL, 0.499 mmol, 1 equiv.). The mixture was
stirred at reflux under argon for 7 h. The solvent was then removed under reduced pressure and the residue was taken up in
Et,O/CH,CI, and sonicated. The obtained precipitate was isolated by filtration, washed with Et,O (v =2 x 50 mL) and dried under
vacuum to afford 8 as a dark brown powder (m = 284 mg, 0.435 mmol, 81% yield). Molecule 8 is stable in solution under air and
moisture. Monocrystal of 8 for X-ray analysis was obtained by slow diffusion with CH,Cl, / n-heptane. 'H NMR (400 MHz,
CDCl;, 294 K): 6 =6.86 (brt 2H, NH), 5.48 (s, 1H, CH-acac), 5.24 (s, 2H, N- C C-H), 3.30-3.21 (m, 8H, -CH,-CH,-CHy), 2.06 (s,
6H, CH;-acac), 1.74 (quintet, *Jun = 7.5 Hz, 4H, NH-CH,-CH, -), 1.61 (quintet, *Jun = 7.5 Hz, 4H, N-CH,-CH,- ), 1.48-1.37 (m, 8H,
-CH,-CHj3), 0.99-0.94 (m, 12H, -CH,-CH;). 13C NMR (100 MHz, CDCl;, 294 K): 8 = 186.9, 167.5, 148.7, 101.8, 86.3, 48.4, 44.1,
31.1,29.2,26.3, 20.6, 20.3, 14.0, 13.7. °’F NMR (376 MHz, CDCl;, 294 K): § = -150.42, -150.47. HRMS (ESI-TOF): m/z M+ for
C,-H;N,0,Pd” caled. 565.2739, found 565.2740, err. < 1 ppm. Elemental analysis for C,;H4,BF,N,0,Pd- /GCHZCIZ (667.07): calcd.
C48.91, H7.15, N 8.40; found C 48.71, H 6.66, N 8.89. UV-Vis Absorption in CH,Cly: & MM =20900 M'em™, €% "™ =20 100 M”
e, 2272 8 600 M em™, £ ™= 10 900 M-'em.

Synthesis of 9. To a solution of 8 (m = 50 mg, 76.6 umol, 1 equiv.) in MeOH (v = 6 mL), was added Ni(acac), (m = 62 mg, 241
umol, 3.15 equiv.). The reaction was stirred at 60 °C overnight. The resulting precipitate was isolated by a filtration, washed with
MeOH and EtOH, dried under vacuum to afford the desired product 9 as a brown powder (m = 20 mg, 27.7 pmol, 37% yield).
Molecule 9 is stable in solution under air and moisture. Monocrystal of 9 for X-ray analysis was obtained by slow diffusion with
CH,Cl, / MeOH. 'H NMR (400 MHz, CDCl,, 298 K): & = 5.39 (s, 1H, CH-acacNi), 5.32 (s, 1H, CH-acacPd), 4.69 (s, 2H, N-C-C-
H), 2.94 (t, *Jyy = 7.3 Hz, 4H, Pd-N-CH,-), 2.31 (t, *Jyy = 7.2 Hz, 4H, Ni-N-CH,-), 1.94 (s, 6H, CH;-acacPd), 1.81 (s, 6H, CH;-
acacNi), 1.54-1.46 (m, 4H, Pd-N-CH,-CH,-), 1.43-1.28 (m, 12H, -CH,-), 0.93-0.89 (m, 12H, -CH;). “C NMR (100 MHz, CDCl,,
294 K): 6 = 186.5, 186.3, 167.9, 165.5, 101.4, 100.9, 83.3, 46.8, 43.5, 31.0, 30.5, 26.5, 25.6, 20.8, 20.6, 14.1, 14.1. HRMS (ESI-
TOF): m/z [M+H]" for Cy,HN,O\NiPd caled. 723.2444, found 7232445, err. < 1 ppm. Elemental analysis for
C3oH5NaNiO,Pd-H,0 (739.91): caled. C 51.94, H 7.35, N 7.57; found C 52.20, H 7.12, N 7.61. UV-Vis Absorption in CH,Cl;: e
™= 42 400 M e, €7 =33 400 M em”, £ ™= 8 500 M em, £ ™= § 700 M e, 2™ = 61 300 M e

Synthesis of 10. To a solution of 9 (m = 60 mg, 83.1 umol, 1.9 equiv.) in THF (v=15 mL), were added 7 (m = 5.9 mg, 43.3 pmol, 1
equiv.) and 2 drops of iPr,NEt. The mixture was stirred at room temperature for 3 days. The resulting precipitate was isolated by a
filtration and taken up in CH,Cl,. The unsoluble solid was then filtered off and the filtrate was evaporated under vacuum to afford a
crude product. This latter was washed with acetone (containing 1% Et;N), Et,0, and dried under vacuum to afford 10 as a dark blue
powder (m =26 mg, 18.8 umol, 46% yield). 'H NMR (400 MHz, CDCl3, 294 K): 6 = 5.33 (s, 2H, CH-acacPd), 4.73 (s, 2H, NH-C-
C-H), 4.71 (s, 4H, N-C-C-H), 3.55 (br s, 4H, NH), 2.95 (br t, 8H, Pd-N-CH,-), 2.60 (br t, 8H, Ni-N-CH,-), 1.94 (s, 12H, CH;-
acacPd), 1.52-1.43 (m, 8H, Pd-N-CH,-CH,-), 1.40-1.29 (m, 24H, -CH,-), 0.95-0.89 (m, 24H, -CH;). No BC NMR spectrum of 10
could be recorded owing to its poor solubility. HRMS (ESI-TOF): m/z [M+H]" for C4Hs,N;,O,Ni,Pd,", calcd. 1379.4533, found
1379.4535, error < 2 ppm. Elemental analysis for C4HosN,Ni,O4Pd,CH,Cl, (1464.64): calcd. C 50.02, H 6.74, N 11.48; found C
49.60, H 6.52, N 11.93. UV- Vls Absorption in (:H2c12 containing 0.5% of DIPEA: £ "™ = 110 400 M'em™, £”* ™ = 64 900 M"
'em™, %™ =28 000 M'em™, €™ =35 500 M'em™!
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