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ABSTRACT

Terpyridine ligands are widely used in chemistry and material sciences owing to their ability to
form stable molecular complexes with a large variety of metal ions. In that context, variations of
the substituents on the terpyridine ligand allow to modulate the material properties. Applying the
Stille cross-coupling reaction we prepared with good yields a new series of terpyridine ligands
possessing quinoline-type moieties in ortho-, meta- and para-positions and dimethylamino
substituents at central or distal positions. The corresponding cobalt(ll) complexes were
synthesized and fully characterized by elemental analysis, single crystal X-ray crystallography,
mass spectrometry, UV-vis, *H-NMR and Fourier Transform Infrared (FT-IR) spectroscopies as
well as by cyclic voltammetry (CV). Density functional theory (DFT) calculations were
performed to investigate the electronic structure of all the Co(ll) bis-terpyridyl molecular
complexes. In this work, we show that terpyridine ligand functionalization allows tuning the

redox potentials of the Co(l11)/Co(ll), Co(l1)/Co(l) and Co(l)/Co(l)(tpy)e— couples over a 1 V

range.

INTRODUCTION

Molecular complexes containing a metal center and one or two terpyridine ligands have been
extensively studied as photosensitizers,' redox shuttles for Dye Sensitized Solar Cells (DSSC),?
anolytes for redox flow batteries,® ion sensors,* nanowire transistors,> supramolecular polymers,°
but also for nonlinear optics,” and catalysis for proton® and CO; reduction.®> ° The properties of
such complexes have been shown to be strongly influenced by the electronic nature of the
terpyridine ligands. The potential applications of terpyridyl complexes as photosensitizers have

been previously investigated by Damrauer and co-workers, using the iron complex, and by



Berlinguette and co-workers, using ruthenium complexes.! Limitations arise from the lack of
efficient procedures to synthesize new terpyridine ligands, in particular bearing electronically
different substituents, which is still a current research topic.°

Following the initial synthesis of terpyridine in 1932 by oxidative coupling of pyridine using
anhydrous FeCls salt,'' several alternative synthetic routes have been employed, however with
limited efficiency in terms of yield and selectivity. Syntheses based on Pd(0)-catalyzed pyridine
coupling!? or oxidation of diacetylpyridine, followed by a condensation with an o, B-unsaturated
aldehyde in the presence of ammonium acetate!® have been proposed. Such methods and other
similar ones allowed to introduce aliphatic functional groups.

Syntheses using Hiyama, Suzuki and Stille cross-coupling reactions have recently been
reported.!* In particular, the application of Stille cross-coupling for the preparation of

l4¢ allowed the isolation of

terpyridines achieved in 1996 by Jean-Pierre Sauvage and co-workers
a variety of substituted terpyridines. Surprisingly little has been done to study the electronic
effects of these ligands on the physico-chemical properties of their metal complexes.®

In this work, we have studied a new series of substituted terpyridine ligands L2 — L8, shown in
Figure 1, with the parent terpyridine ligand L1 as a reference. The introduced functional groups
were chosen to allow investigating the influence of a broad range of electronic environments.
Ligand L2 holds two highly antagonistic electronic groups, one electron-donating substituent
(dimethylamino) on the central ring, and two electron-withdrawing substituents (trifluoromethyl)
on the distal rings. L2 was chosen to investigate the influence of functionalization at the 4-distal
position relative to the 4-central position, with special interest of compensating effects. Ligands

L3 — L5 holding quinolines in three different orientations (L3: ortho, L4: meta, LS: para) were

designed as compounds with potential ability to delocalize a negative charge. Ligands L6 — L8



form a class of strongly electron-enriched dimethylamino-based terpyridines. The number of 4-
dimethylamino groups varied from one on the central ring in L6 to two on distal ones in L7 or

one on each ring in L8. In addition, ligands L6 — L8 possess a methyl group at 2-position acting

as a weak electron donor.
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Figure 1. New terpyridine-based ligands prepared in this study (L1 is used as a reference).

The corresponding cobalt(Il) bis-terpyridyl molecular complexes C1 — C8 (Figure 2) were
prepared and characterized by single-crystal X-ray diffraction, '"H-NMR, FT-IR and UV-vis
spectroscopies, mass spectrometry, cyclic voltammetry, as well as by DFT computations. This
provides a means to determine the influence of the electronic effects of the terpyridine

substituents on the physico-chemical properties of the complexes.



Figure 2. Cobalt bis-terpyridyl-based molecular complexes (C1 — C8) investigated in this work.

RESULTS AND DISCUSSSION

Synthesis of substituted terpyridine ligands. Synthesis of the ligands using Hiyama, Negishi
and Suzuki cross-coupling reactions proved unsuccessful, affording only traces of products. The
various reaction conditions investigated are summarized in Scheme S3. Alternatively, we
investigated a synthetic route based on the Stille cross-coupling reaction, as described in Figure
3. Two different strategies were followed: (i) for the preparation of quinoline derivatives (L3 —
LS), 2-(halo)-pyridine 1 was coupled to 2-(bisorganostannyl)-pyridine 2; (ii) for terpyridines
holding a dimethylamino group on the central ring (L2, LS), 2-(organostannyl)-pyridine 3 was
coupled to 2-(diiodo)-pyridine 4 (Figure 3). Both strategies provided sufficient amounts of

product, with an isolated yield of 37 — 94 %. Ligands L7 and L8 holding distal dimethylamino



groups were prepared according to previously reported procedures involving the coupling of 2,6-
pyridinedicarboxylic acid derivatives 5 with B-ketoenamine 6, a subsequent cyclocondensation
reaction to 7 followed by activation and aromatic nucleophilic substitution.!®
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Figure 3. Synthetic strategies applied to obtain ligands L2 — L8.

Synthesis of [Co(terpyridyl):](PFs)2 complexes. The corresponding bis-substituted cobalt(II)
complexes C1 — C8 were obtained by reacting stoichiometric ratios of the ligand and cobalt
dichloride in methanol under reflux followed by precipitation of the complex through anion
exchange with ammonium hexafluorophosphate (NH4PFs).!® All complexes are paramagnetic as
confirmed by their 'H-NMR spectra showing peaks at up to ca 120 ppm (Figure S12 — S19). For

all complexes the number of peaks in proton NMR at 300 K is consistent with a C>, symmetry.



The bands assigned to the ligands in the FT-IR spectra of complexes C1 — C8 are characterized
by significant shifts reflecting complexation with cobalt(I) (Figure S49). The electronic effects
of the ligands can be nicely probed by UV-Vis spectroscopy: (i) the m-n* transition bands
(allowed transitions) in the UV-vis spectra are red-shifted upon complexation with Co(Il) (e.g.
Amax L1 =277 nm, Amax C1 = 317 nm, Figure S50 — S57) and (i1) light absorption by complexes
C1 — C8 starts at much lower energy (ca. 500 — 600 nm), as compared to the free ligands (below

400 nm) (Figure S50 — S57).

Crystal structures. Crystals were obtained by slow evaporation of acetone — toluene (2:1 v:v)
solutions of the complexes. The crystal structures were determined for C1 and C3 — C8 (single
crystals of C2 of sufficient quality could not be obtained) and are shown in Figure 4
(crystallographic parameters are given in Table S1 and S2). Distorted octahedral geometries
(MLg) were found for all complexes, with two ligands per Co center and three nitrogen atoms of
each ligand coordinating the cobalt(Il) ion. For each complex, two hexafluorophosphate counter
ions are present in the unit cell to balance the charges.

We first examined the structural changes induced by the different substituents on the ligands. We
defined the orthogonality between the ligands in each complex by means of two parameters, i.e.,
the acute o and the obtuse B Nais—Co—Naisc angles as shown in Figure 5(a). A difference between
these two values reflects a deviation from orthogonality. The results are summarized in Table 1.
While in complex C1, as well as in C4, C7 and C8, the angles o and  have comparable values
with differences < 3°, significant deviations are observed in the case of complexes C3, C5 and
C6 (Table 1), with o and [ values of 89° and 97°, respectively (C5), and 91° and 96°,

respectively (C3 and C6). The largest deviation was observed for complex C5 likely due to



intermolecular m-w interactions with neighboring complexes and co-crystallized toluene solvent
molecules (see below).

Additionally, deviation from planarity of the ligands in these complexes was quantified using
three descriptors, di, d> and ds, (see Figure 5(b)): they account for the deviation of each pyridyl
ring with respect to a plane defined by the three nitrogen atoms of one ligand. The descriptors
measure the corresponding distance between the plane and the 4-pyridyl position in each pyridyl
ring (see Table 1).

C1

Figure 4. Crystal structures of molecular complexes C1 and C3 — C8. Hexafluorophosphate
counter-ions, hydrogen atoms and solvent molecules were omitted for clarity (Ellipsoid

representations with 50% probability level).
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Figure 5. (a) Deviation from orthogonality descriptors: acute angle a and obtuse angle [3
(averaged Nais—Co—Nuist angles); (b) Deviation from planarity descriptors di, dz, d3 (the three N-
atoms of the ligand define a plane). Arbitrarily, the central ring is always defined above the

plane. Deviations above or below the plane are denoted with + and -, respectively.



Table 1. Descriptors for the deviation from orthogonality (o and 3 in deg) and for the deviation

from planarity (di, d2, ds in A). Experimental and corresponding computed values (M06-L/6-

311+G(d,p) level of theory, 0 K) for both low-spin doublet and high-spin quartet spin states of

complexes C1 — C8 are reported. For C5, the computed values in parenthesis ()* are obtained

from an optimized structure with four toluene solvent molecules, see Figure S75.

C1 C2 C3 C4 C5 C6 C7 Cs8
a(av) 93.15 - 91.3 90.3 89.3 91.0 92.1 92.4
Experimenta| B(av)  93.59 - 96.0 92.6 97.3 95.8 94.5 94.5
d +0.00(6) - +1.148)  +0.2(1 +0.0(0 +0.13(0)  +0.3(2 +0.2(2
(standard 1 (av) (6) (8) D (0) ) ) )
deviation) d,(av) -0.07(6) - 0.7(4)  -0.16(2) +0.39(4) -0.75(0) -0.5(3)  -0.0(1)
ds(av) -0.1(2) - -0.62(1) +0.3(5)  -0.39(4) +0.18(0) +0.0(4)  -0.04(3)
81.1
a(av) 917 91.7 91.9 91.6 89.8 90.6 90.5
(89.7)
103.5
Bav) 917 92 92 91.6 94.6 935 93.9
(94.5)*
0.0
Doublet d.ay 0 +0.01 +0.88 +0.01 0.0 0.0 0.0
(+0.02)
-1.23
d2(av) O +0.01  -0.41 +0.01 +0.62 +0.58 +0.63
(+0.51)*
+1.23
ds(av) O +0.01  -0.37 -0.01 -0.62 0.60 -0.65
(-0.70)*
DFT
85.2
o(av) 94 90.3 92.7 93.8 90.8 91.9 91.9
(91.3)*
104
Bav) 94 97 95 93.9 97.2 96.2 96.3
(97.4)
+0.46
Quartet di(av) +0.02 +0.02 +1.30 +0.01 +0.31 +0.29 +0.38
(+0.21)*
-1.01
d;(av) +0.01 -0.08 -0.36 +0.04 +0.33 +0.30 +0.24
(+0.58)*
+1.13
d;(av) +0.01 +0.09  -0.40 +0.04 -0.80 -0.64 -0.73
(-0.61)*
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The ligands in C1 are fully planar (< 0.07 A deviation), while those in C8 deviate slightly from
ideal planarity (d; is only +0.2 A). Ligands in C3 show the largest deviation, which likely
originates from the steric repulsion of hydrogens from central and distal 3-pyridyl positions. As a
result, the central pyridyl ring is displaced upwards (di = +1.14 A) and the distal ones are
displaced downwards (d2 = -0.70 A, d3 = -0.62 A). In contrast, ligands in C4, C5, C6 and C7
have a distorted shape, with a d> value as high as 0.75 A in C6. It seems that planarity is obtained
when the three pyridyl moieties of the ligand are identical, while significant distortions occur
when they differ in their substituents.

Table 2 reveals that the bond lengths between the cobalt ion and the central nitrogen (Co—Ncent)
are 0.09 — 0.25 A shorter than the distance between the cobalt ion and the distal nitrogen (Co—
Nais). Surprisingly, the Co—Neent distance in complex C4 is significantly shorter (1.88 A) than the
corresponding Co—Neent distances in the other complexes that vary in the range of 2.02 — 2.06 A.
The Co—Nuist bond lengths in that complex (2.06 A) are also significantly shorter than the Co—
Naist distances in the other complexes (2.15 — 2.27 A). Since the redox state of these systems is
the same, it is likely that the uniqueness of C4 is due to adoption of a different spin state (see

below).
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Table 2. Averaged bond lengths of Co-central or distal nitrogen in the crystal structures and the
corresponding computed bond lengths (M06-L/6-311+G(d,p) level of theory, 0 K) for both low-
spin doublet and high-spin quartet spin states of complexes C1 — C8. Values in bold are the

computed Co-central nitrogen distances in agreement with the measured ones.

Experimental DFT

(standard deviation) Doublet Quartet

Co—Neent Co—Nyist Co—Ncent  Co—Nuyist Co—Ncent  Co—Nuist

(av) (av) (av) (av) (av) (av)
C1(100K)  2.05(3) 2.17(2) 1898  2.109 2089 2185
C2 - - 1.901 2111 2068 2187
C3(100K)  2.06(1) 2.15(1) 1925  2.091 2101 2167
C4(100K)  1.88(3) 2.06(6) 1898  2.105 2000  2.179
C5(200K)  2.04(1) 2.272(1) 1.899  2.187 2081 2262
C6(200K)  2.02(0) 2.27(8) 1.905  2.199 2058  2.280
C7(200K)  2.046(5)  2.22(2) 1904  2.182 2000 2248
C8(200K)  2.043(3)  2.23(3) 1906  2.185 2073 2257

The steric bulk of the ligands was measured using the Veur (% buried volume) parameter
defined as the fraction of the total volume of a sphere, centered on the metal, occupied by the
ligand, using the crystallographic data (Figure S58, see Sl for details).!” For the calculations, the
sphere radius was chosen as the distance between the cobalt center and the centroid of the two
carbon atoms adjacent to the central N atom. That distance in C1 is 2.7 A and was used as a
reference. The radius R and the mesh spacing were fixed to 3.5 A and 0.05 A, respectively.
Consequently, the ligands L1 — L8 could be classified in two classes in terms of steric hindrance

(Table S3): L1 — L4 define the first class, occupying a low buried volume between 15.5 — 19.0

12



%, while L5 — L8 define a second class, with a larger buried volume of 24.5 — 26.5 %. Such
significant differences are attributed to the presence of a methyl- or aryl-type carbon on the 2-

position of the distal pyridyl ring.

Cyclic voltammetry. In order to investigate the influence of the terpyridine substituents on the
redox properties of the complexes, cyclic voltammograms (CVs) of complexes C1 — C8 were
recorded in acetonitrile solution. The data are shown in Figure 6 and in Table 3. All potentials
are given with respect to Ferrocene / Ferrocenium redox potential. The first reduction wave for
all complexes is reversible, while the reversibility of the second reduction is dependent on the
ligand used. As the most cathodic wave was irreversible in the case of C2 and C4, the scan rate
was varied from 50 to 1000 mV/sec. While this had no effect on C2, C4 showed a reversible
signal at high scan rates (above 100 mV/sec). On the other hand, the CV of C2 in DMF at a scan
rate of 1000 mV/sec displays reversible features (Figure S60). The observed irreversibility might
result from a structural or chemical transformation of the system, possibly a decoordination of

the ligand upon reduction.
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Figure 6. Cyclic voltammetry experiments of C1 — C8 (1.0 mM) in acetonitrile as solvent with
tetrabutylammonium perchlorate supporting electrolyte (0.1 M). Scan rate of 50 mV/s (the two
first reductions were measured). The molecular orbitals on which the electrons reside for each of

the two one electron reduction events are depicted for each complex.
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Table 3. Measured reduction potential (V / Fc%") of C1 — C8 in 0.1 M TBACIO4 electrolyte
solution in CH3CN and oxidation potential in 0.1 M LiTFSI electrolyte solution in CH3CN (see
SI for details). E®! is the first oxidation of [Co(bisterpyridyl)]**, E*! and E®% are the first and
1

second one-electron reduction of [Co(bisterpyridyl)]“", respectively.

C1 C2 C3 C4 Cs Ceé C7 C8

R -0.07 -0.04 -0.09 -0.21 +0.84 +0.53 +0.25 +0.03
Eedl 117 -1.24 082 -132 -089 -1.54 -1.52 -1.92
Ee2 204 -191 -1.61 -2.13 -1.68 -226 230 -2.49

As expected, the measured reduction potential values strongly depend on the ligand structure,
spanning over a broad range of ca. 1.0 V (compare C3 and C8). The parent complex C1 was
used as a reference, with E®¥'=-1.17 V and E*¥?=-2.04 V. The CV of C2 (Figure 6) shows that
two electron-withdrawing CF3 groups in the distal position compensate for the effect of one
electron-donating N(CH3)> group on the central position (C2: E®! = -1.24 V and E™* = -1.91
V). Interestingly, the quinoline derivatives L3 and L5 (ortho- and para-isomers) act as electron-
deficient ligands leading to anodically shifted reduction waves (C3: E*4!=-0.82 V; E*¥ = -1.61
V; C5: E*¥'=-0.89 V; E®¥ =-1.68 V). In the case of complex C4, the measured redox potential
values are found in the range of those of C1 (C4: E®=-1.32 V; E*#=-2.13 V).

As far as the ligands with dimethylamino groups were concerned, two main conclusions could
be drawn. First, as revealed by the similar redox potential values of C6 and C7 (C6: E*!! = -1.54
V; E*2= 226 V; C7: E®! = -1.52 V; E*¥2 = 230 V), the effect of a single substituent on the
central pyridyl moiety (C6) is equivalent to that of one on each of the distal positions (C7). This
is consistent with the Co—Ncent bond length being ca. 0.2 A shorter than the Co—Nuist ones,

suggesting a stronger interaction of the cobalt with the central pyridyl ring. Second, introducing a
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dimethylamino group on each of the three rings generates the most electron-rich ligand LS8,
resulting in very negative potential values for C8 (E™' =-1.92 V and E*¥ = -2.49 V). Based on
these considerations, the electron donating power of the ligands could be classified as follows:
L8 > L7=L6>L4>L1>L2>L5> L3. Interestingly, the very cathodic potential of -2.30 V
with full reversibility observed in the case of complex C7, combined with its very high solubility
in acetonitrile, makes it a promising compound for redox flow batteries applications.

Initial attempts to measure the oxidation potential of C1 were performed under the conditions
used for the reduction (glassy carbon electrode, 0.1 M TBACIOs4 electrolyte in acetonitrile,
Figure S62). However, the strong increase of current observed at =~ -0.1 V indicated formation of
a solid deposit on the electrode. Interestingly, a fully reversible wave was observed when DMF
was used as a solvent (Figure S63). This could be overcome in acetonitrile by changing the
electrolyte. As shown in Figure S64, lithium bistrifluoromethanesulfonimidate (LiTFSI) proved
the best electrolyte and was further used to study C2 — C8 (Figure S64). Choice of the electrode
material was critical, and thus, we utilized both glassy carbon and gold electrode (Figure S65).
Specifically in the case of C2, no oxidation wave could be detected on a glassy carbon electrode,
while a fully reversible oxidation was observed on a gold electrode. C1 — C4 display a fully
reversible oxidation with a peak-to-peak separation below 100 mV (Figure S65). CS — C8 have
less resolved redox waves, with large peak-to-peak separations and/or irreversibility. Such an
electrochemical behavior has been previously observed and is likely due to a slow electron self-
exchange rate between the Co'' and Co™™ centers at the electrode surface, as compared to the
electron transfer rate between the electrode and the cobalt ions.'® The Co(III/IT) redox potentials
are given in Table 3, and a comparison with other previously reported cobalt bis-terpyridyl

systems is given in Figure S66 and Table S4.'3" It shows that this class of system can span a

16



broad range of potentials, more than 1 V. As expected, in the C6 — C8 series the Co(III/II) redox
potential is shifting to more cathodic values when adding more amino substituents on the tpy
ligand. Interestingly, the potential of C6 (+0.53 V) was much more positive than that of R1 (-
0.39 V), a previously reported cobalt bis-terpyridyl complex with a N-pyrrolidine at the 4-central
position (Figure S66 and Table S4). This is likely explained by the strong effect of the methyl
groups in C6. It appears that the factors governing Co(III/II) redox potentials are rather complex
and not straightforward, as strong variations can result from rather minor structural and
electronic differences.

The Co(Ill/11) redox potentials cover a broad range of potentials, varying from -0.21 V vs
Fc*/Fc to +0.84 V vs Fc*/Fc. In the context of Dye Sensitized Solar Cells applications, the very
high oxidation potentials observed with complexes C5, C6 and C7 (+0.84 V, +0.53 V and +0.25

V vs. Fc*/Fc respectively) could be utilized with various organic photosensitizers.

Quantum Chemical Calculations. Density functional theory (DFT) -calculations were
performed to investigate the electronic structure of complexes C1 — C8 and to better understand
the effect of the substituents on the structure and physico-chemical properties of the complexes.
The electronic and structural properties of [Co(tpy)2]*" referred to as C1 in this work, have
previously been studied by Wieghardt et al.?° and Hauser et al.?

All systems contained Co(II) ions in a d’ electronic configuration, thus potentially allowing the
existence of two different spin states, a >E low-spin doublet and a *T high-spin quartet state. Our
calculations show that for all complexes, the quartet states are energetically more favorable
(within 6 kcal mol! for C1 — C5 and as high as 9.4, 9.5, 10.7 kcal mol! for the three

dimethylamino-containing systems C6, C7 and C8, respectively) (Table S5). The optimized
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geometries are in very good agreement with the experimental X-ray data (Table 1 and Table 2),
with the Co—-N bond lengths within 0.04 A of the corresponding values in the crystal structure,
and the angles within 2°. For both doublet and quartet spin states the Co—Ncent bond lengths are
systematically shorter by ~ 0.2 A as compared to the Co—Ngist ones, which is in line with our
experimental findings. Moreover, the Co—Ncent bond lengths vary in the narrow range of 1.90 —
1.93 A for the low-spin states, while for the high-spin states these distances are systematically
longer by 0.15 — 0.19 A, varying in the range of 2.06 — 2.10 A. The Co—Nuist bond lengths vary
slightly in the range of 2.09 — 2.20 A and 2.17 — 2.28 A for the low and high-spin states,
respectively. Hence, the Co—Ncent bond length can be used as a probe for the spin state of the
complex, which is in line with having six-coordinate high- and low-spin Co" (t2g%e¢! and tzg°eg?)
in an octahedral ligand field. In the low-spin complexes, the Jahn-Teller distortion will cause
significant tetragonal compression, manifested in elongation of the equatorial metal-ligand (Co—
Naist) bonds, which coupled with the rigid structure of the tpy ligands will cause the shortening of
the Co—Ncent bond lengths. Our findings are in agreement with previous results on Cobalt
polypyridyl-based complexes ([Co(tpy)2]?*, [Co('bpy)s]**, and [Co(phen)s]?*),?® as well as
([Co(tpy)2]** and [Co(bpy)s]**).%* A closer inspection of Table 2 thus reveals that best agreement
with our crystal structures is obtained when complexes C1 — C3 and CS — C8 are in their high-
spin quartet state, while only C4 is best described as a low-spin doublet. One should note that, as
demonstrated for C1, the spin state is strongly influenced by the environment of the complex,
depending on parameters such as the nature of the counter-ion, the nature and number of solvent
molecules in crystalline media or solution, or the temperature.?? Table 1 shows that the computed
acute o, and obtuse B Nais—Co—Naist angles are also in excellent agreement with the experimental

values, except for complex C5. The two L5 ligands in complex C5 deviate significantly from

18



orthogonality, due to favorable m-m stacking between the para-quinoline moieties (see Figure
S75). Test calculations with different DFT functionals, such as B3LYP-D3, B97D and MO06
predicted virtually the same geometry. A closer inspection of the C5 crystal structure revealed
that such dispersive interactions are prevented by the existence of four aromatic rings: two
toluene solvent molecules and two central pyridyl units from the neighboring C5 complexes in
the unit cell. We have thus performed an optimization of C5 with four toluene molecules
between the quinoline ligands, and indeed the perpendicular arrangement of the LS ligands is

maintained, in a good agreement with the experimental structure (see Table 1).

The DFT computed descriptors also indicate that the ligands in all complexes deviate
significantly from planarity, except for both spin states of C2 and C4. In CS5 the para-quinoline
units are 1.0 — 1.2 A out of the plane (exp. d23 is * 0.4 A), which gets corrected to largest
deviation of ~0.7 A when four solvent molecules are explicitly included in the geometry
optimization of the complex. Even larger deviation from planarity of the ligands is calculated for
the ortho-quinoline-based complex C3 (d; = 1.30 A vs. the corresponding experimental value of
1.14 A), owning it to the large steric repulsion of hydrogens from the central and distal pyridyl
rings within each ligand L3. Introducing two electron-withdrawing CF3 groups on the distal
pyridyl units along with a single electron-donating N(CH3)> group on the central ring in C2
complex has virtually no effect on the geometry and the structure remains essentially identical to
C1. For the terpyridines containing dimethylamino groups, C6 — C8, our calculations
consistently find distortion of planarity for their doublet spin states by ~0.6 A in terms of d» and
ds descriptors, while di = 0. The high-spin state structures are more planar (displacements of ~
0.4 A max), with largest deviations (d3 ~ 0.75 A) found for C6 and C8, which is caused by the

two N(CH3), groups on the distal rings.
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The spin density plots of complexes C1 — C8 (Figures S67 — S74) reveal the dominant
contribution of Co(Il), with p = 0.97 — 0.99 in the low-spin doublet state and p = 2.73 — 2.87 in
the high-spin quartet state and very little density on the pyridyl N atoms. Figures S67 — S74 show
the frontier molecular orbitals of complexes C1 — C8. The low-spin doublet states are
characterized by a HOMO that is a pure Co 3d orbital, except in C2 and C6 where the N(CH3)>
groups at the central ring introduce an axial symmetry and the HOMO is composed of Co 3d and
C and N 2p orbitals in the same plane. The singly-occupied MO (SOMO) is the ¢* antibonding
Co—Nyist orbital composed of Co 3d x*-y* and Naist 2p, while the LUMO orbital is the o*
antibonding Co—Nien¢ orbital composed of Co 3d z? and Neent 2p. As far as the high-spin quartets
are concerned, the HOMO orbital is either a ligand-based orbital (C1, C3, CS, C7 and C8) or the
antibonding Co—Ngist orbital composed of Co 3d x*-y? and N 2p as in C2, C4 and C6. The three
unpaired electrons reside on two ligand-based orbitals and the Co — Neent 6* antibonding orbitals
of Co 3d z?, while, while the LUMO orbital is always a ligand-based one.

Thus, the main difference in the spin states in all complexes C1 — C8 is the population of the
Co 3d 7* orbital in the quartet states, decreasing the back-bonding of Co to the central pyridyl
ring, thus providing an explanation of the change in the Co—Ncent distance, which is elongated by
~0.2 A when passing from low-spin to high-spin state.

Finally, our calculations show that the first electron reduction of complexes C1 — C8 is always
metal-based and corresponds to the reduction of Co" to Co!, with an electron occupying the
antibonding 6* Co—Ncent orbital (having mainly 3d z* character). The second reduction, on the
other hand, corresponds to a ligand-based event (see Figure 6). While in C1 the electron is
delocalized over the entire ligands, in C2 it is localized on the distal rings due to the electron-

withdrawing CF3 groups, while in the quinoline-based C3 — C5 complexes it is localized
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primarily on the central ring, involving parts of the distal quinoline rings, but not the terminal
phenyl rings (C5). Similarly, in the dimethylamino-substituted complexes C7 and C8 the

electron reside on the central ring, whereas in C6 it is delocalized on the entire L6 ligand.
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CONCLUSIONS

We have synthesized a series of new terpyridine ligands bearing a variety of substituting
moieties using Stille cross-coupling reactions. The corresponding bis-substituted Co(II)
complexes were isolated and fully characterized. The crystal structures revealed distortions in
some of these systems, especially when the terpyridine ligands were functionalized with different
substituents. The DFT calculations provided insight into understanding the differences of Co—N
bond lengths observed in the crystal structures, assigning them to differences in terms of spin
states. In particular, the Co—Ncent bond length can be used as a probe for differentiating the low-
spin doublet from the high-spin quartet state. In this work, we have shown that the redox

potential of the Co(lll)/Co(Il), Co(l1)/Co(l) and Co(l)/Co(l)(tpy)e— couples can be easily

modulated over 1 V by tuning the substituents on the tpy ligands, allowing to cover a broad

range of applications. Study of the catalytic properties of this class of complexes is currently on-

going.

EXPERIMENTAL SECTION

General. NMR spectra were recorded on Bruker AVANCE III 300 spectrometer (Bruker
BioSpin GmbH, Rheinstetten, Germany). HR-ESI-MS spectra were recorded in a positive mode
on a Waters LCT Premier XE mass spectrometer equipped with an electrospray ionization
source. The 1onization was carried out in positive mode in the 80-1500 m/z range. LR-ESI-MS
spectra of the molecular complexes were recorded in a positive mode on a PE Sciex APl 3000
mass spectrometer equipped with an electrospray ionization source. UV-vis spectra were
recorded on a Caryl00 UV-Vis spectrophotometer (Agilent Technologies, Santa Clara, USA).

Suitable crystals of the complexes were mounted in Paratone oil and transferred into a cold
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nitrogen gas stream. Intensity data was collected with Bruker Kappa-APEX2 systems using
micro-source Cu-Ka or fine-focus sealed tube Mo-Ka radiation or using an Oxford-Diffraction
XCallibur S kappa geometry diffractometer (Mo-Ka radiation, graphite monochromator, A =
0.71073 A). Data collection was carried out with the Bruker APEX2 suite of programs (APEX2
diffractometer) and by CrysAlisPro Oxford-diffraction software (XCallibur diffractometer).
Unit-cell parameters determination, integration and data reduction were performed with SAINT
(APEX II) Alternatively, unique intensities detected on all frames using the Oxford-diffraction
Red program were used to refine the values of the cell parameters (XCallibur). SADABS
(APEX II) and the ABSPACK Oxford-diffraction programs were used for scaling and multi-scan
absorption corrections. The structures were solved with WinGX and Olex2 1.2 using SHELXT-
2014 2* package and refined by full-matrix least-squares methods with SHELXL-2014. All non-
hydrogen atoms were refined anisotropically. Hydrogen atoms were placed at calculated
positions and refined with a riding model. Electrochemical measurements were performed using
a Bio-Logic SP300 potentiostat model (Bio-Logic, Claix, France). CVs were recorded in a
glovebox to prevent oxygen. An electrochemical cell with a glassy carbon electrode as a working
electrode (@ = 1.0 mm), a platinum wire as a counter electrode (@ = 1 mm) and a silver wire in
silver nitrate isolated from the solution using a vycor frit (10 mM in 0.1 M TBACIO4 solution in
acetonitrile) as a reference electrode in a 3.0 mL solution was used to measure the CVs. A gold
working electrode (@ = 3.0 mm) was also used when stated. FT-IR spectra were recorded on a IR
Prestige-21 Spectrometer with Universal ATR Sampling Accessory (Shimadzu, Kyoto, Japan).
Purifications with flash liquid chromatography were carried out using a Reveleris X2 system

(Grace, Columbia, USA) equipped with disposable silica columns. For synthesis, the solutions
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were degassed (when mentioned) by bubbling argon in the solution for at least 20 minutes. Dry

solvents (when mentioned) were obtained using a MBraun Solvent Purification System.

Computational Methods. Molecular geometries were optimized at the MO06-L*/6-
311+G(d,p)*° level of density functional theory using the Gaussian 09 software package.?” Quasi-
relativistic Stuttgart/Dresden effective core potential was used on Co.?® The integral evaluation
made use of the grid defined as “ultrafine” in GO09. Frequency calculations on optimized
geometries insured structures were minima (zero imaginary frequency) on the potential energy

surface.

Synthesis of L2. In a Schlenk flask, a toluene solution (7.0 mL) of S3 (181 mg, 0.485 mmol)
and S9 (0.635 g, 1.45 mmol) was degassed under argon during 15 min. The catalyst [Pd(PPh3)4]
(47.0 mg, 0.042 mmol) was added and the solution was degassed again under argon during 15
min. The solution was heated at 110 °C for 96 h. The solvent was removed in vacuum and the
residue was purified was column chromatography (cyclohexane / ethyl acetate gradient) to yield
L2 as a white powder (103 mg, 0.25 mmol, 52 %). IR (ATR) vmax(cm™): 2926 (w), 2854 (w),
2816 (w), 1589 (w), 1541 (w), 1506 (w), 1471 (w), 1431 (w), 1413 (w), 1379 (w), 1328 (w),
1276 (w), 1253 (w), 1228 (w), 1165 (w), 1124 (m), 1070 (w), 1004 (w), 991 (w), 975 (w), 920
(W), 894 (w), 840 (m), 788 (w), 700 (w), 663 (m), 607 (w) ; '"H-NMR (300 MHz, CDCl3): 3.34
(s, 3H), 7.59 (d, J = 5.0 Hz, 2H), 7.91 (s, 2H), 8.8 — 9.0 (m, 2H); *C-NMR (75 MHz, CDCl;)
40.28, 104.93, 117.67, 119.72, 124.68, 149.86 (2C), 156.00 — 157.5 (3C); HR-MS (ESI+) m/z

caled. for C1oHisFeN4": 413.1195, found: 413.1201 ([M+H]").
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Synthesis of L.3. In a Schlenk flask, a toluene solution (18 mL) of S5 (0.53 g, 1.3 mmol) and
S10 (1-chloroisoquinoline) (1.0 g, 3.9 mmol, Fluorochem) was degassed under argon during 15
min. The catalyst [Pd(PPh3)4] (0.153 g, 0.13 mmol) was added and the solution was degassed
again under argon during 15 min. The solution was heated at 110 °C for 96 h. The solvent was
removed in vacuum and the residue was purified was column chromatography (cyclohexane /
ethyl acetate gradient). The isolated product was recrystallized in acetonitrile, and dried under
vacuum to yield L3 as a white powder (191 mg, 0.57 mmol, 44 %). IR (ATR) Vmax(cm™): 3043
(W), 3007 (w), 2924 (w), 2852 (w), 1568 (w), 1435 (w), 1373 (w), 1346 (w), 1319 (w), 1249 (w),
1238 (w), 1215 (w), 1126 (w), 1089 (w), 1022 (w), 952 (w), 916 (W), 869 (w), 835 (W), 819 (W),
798 (w), 789 (w), 734 (w), 704 (w), 669 (w); '"H-NMR (300 MHz, CDCls): 7.51 (t, J = 7.5 Hz,
2H), 7.68 (t, J = 7.5 Hz, 2H), 7.76 (d, J = 5.5 Hz, 2H), 7.88 (d, J = 7.5 Hz, 2H), 8.16 (s, 3H),
8.68 (d, J= 5.5 Hz, 2H), 8.75 (d, J = 7.5 Hz, 2H); 3*C-NMR (75 MHz, CDCls): 121.40, 124.81,
126.84, 126.91, 127.62, 128.13, 130.13, 137.19, 137.89, 141.81, 157.32, 157.48; HR-MS (ESI+)

m/z calcd. for C23Hi6N3™: 334.1339, found: 334.1344 ([M+H]").

Synthesis of L4. In a Schlenk flask, a toluene solution (18 mL) of S5 (0.53 g, 1.3 mmol) and
S11 (3-chloroisoquinoline) (1.0 g, 3.9 mmol, Fluorochem) was degassed under argon during 15
min. The catalyst [Pd(PPh3)4] (0.153 g, 0.13 mmol) was added and the solution was degassed
again under argon during 15 min. The solution was heated at 110 °C for 96 h. The solvent was
removed in vacuo and the residue was purified was column chromatography (cyclohexane / ethyl
acetate gradient). The isolated product was recrystallized in acetonitrile, and dried under vacuum
to yield L4 as a white powder (170 mg, 0.51 mmol, 39 %). IR (ATR) Vmax(cm™): 3057 (w), 3024

(W), 2980 (W), 2964 (w), 2926 (w), 2854 (W), 1625 (w), 1581 (W), 1562 (w), 1492 (w), 1463 (w),
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1438 (w), 1427 (w), 1386 (w), 1342 (w), 1267 (w), 1255 (w), 1236 (w), 1192 (w), 1136 (w), 945
(w), 900 (w), 885 (w), 850 (w), 817 (m), 734 (m), 675 (w); 'H-NMR (300 MHz, CDCLs): 7.64 (t,
J=1.5Hz, 2H), 7.76 (t, J = 7.5 Hz, 2H), 8.06 (m, 5H), 8.56 (d, J = 7.5 Hz, 2H), 9.06 (s, 2H),
9.37 (s, 2H); '*C-NMR (75 MHz, CDCL): 117.78, 120.93, 127.57, 127.65, 127.75, 128.81,
130.55, 136.69, 137.98, 150.19, 152.08, 155.95; HR-MS (ESI+) m/z calcd. for CasHieNs':

334.1339, found: 334.1344 ([M+H]").

Synthesis of LS. In a Schlenk flask, a toluene solution (12 mL) of S5 (0.36 g, 0.89 mmol) and
S7 (2-iodoquinoline) (0.60 g, 2.67 mmol, Fluorochem) was degassed under argon during 15 min.
The catalyst [Pd(PPh3)4] (0.104 g, 0.09 mmol) was added and the solution was degassed again
under argon during 15 min. The solution was heated at 110 °C for 96 h. The solvent was
removed in vacuum and the residue was purified was column chromatography (cyclohexane /
ethyl acetate gradient) to yield L5 as a yellowish powder (282 mg, 0.84 mmol, 94 %); IR (ATR)
Vmax(cm™1): 3051 (w), 2995 (w), 2895 (W), 2798 (w), 2763 (w), 2742 (w), 2655 (w), 1616 (w),
1595 (m), 1556 (m), 1502 (m), 1433 (m), 1423 (m), 1321 (w), 1305 (w), 1247 (w), 1236 (w),
1122 (m), 1084 (m), 1060 (w), 1014 (w), 993 (w), 956 (w), 941 (w), 831 (m), 815 (m), 785 (m),
733 (m), 771 (w). '"H-NMR (300 MHz, CDCl3): 7.85 (t, J = 7.5 Hz, 2H), 7.77 (t, J = 7.5 Hz, 2H),
7.89 (d, J = 8.5 Hz, 2H), 8.08 (t, /= 7.5 Hz, 1H), 7.22 (d, J = 8.5 Hz, 2H), 8.35 (d, J = 8.5 Hz,
2H), 7.78 (d, J = 7.5 Hz, 2H), 8.85 (d, J = 8.5 Hz, 2H); HR-MS (ESI+) m/z calcd. for C23Hi6N3™:

334.1339, found: 334.1344 ([M+H]").

Synthesis of L6. In a Schlenk flask, a toluene solution (2.5 mL) of S3 (65.0 mg, 0.175 mmol)

and S12 (2-methyl-6-(tributylstannyl)pyridine) (0.20 g, 0.523 mmol, Sigma-Aldrich) was
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degassed under argon during 15 min. The catalyst [Pd(PPh3)4] (17.0 mg, 0.015 mmol) was added
and the solution was degassed again under argon during 15 min. The solution was heated at 110
°C for 96 h. The solvent was removed in vacuo and the residue was purified was column
chromatography (cyclohexane / ethyl acetate gradient) to yield L6 as a white powder (20 mg,
0.065 mmol, 37 %). IR (ATR) Vmax(cm™'): 2985 (w), 2922 (w), 2885 (w), 2802 (w), 1608 (W),
1570 (w), 1541 (w), 1506 (w), 1423 (w), 1411 (w), 1226 (w), 1141 (w), 1082 (w), 983 (w), 852
(W), 800 (w), 744 (W), 698 (W), 661 (W), 638 (w); '"H-NMR (300 MHz, CDCl3): 7.14 (d, J = 7.5
Hz, 2H), 7.71 (t, J = 7.5 Hz, 2H), 7.76 (s, 2H), 8.39 (d, J = 7.5 Hz, 2H); *C-NMR (75 MHz,
CDCl): 24.70, 39.64, 103.72, 118.49, 122.95, 136.68, 155.78, 156.42, 157.52 (2C); HR-MS

(ESI+) m/z caled. for C1oH21N4": 305.1761, found: 305.1766 ([M+H]").

General procedure for the synthesis of molecular complexes (except C5). To a solution of
anhydrous CoCl> (1.0 equiv., Sigma-Aldrich) in degassed methanol (1.0 mL / 15 pumol CoCl,)
was added a powder of the terpyridyl ligand (2.0 equiv.). The solution was refluxed for 3 hours
under argon, and cooled to room temperature. The complex was precipitated after addition of a
concentrated aqueous solution of ammonium hexafluorophosphate (8.0 equiv., Sigma-Aldrich),
and the product was collected by filtration. The product was thoroughly washed with each time
20 mL of water (milliQ), toluene, and Et,O. The obtained powder was dissolved in a minimum
amount of acetone, and toluene was added dropwise until the complex precipitated. The

precipitate was collected and dried under vacuum to provide C1 — C8.

Synthesis of C5. To a solution of anhydrous CoCl> (1.0 equiv., Sigma-Aldrich) in degassed

methanol (1.0 mL / 7.5 pmol CoCl,) was added a powder of the terpyridyl ligand (2.0 equiv.).
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The solution was refluxed for 3 hours under argon, and cooled to room temperature. A
concentrated solution of ammonium hexafluorophosphate (8.0 equiv., Sigma-Aldrich) in
methanol was added, and the solvent was removed with rotary evaporator. The product was
thoroughly washed with each time 20 mL of water (milliQ), toluene, and Et2O. The obtained
powder was dissolved in a minimum amount of acetone, and toluene was added dropwise until
the complex precipitated. The precipitate was collected and dried under vacuum to provide CS5.

C1: Isolated yield: 93 %; '"H NMR (300 MHz, CD3CN): 98.88, 56.77, 48.24, 33.97, 21.25,
8.39; IR (ATR) vmax(cm™): 3130 (w), 3095 (w), 2972 (w), 2900 (w), 2885 (w), 1600 (w), 1577
(w), 1473 (w), 1452 (w), 1436 (w), 1323 (w), 1244 (w), 1193 (w), 1051 (w), 1029 (w), 1014 (w),
902 (w), 879 (w), 837 (s), 819 (s), 767 (s), 740 (w), 729 (w), 690 (w); Anal. Calcd for
C30H22CoF12N6P2 @ C, 44.19; H, 2.72; N, 10.31. Found: C, 44.33; H, 2.66; N, 10.28. LRMS
(ESI"), m/z: 670.3 ([IM-PF¢]"), 262.6 ([M-2PF¢]*").

C2: Isolated yield: 82 %; "H NMR (300 MHz, CD3CN): 99.66, 83.20, 68.40, 25.24, 23.75; IR
(ATR) Vmax(cm™): 2987 (w), 2972 (w), 2891 (w), 1616 (w), 1533 (w), 1506 (w), 1417 (w), 1330
(m), 1288 (w), 1265 (w), 1230 (w), 1178 (w), 1165 (w), 1138 (w), 1089 (w), 1029 (w), 900 (W),
823 (s), 734 (w), 680 (m), 665 (w); Anal. Calcd for C41H34CoF24NgOP> (C2+CH3COCH3): C,
39.98; H, 2.78; N, 9.10. Found: C, 40.31; H, 2.63; N, 8.95. LRMS (ESI"), m/z: 1028.4 ([M-
PFe]"), 441.9 (IM-2PF¢]*").

C3: Isolated yield: 77 %; '"H NMR (300 MHz, CD3CN): 105.71, 67.45, 40.06, 15.79, 13.88,
9.61, 6.80, 2.09; IR (ATR) vmax(cm™"): 3082 (w), 2972 (w), 2895 (w), 1705 (w), 1622 (w), 1585
(w), 1573 (w), 1552 (w), 1471 (w), 1456 (w), 1386 (W), 1354 (w), 1311 (w), 1271 (w), 1222 (w),

1186 (w), 1020 (w), 875 (W), 833 (s), 821 (s), 740 (w), 667 (w); Anal. Calcd for
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Cs3H3sCoF12NeP2 (C3*PhMe): C, 57.46; H, 3.46; N, 7.59. Found: C, 57.36; H, 3.35; N, 7.25.
LRMS (ESI"), m/z: 870.6 (IM-PFs]"), 362.7 (IM-2PFs]*").

C4: Isolated yield: 71 %; 'H-NMR (300 MHz, CDsCN): 111.46, 55.40, 46.74, 21.27, 10.15,
9.27, 7.96, 7.89, 6.08; IR (ATR) vmax(cm1): 3093 (W), 2972 (w), 2885 (w), 1625 (w), 1602 (W),
1568 (w), 1505 (w), 1489 (w), 1446 (w), 1390 (w), 1298 (w), 1269 (w), 1174 (w), 968 (W), 831
(s), 810 (s), 758 (w), 736 (w), 678 (w); Anal. Caled for Cs3H3sCoF12NeP2 (C4*PhMe): C, 57.46;
H, 3.46; N, 7.59. Found: 57.24; H, 3.36; N, 7.29. LRMS (ESI"), m/z: 870.7 ([M-PF¢]"), 362.7
([M-2PF¢]*").

C5: Isolated yield: 90 %; 'H-NMR (300 MHz, CD3CN): 98.64, 72.23, 27.88, 24.14, 14.77,
4.95, 3.75, 2.33; IR (ATR) vmax(cm™): 3093 (w), 2972 (w), 2893 (w), 1593 (w), 1516 (w), 1485
(w), 1435 (w), 1379 (w), 1342 (w), 1271 (w), 1220 (w), 1195 (w), 1148 (w), 1101 (w), 1083 (W),
1029 (w), 877 (w), 825 (s), 806 (s), 779 (m), 761 (m), 738 (m), 686 (w); Calcd for
Cs3H3sCoF12NeP2 (C5°PhMe C, 57.46; H, 3.46; N, 7.59. Found: C, 57.18; H, 3.43; N, 7.27.
LRMS (EST"), m/z: 870.7 (IM-PFs]"), 362.8 ([M-2PFs]*").

C6: Isolated yield: 86 %; 'H-NMR (300 MHz, CD3CN): 113.79, 77.10, 35.85, 20.17, -0.95, -
11.67; IR (ATR) Vmax(cm™): 2972 (w), 2900 (w), 1618 (w), 1604 (w), 1573 (w), 1533 (w), 1456
(w), 1438 (w), 1379 (w), 1307 (w), 1251 (w), 1166 (w), 1114 (w), 1070 (w), 1047 (w), 997 (w),
906 (w), 873 (w), 831 (s), 800 (m), 742 (w), 651 (w); Anal. Calcd for C41H4sCoF12NsOP;
(C6°CH3COCHs): C, 48.48; H, 4.56; N, 11.03. Found: C, 48.32; H, 4.50; N, 10.93. LRMS
(ESTY), m/z: 812.3 ([M-PF¢]"), 333.7 ((M-2PF¢]*").

C7: Isolated yield: 88 %; '"H-NMR (300 MHz, CD3CN): 61.01, 58.65, 45.21, 8.87, 7.07, -7.92;
IR (ATR) vmax(em™): 2933 (w), 2895 (w), 2818 (w), 1610 (w), 1573 (w), 1521 (m), 1506 (w),

1489 (w), 1436 (w), 1417 (w), 1384 (w), 1369 (w), 1311 (w), 1271 (w), 1232 (w), 1186 (),
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1166 (w), 1143 (w), 1126 (w), 1105 (w), 1066 (w), 1047 (w), 985 (w), 829 (s), 813 (s), 738 (W),
694 (w); Anal. Caled for C42Hs0CoF12N1oP2: C, 48.33; H, 4.83; N, 13.42. Found: C, 47.89; H,
4.89; N, 13.30. LRMS (ESI"), m/z: 898.8 ([M-PFs]"), 376.3 ([M-2PFs]*").

C8: Isolated yield: 74 %; '"H-NMR (300 MHz, CDsCN): 87.28, 67.31, 29.45, 19.16, 1.76, -
9.82; IR (ATR) vmax(cm™): 2972 (w), 2931 (w), 2893 (w), 2818 (w), 1608 (m), 1537 (w), 1506
(m), 1427 (w), 1367 (w), 1232 (w), 1178 (w), 1155 (w), 1045 (w), 989 (w), 821 (s), 810 (s), 707
(w); UV-vis (CH3CN): ; Anal. Caled for C46HeoCoF12N12P2: C, 48.90; H, 5.35; N, 14.88. Found:

C, 46.76; H, 5.15; N, 14.29. LRMS (ESI"), m/z: 984.9 ([M-PF¢]"), 420.1 ([M-2PFs]*.
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Synopsis. Synthesis of terpyridyl ligands with different electronic substituents was
successfully achieved using the Stille cross-coupling reaction. The corresponding cobalt(II)
bisterpyridyl molecular complexes were obtained and characterized by X-ray crystallography,
spectroscopy and density functional theory calculations. The electronic substituents on the

ligands allow tuning the reductions up to 1 V.
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