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and the precise structure and stoichiometry of the complexes o AIMe3 or MeLi
depend critically on the identity of substituents in the 2, 4, and

6 positions of the phenyl ring. The 2-(arylazo)pyridine motif R h‘\# Lb

can support either Co" complexes with neutral ligands, NH, » FcPFg

Co''CL(LY), (1), Co"ClL(L?), (3), [COHCI(Lb)z]z(PFs)z o 2+
r\ 7 C(
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ABSTRACT: A series of cobalt complexes of ligands based on
the 2-(arylazo)pyridine architecture have been synthesized,

Me—Co'“

(5[PF4),), or Co™ complexes of reduced 2-(arylazo)pyridine
ligand radical anions, L*~, Co™CI(L"*7), (2), Co™CI(L**7), "
(4), and Co™Me(L"*7), (6). All three members of the latter Co /C I
class are based on approximately trigonal-bipyramidal CoX- G

(L*7), architectures [L = 2-(arylazo)pyridine] with two azo R=Cl R R=Me

nitrogen atoms and the X ligand (X = Cl or Me) in the

equatorial plane and two pyridine nitrogen atoms occupying axial positions. Density functional theory suggests that the electronic
structure of the Co™ complexes is also dependent on the identity of X: the strong o-donor methyl gives a low-spin (S = 0)
configuration, while the o/z-donor chloro gives an intermediate-spin (S = 1) local configuration. In certain cases, one-electron
reduction of the Co"X,L, complex leads to the formation of Co™X(L*"),; i.e., reduction of one ligand induces a further one-

electron oxidation of the metal center with concomitant reduction of the second ligand.

B INTRODUCTION

The majority of studies of the redox properties of coordination
complexes have focused on the metal ion, with the surrounding
ligands generally bemg regarded as mere spectators. However,
the concept of ligand “noninnocence”,' wherein a ligand, rather
than the metal center, is the site of redox activity, has been
appreciated for almost half a century. A number of practical
applications of transition metal—ligand radical complexes in
catalytic and enzymatic processes have also emerged,”™” and
the synergy between metal and ligand redox has been the
subject of a recent review.' Among these families of redox
noninnocent ligands, the azoamon -radical complexes have long
been known in solution,"" although X-ray structural authenti-
cation first appeared only in the late 1990s with complexes of
two neutral azoaromatic ligands.'"”"* In the past decade, a
number of metal complexes of azoanion-radical ligands have
emerged,'* ™' primarily as a result of ligand-based unusual
redox chemistry. Herein we report several Co" and Co™
complexes of 2-(phenylazo)pyridine and its derivatives and
their associated redox chemistry. The ligands vary in their
substituents at the two o-carbon atoms of the phenyl ring,
which impart significant differences in steric crowding in the
coordination sphere. The complexes are characterized by X-ray
crystallography, electrochemistry, and spectroscopy, and a
detailed electronic structure analysis using density functional
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theory (DFT) is also reported. The structural differences prove
to be intimately related to the oxidation level of the ligand.

B RESULTS AND DISCUSSION

Chemical Reactions. The work begins with three separate
chemical reactions of three very similar ligands, L*°, with
hydrated Co"Cl, in 2:1 molar proportions in a methanol
solvent. The ligands are based on the 2-(arylazo)pyridine
architecture but differ in the identity of the substituents in the
ortho (R) and para (Y) positions. These are shown in Chart 1,
and their chemical reactions are summarized in Scheme 1.

The reactions lead to the isolation of three quite different
complexes, 1—3, each in near-quantitative yield: (i) octahedral
CoClZ(L*‘)2 (brown, 1); (ii) distorted trigonal-bipyramidal
CoCI(L"), (blue, 2); (iii) tetrahedral CoCL(L?), (green, 3).
Redox-induced chemical reactions of these compounds then
provide access to three further new cobalt derivatives of 2-
(arylazo)pyridine. One-electron reduction of 3 by dilute
aqueous hydrazine produced complex 4, a distorted trigonal-
bipyramidal CoCI(L¢), complex isostructural with 2 in near-
quantitative yield. This reaction is chemically reversible:
oxidation of 4 with Cl, regenerates 3, highlighting the
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“The assignment of the oxidation states of the ligands and metal
shown in the scheme is discussed in detail in the subsequent sections
dealing with the electronic structure.

hemilabile'” nature of azopyridine ligands. In contrast,
oxidation of 2 with ferrocinium hexafluorophosphate (FcPFy)
produced a d1ch10r0 -bridged Co, complex of composition
[CoCI(L"),],>* (5**). Oxidation of 2 is also reversible:
reduction of 52+ with dilute aqueous hydrazine regenerates 2
in quantitative yield. Finally, we have also isolated a violet
complex, CoMe(L), (6), from the reaction of 2 with an
equimolar quantity of AIMe;. Complex 6 is a distorted trigonal
bipyramid, similar in structure to both 2 and 4. An identical
product was also obtained from the reaction of 2 with an
equimolar quantity of MeLi. Elemental analyses of all six
complexes corroborate the formulations given above (see the
Experimental Section).

Characterization: X-ray Crystallography, Magnetic
Susceptibility, and Spectroscopy. All six complexes have
been characterized using X-ray crystallography. Crystallo-
graphic details are given in Table 1, key bond lengths and
angles in Table 2, and ORTEP plots in Figure 1.

Figure 1 shows that in the five complexes 1, 2, and 4—6 the
azoaromatic ligands bind in the more common bidentate
fashion, while in complex 3, only the pyridine nitrogen, N,,,, is
coordinated. A similar monodentate coordination mode of 2-
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(arylazo)pyridine and for related ligands containing imidazole
has been reported'® in only a few instances. Complexes 1 and
5" have approximate octahedral coordination about the cobalt
center, while the monodentate coordination mode in 3 leads to
an approximately tetrahedral arrangement. Complexes 2 and 4
have a five-coordinate, approximately trigonal-bipyramidal
structure with a chloro ligand and two azo nitrogen atoms
occupying the equatorial plane (Cl—-Co—N,,, = 114° and Cl—
Co—N,, = 93°). Complex 6 also adopts a five-coordinate
structure, qualitatively similar to that of 2 and 4, although the
geometry is more distorted toward a square pyramid (Me—
Co—N,,, = 110° and Me—Co—-N,, = 89°) with the methyl
group in the axial position.

The N—N distance in 2-(arylazo)pyridine ligands is
commonly used as an indicator of the oxidation state of the
coordinated group,14a and values of 1.24—127 A in 1, 3, and
5% are characteristic of neutral ligands. The N—N bond lengths
in 2 and 4 lie in a narrow window between 1.313(3) and
1.317(2) A, approximately 0.05 A longer than those in 1, 3, and
5%*, while those in 6 are even longer, at 1.330(5) and 1.337(5)
A

The Co—N,, lengths are also indicative of significant
changes in the electronic structure in 2, 4, and 6 vs 1, 3, and
5%*: while the Co—N,,, bonds in complexes 1, 3, and 5>* are
appreciably longer than their Co—N,, counterparts (2.33 vs
2.12 A), the opposite is true in 2, 4, and 6 (1.84 vs 1.90 A).
Subtle differences between 6 and 2/4 are also apparent in the
N—N and Co—N,,, bond lengths, which are ~0.02 A longer
and shorter, respectively, in 6 compared to 2/4. These changes
in the Co—N distances indicate a transition from a neutral
ligand in 1, 3, and 5%, where the azo group is a weak donor®
compared to N, to an anionic one in 2, 4, and 6. The N—N
stretching frequencies, “(N—N), in the IR spectra reinforce this
picture: values of 1430 cm™" (1 and 3) and 1435 cm™" (5%*) are
very similar to 1440 cm™’ for free L* and substantially greater
than 1220 cm™ in 2. As a whole, the structural and IR data are
consistent with an accumulation of negative charge14e on the
azo groups that increases in the order (1, 5**) < (2,4) < 6. The
assignments of oxidation states will be discussed in detail in the
section dealing with electronic structure calculations.

Magnetic susceptibility measurements for complexes 1, 3,
and S[PF¢], were made on polycrystalline samples in the
temperature range 2—300 K. The temperature dependencies of
the magnetic behavior (p vs T plot; p g = effective magnetic
moment) are shown in Figure 2. The effective magnetic
moments (,ueff) of 1 and 3 are Virtually temperature-
independent from S0 to 300 K at 4.65 and 4.45 pg, respectively,
and decrease rapidly at low temperature (<S50 K). The magnetic
moments of 4.65 and 4.45 pip for 1 and 3 are somewhat higher
than the spin-only value (3.87 pg; [4S(S + 1)]V% S = 3/,)
anticipated for mononuclear high-spin Co". In the case of
octahedral 1, this may be a consequence of some residual first-
order orbital angular momentum in the T ground state, while in
tetrahedral 3, it may be due to second-order mixing of the T
excited state into the A ground state. A similarly higher
magnetic moment (4.51 ) for tetrahedral CoCl,(py), (py =
pyridine) was rationalized in these terms.”® The value of 5.84
pp for 5% is characteristic™' of a weakly interacting bimetallic
high-spin Co"" species. The magnetic moment remains almost
unaltered in the temperature range 300—100 K, and at much
lower temperatures (<100 K), the magnetic moment decreases
rapidly because of the intermolecular antiferromagnetic
interaction.
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Table 1. Crystallographic Data for Complexes 1—6

1 2 3 4 S[PF¢],-2CH,Cl, 6
empirical formula C,,H {N4CoCl, C,6HsN¢CoCl C,,H ,N¢CoCly C,,H,,CIsN4Co CyHy(N,P,F,Co,Cl, Cy;H,9N¢Co
mol mass 565.14 516.91 634.02 598.57 1493.61 496.49
temp (K) 293 150 293 293 293 293
cryst syst monoclinic monoclinic monoclinic orthorhombic monoclinic orthorhombic
space group P2,/c P2,/c C2/c Pbca P2,/n pbe2,

a (A) 7.6267(4) 19.276(2) 13.346(5) 14.090(5) 13.244(7) 8.0200(6)

b (A) 22.0463(12) 8.5130(11) 13.800(5) 14.745(5) 21.071(10) 16.8828(13)

c (A) 13.9760(8) 16.017(2) 14.367(S) 23.495(5) 23.312(12) 37.398(3)

a (deg) 90 90 90 90 90 90

B (deg) 103.286(1) 109.519(3) 105.227(5) 90 93.632(15) 90

7 (deg) 90 90 90 90 90 90

Vv (A%) 2287.0(2) 2477.3(5) 2553.1(16) 4881(3) 6493(6) 5063.7(7)

V4 4 4 4 8 4 8

Deyed (g em™) 1.641 1.386 1.650 1.629 1.528 1.303

cryst dimens (mm) 0.11 X 0.15 X 0.18 0.11 X 0.17 X 022  0.10 X 0.18 X 020  0.12 X 0.15 X 0.19  0.15 X 0.18 X 0.21 0.09 X 0.12 X 0.17

0 range (deg) 1.8-24.6 1.1-259 22-253 1.7-27.8 1.3-25.0 1.1-233

GOF 0.70 0.74 1.03 1.03 0.95 0.85

reflns collected 20431 23796 11960 51895 72836 35522

unique reflns 3842 4825 2330 5733 11224 7305

final R indices [I > RI =0.0299, wR2 = RI = 0.0374, wR2 = Rl = 0.0421, wR2 = RI = 0.0330, wR2 = RI = 0.0605, wR2 = RI = 0.0389, wR2 =
20(I)] 0.0863 0.1209 0.1172 0.0825 0.1911 0.1308

Table 2. Selected Experimental Bond Distances (A) and Bond Angles (deg) for Complexes 1, 2, 4, and 6

1 (X =Cl, C2) 2 (X=Cl) 4 (X=Cl) 6 (X = Me)
Bond Distances (A)
Col-X 2.3533(8), 2.3435(8) 2.2815(7) 2.2892(10) 2.014(7)
Col-N1 2.150(2) 1.9026(19) 1.9075(18) 1.886(4)
Col—N3 2.368(2) 1.842(2) 1.8512(18) 1.835(4)
Col-N4 2.080(2) 1.8957(19) 1.9085(18) 1.884(3)
Col-N6 2.296(2) 1.845(2) 1.8481(17) 1.841(4)
N2-N3 1.262(3) 1.313(3) 1.315(2) 1.330(5)
N5—N6 1.260(3) 1.314(3) 1.317(2) 1.337(5)
Bond Angles (deg)
N1-Col-N3 70.62(8) 80.11(9) 79.86(7) 80.77(16)
N4—Col-N6 72.23(8) 80.17(9) 79.88(7) 81.01(16)
N1-Col-X 94.30(6), 90.26(7) 95.21(6) 91.74(5) 90.92(19)
N3-Col-X 164.10(6), 115.47(7) 112.72(6) 113.0(2)
81.74(6)
N4—Col—-X 93.27(6), 160.03(7) 91.22(6) 93.48(5) 87.89(19)
N6—Col—-X 84.85(6), 99.02(6) 112.92(7) 117.40(5) 108.9(2)

In contrast to 1, 3, and 5**, complexes 2, 4, and 6 are all
diamagnetic and display highly resolved 'H NMR spectra. A
representative spectrum, that of 2 in dimethyl sulfoxide
(DMSO-dy), is shown in Figure 3, and spectra of 4 and 6 are
given as Supporting Information (SI; Figures SI and S2). In
Figure 3, all seven aromatic proton resonances for one ligand
are visible in the range 6 8.2—6.8 ppm. The aromatic
resonances for 4 appear in a similar region, but those for 6
are shifted to higher fields (SI, Figures S1 and S2). The two
methyl resonances of 2 appear at 6 2.34 and 0.94 ppm,
confirming that the two ligands are magnetically equivalent.
Complexes 2, 4, and 6 are intensely colored and absorbed
strongly in the low-energy visible range, 630—680 nm (Figure
4). The major transitions (& > 7000 M™' cm™) in 2 and 4 are
also associated with ill-defined shoulders at ca. 740 and 910 nm,
which are assigned as d—d transitions (Gaussian fits of the
UV—vis spectra of complexes 2 and 4 are given as SI, Figures
S3 and S4).
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Cyclic Voltammetry. The redox behavior of complexes 1—
6 was studied by cyclic voltammetry and related electro-
chemical techniques; the data are collected in Table 3. Complex
1 showed two reductions in CH,Cl, using tetrabutylammonium
perchlorate (TBAP) as the supporting electrolyte at —0.38 and
—0.63 V along with a quasi-reversible oxidation at 0.78 V with
AE,, 110 mV (SL, Figure SS). While the reductions are ligand-
centered,'* the oxidative response is due to a Co"/Co™
couple. For comparison, the Co'/Co™ couple in [Co(pap);]**
[pap = 2-(phenylazo)pyridine] appears™ at 1.09 V. Voltam-
metric measurements of complexes 2—6 were made in
acetonitrile using tetraethylammonium perchlorate as the
supporting electrolyte. Voltammograms of complex 2 at
multiple scan rates are displayed in Figure S, revealing two
reversible responses at 0.39 and —0.77 V. A differential pulse
voltammogram and i, versus v'/2 plots for both couples are
given in the SI, Figures S6—S8. The peak-to-peak separation
(AE,) for the response at positive potential is 80—90 mV,
comparable to that of the Fc/Fc* (Fc' = ferrocenium ion)

dx.doi.org/10.1021/ic4018079 | Inorg. Chem. 2013, 52, 14040—14049
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Figure 1. ORTEP diagrams of complexes 1—6. Complexes 1—4 and 6 are neutral, while complex 5** is dicationic. The counteranions ([PF]~), two
solvent molecules (CH,Cl,) in S[PF4],-2CH,Cl,, and all hydrogen atoms of the complexes are omitted for clarity.

couple under the same experimental conditions (80 mV).
Moreover, the cathodic current height (iPC) for the reduction
couple (at —0.77 V) is ~2.8 times larger than that of the
oxidative couple and, furthermore, AE, is 50—55 mV. All of
these together establish that it is a single-step, two-electron-
transfer process. Exhaustive electrolysis experiments failed and
resulted in a continuous current. These observations are not

unexpected because this complex undergoes chemical changes
upon both oxidation and reduction: oxidation of 2 produces
complex 5** (vide supra), and reduction results in decom-
position. Tetrahedral complex 3 displayed a single reversible
wave at —0.62 V with a current height comparable to that of the
Fc/Fc* couple, indicating a one-electron process (SI, Figure
S$9). This complex, however, undergoes a chemical trans-

dx.doi.org/10.1021/ic4018079 | Inorg. Chem. 2013, 52, 14040—14049
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Figure 2. SQUID magnetic data of complexes 1, 3, and S[PF],.

formation upon reduction at 300 K, producing complex 4 (vide
supra). The nature of the cyclic voltammogram for complex 4 is
very similar to that of 2, although the reductive response is
irreversible (SI, Figure S10). The Co," complex 5** shows two
oxidative waves at 0.48 and 1.22 V, although the second wave is
not well resolved, indicating chemical degradation. The
separation between the two waves is comparable to that in
other Cl,-bridged Ru, complexes.”® An irreversible reductive
response with a somewhat higher current height was also noted
near —0.81 V (SL, Figure S11): we have already noted that
chemical reduction of complex 5** produces 2 in a near-
quantitative yield. Successive oxidation processes in the latter
complex are ascribed to Co"/Co™ responses, and the Co—Me
complex 6 also showed two responses at +0.46 and —1.26 V
with similar current height (SI, Figure S12): the response at
positive potential is assigned as oxidation of the coordinated
azoanion ligand, and it occurs at a potential comparable to that
in the other two five-coordinate diradical complexes, 2 and 4.
Thus, the cyclic voltammetric responses of the complexes are
consistent with the choices of chemical oxidant and reductant
used to achieve the bulk syntheses described previously.
Electronic Structure Analysis. The optimized structures
of various spin states of the monometallic complexes 1—4 and 6
are summarized in Table 4, along with Mulliken spin densities
and values of (S?). In the case of both 1 and 3, the most stable
state is a quartet, consistent with the magnetic data, and the
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Figure 4. Electronic spectra of complexes 1—6 in acetonitrile.

Table 3. Cyclic Voltammetric” and UV—Vis Spectral Data®
of Complexes 1—6

cyclic voltammetric data:*  UV—vis spectral clata:;2 A (€, 10*

complex Ep’V (AE,, mV) M ! cm™)
1 0.78° (110), —0.38° (120), 360 (1.2)
—0.63 (80)

2 0.39 (85), —0.77 (50) 910 740; 640 (0.7), 500 (0.47),
290"

3 —0.62 (90) 4547 300 (2.1), 260 (1.9)

4 0.65 (85), —0.597 910/ 730/ 650 (0.92), 490 (0.6),
260

5> 048 (80), 1.22,7 —0.817 460; 360 (1.2)

6 0.46 (110), —1.26 (95) 720 (0.78), 535 (0.67), 460 (0.5),

280 (1.95), 230 (2.4)

“Dichloromethane solution for complex 1 (supporting electrolyte
Bu,NCIO,); acetonitrile solution for complexes 2—6 (supporting
electrolyte Et,NClO,), working electrode platinum, reference
electrode Ag/AgCl. “E,,, = 0.5(E,, + E,), where E,, and E, are
anodic and cathodic peak potentials, respectively, AE, = E,,, — E,, and
scan rate S0 mV s~'. “Quasi-revesible. “Irreversible. “Wavelength in
nanometers; molar extinction coeflicients in M cm™! in an
acetonitrile solvent. “Shoulder.

79 78 17 16 15 74

6.8

10

T
0 ppm

»-]
w-]
N
-

Figure 3. 'H NMR spectrum of complex 2 in DMSO-d. Inset: aromatic proton resonances.
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Figure S. Cyclic voltammograms of complex 2 at different scan rates in
an acetonitrile solvent.

optimized bond lengths are similar to those measured by X-ray
diffraction. In particular, the optimized N=N bond lengths are
short (1.25 A), and in the case of 1, the Co—N,,, bond is
longer than Co—N,,,. The spin densities of ~2.70 on the metal
centers are strongly indicative of a high-spin Co"' configuration,
while those on the ligands [p(L) < 0.1] suggest a neutral
formulation. Computational analysis is therefore unequivocal in
supporting a Co'' oxidation state for 1 and 3.

Turning to complexes 2, 4, and 6, the electronic structure
landscape is rather more complex. The diamagnetism of all
three complexes is, in principle, consistent with a range of
formulations including (i) low-spin Co™ (Sc, = 0) with two
antiferromagnetically coupled ligand radicals (S, = +'/,) (i)
intermediate-spin Co™ (S, = 1) coupled antiferromagnetically
to two ligand radicals (S, = +'/,), or (iii) low-spin Co" (S¢, =
!/,) coupled antiferromagnetically to a single unpaired electron,
either localized on a single ligand or delocalized over both. The
ground-state electronic structures of complexes 2 and 4 are very
similar, and the spin densities and magnetic orbitals shown in
Figure 6 are typical of scenario (ii) identified above. In both
cases, the ground state is a BS(2,2) broken-symmetry singlet
with substantial spin contamination ({S*) = 1.01) and opposing
Mulliken spin populations on the cobalt (1.21) and ligand
(—0.65 per L). The overlaps between corresponding orbitals
shown in Figure 6 clearly indicate the presence of two singly
occupied orbitals on the metal, d,, and d,>_ which lie in the
equatorial plane of the trigonal bipyramid and overlap with the

singly occupied in-phase and out-of-phase linear combinations
of the azo 7™ orbitals. This overlap reduces the spin density at
cobalt from an idealized value of 2.0 for a local triplet
configuration. An alternative interpretation of the Mulliken spin
density of 1.21 at cobalt is a low-spin Co species (scenario (iii)
above). However, the presence of a net spin density >1.0 and
two approximately singly occupied d orbitals is more consistent
with the intermediate-spin Co™ description. The L, unit is
therefore effectively reduced by two electrons, driving the
substantial elongation of the N=N distances relative to those
in 1 and 3 (1.31 vs 1.24 A).

While the gross structure of 6 is superficially rather similar to
those of 2 and 4, the electronic structure is significantly
different. The ground state (Figure 7) is again a broken-
symmetry singlet, but the absence of significant spin density on
the cobalt center, combined with opposing spin densities on the
ligand [p(L) = + 0.65], is indicative of scenario (i) with a low-
spin Co™ center in conjunction with a doubly reduced (L,)
manifold [BS(1,1)]. The contrast between 2 and 4, on the one
hand, and 6, on the other hand, is caused by the strongly o-
donating methyl group, which introduces a substantial splitting
within the d,/d;_? pair and so favors a low-spin Co™
configuration with a more square-pyramidal geometry (opti-
mized Me—Co—N,,, = 107° vs CI-Co—N,,, = 113° in 2). The
very short Co—Me bond in 6 is also a direct consequence of the
low-spin configuration and its preference for a square-pyramidal
coordination geometry. We note here that the contrast between
2/4 and 6 is very similar to that identified by Wieghardt and co-
workers in a Co(diimine),Me complex,24 where it proved
possible to converge on both electronic structure scenarios (i)
and (ii) identified above (separated by 1 kcal mol™") in a single
complex. The more stable of the two, the BS(1,1) solution, is
identical with our description of 6, while BS(2,2) corresponds
to our description of 2 and 4. In no case in this study did we
converge on scenario (iii) noted above, with a low-spin Co"
complex and a single unpaired spin delocalized over the ligands,
although such a case was identified in Wieghardt’s iodide
analogue,”** Co(diimine),L.

H CONCLUSION

The chemical reactions described in this paper have revealed
some unusual aspects of the coordination and redox chemistry
of Co" and Co™ complexes of 2-(arylazo)pyridines. While
complex 1 adopts six-coordination commonly observed for
closely related ligands, an increase in steric bulk (ligands L® and
L) results in lower coordination numbers of 5 (complexes 2, 4,
and 6) or 4 (complex 3). Complexes 1, 3, and § feature high-

Table 4. Optimized Structural Parameters and Mulliken Spin Populations for 1—4 and 6

1 3 % 4 6

S=3/, S=3/, S=0 S=1 S=0 S=1 $=0 S=1
CO—NPy 2.17,b 2.18% 2.11 1.94 1.94 1.93 1.93 1.94 1.96
Co-N,, 2.39,% 2.49% 3.05 191 1.99 1.98 1.99 191 1.95
Co—X 2.34,° 2.35¢ 2.27 2.31 2.26 2.28 2.25 2.00 1.97
N=N 1.25, 1.26 1.24 1.31 1.30 1.31 1.30 1.32 1.32
(8% 3.76 3.76 1.01 2.05 1.14 2.06 0.58 2.04
p(Co) 2.70 2.72 1.21 0.83 1.28 0.81 0.03 0.35
p(X) 0.09 0.11 0.10 0.00 0.10 0.00 —-0.01 0.00
p(L) 0.12 0.03 —0.65 0.58 —0.60 0.60 +0.63 0.82
relative energy/eV 0.0 0.0 0.0 0.20 0.0 0.16 0.0 0.36

“Axial. quuatoriaI. “Trans to pyridine. “Trans to azo.
14045 dx.doi.org/10.1021/ic4018079 | Inorg. Chem. 2013, 52, 14040—14049
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Figure 6. Magnetic orbitals and net spin densities for the BS(2,2) ground state of CoCl(L**"), (2).
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Figure 7. Magnetic orbitals and net spin densities for the BS(1,1) ground state of CoMe(L*"), (6).

spin Co" centers, while five-coordinate 2 and 4 have Co™ in an

unusual intermediate S = 1 spin state in combination with two
singly reduced azoaromatic ligand radicals. The reversible
formation of 4 by reduction of 3 is particularly interesting
because the metal center is oxidized from Co' to Co', while
both azo ligands are reduced by one electron. Conversely, the
oxidation of 2 to 5>* induces reduction at the metal centers, with
both ligands being oxidized to the neutral form. The chemical
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transformations 2 < $** and 3 < 4 therefore involve redox-
induced electron transfer” (RIET): changing the oxidation
level of one of the two ligands induces a further internal
electron transfer between the metal and the other ligand. A
similar RIET was reported”® previously by Wieghardt et al. in a
manganese complex of 2,6-diiminopyridine ligand (L?), where a
high-spin Mn" complex [Mn"(L?),]*" (S = °/,) underwent
reversible one-electron reduction to generate diamagnetic
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[Mn"™{(L*)*"},]* (S = 0). The impact of the ligand
environment on the Co™ center is illustrated by complex 6,
which is closely related to 2 and 4 (in so much as the ligands
are singly reduced), but the strong o-donor methyl ligand
stabilizes a low-spin (S = 0) configuration at Co'. The 2-
(arylazo)pyridine ligands in the reduced state therefore stabilize
Co™ in either low (6) or intermediate (2 and 4) spin states (S
= 0 or 1), while the corresponding oxidized ligands stabilize
high-spin states of Co" (1, 3, and 5*").

B EXPERIMENTAL SECTION

Materials. All of the reagents and chemicals were purchased from
commercial sources and used without further purification. TBAP was
prepared and recrystallized as reported earlier.”” Caution! Perchlorates
have to be handled with care and appropriate safety precautions!

Physical Measurements. UV—vis absorption spectra were
recorded on a Perkin-Elmer Lambda 950 UV—vis spectrophotometer
and a J&M TIDAS instrument. Variable-temperature (2—300 K)
magnetization data were recorded in a 0.1 T magnetic field on a
SQUID magnetometer (MPMS Quantum Design). IR spectra were
obtained using a Perkin-Elmer 783 spectrophotometer. '"H NMR
spectra were recorded on a Bruker Avance 300 or 500 MHz
spectrometer, and SiMe, was used as the internal standard. A Perkin-
Elmer 240C elemental analyzer was used to collect microanalytical
data (C, H, and N). Electrospray ionization mass spectrometry (ESI-
MS) spectra were recorded on a micromass Q-TOF mass
spectrometer (serial no. YA 263). Cyclic voltammetry potentials
were measured under a nitrogen atmosphere using a Ag/AgCl
reference electrode, with a platinum disk working electrode and a
platinum wire auxiliary electrode, in acetonitrile or dichloromethane
containing 0.1 M Et,NCIO, or 0.1 M Bu,/NCIO,, respectively. A
platinum wire gauge working electrode was used for exhaustive
electrolyses. The E;/, value for the ferrocenium/ferrocene couple
under our experimental conditions was 0.4 V.

Synthesis. All of the ligands L*° were synthesized following a
literature procedure®® previously reported for L*. The disubstituted
nitrosoarenes were synthesized by following a reported synthetic
method.” The ligands L are new, and their yields and character-
ization data are as follows:

L°. Yield: 20%. IR (KBr, cm™): 1579 [1(C=N) + v(C=C)], 1425
[v(N=N)]. Anal. Caled for C;;H;N5: C, 73.91; H, 6.20; N, 19.89.
Found: C, 73.90; H, 6.19; N, 19.88. ESI-MS: m/z 234 ([M + Na]*).
'"H NMR (500 Mz): 6 8.76 (d, 1H, J = 4.5 Hz), 7.89 (t, 1H, J = 7.5
Hz), 7.72 (d, 1H, ] = 8 Hz), 742 (t, 1H, ] = 6.5 Hz), 7.22~7.19 (m,
1H), 7.15 (d, 2H, J = 7.5 Hz), 2.47 (s, 6H).

L°. Yield: 60%. IR (KBr, cm™): 1580 [(C=N) + v(C=C)], 1433
[v(N=N)]. Anal. Calcd for C;;H,N;Cl,: C, 52.41; H, 2.80; N, 16.67.
Found: C, 52.39; H, 2.79; N, 16.65. ESI-MS: m/z 275 ([M + Na]*).'H
NMR (500 Mz): 6 8.73 (d, 1H, ] = 4 Hz), 7.89 (t, 1H, J = 7.5 Hz),
7.78 (d, 1H, J = 8 Hz), 7.43 (t, 1H, ] = 6 Hz), 7.37 (d, 2H, ] = 8.5 Hz),
7.16 (m, 1H).

Preparation of Co(L°),Cl, (1). A mixture of 240 mg (1.01 mmol) of
CoCl,, 6H,0, and 440 mg (2.02 mmol) of L* in S0 mL methanol was
refluxed for 4 h. The resulting brown solution was evaporated to
dryness. The crude residue was subsequently extracted with dichloro-
methane and recrystallized from a dichloromethane—hexane solution.
Yield: 91% (515 mg). IR (KBr, cm™): 1580 [¢(C=N) + v(C=C)],
1430 [v(N=N)]. Anal. Calcd for C,,H;{N¢xCoCl,: C, 46.76; H, 2.85;
N, 14.87. Found: C, 46.75; H, 2.84; N, 14.86.

Complexes 2 and 3 were prepared following a synthesis procedure
identical with that described above and using the appropriate ligands:
L® for complex 2 and L° for complex 3. Their yield and
characterization data are as follows:

Co(L%,Cl (2). Color: blue. Yield: 80% (413 mg). IR (KBr, cm™):
1599 [1(C=N) + v(C=C)], 1220 [¢(N=N)]. Anal. Calcd for
Co6H,N,CoCl: C, 60.41; H, 5.07; N, 16.26. Found: C, 60.39; H, 5.05;
N, 16.25. ESLMS: m/z 481 ([M — CI]*). '"H NMR (500 Mz): & 8.22
(d, 1H, J = 8.0 Hz), 7.91 (t, 1H, J = 7.5 Hz), 7.53 (d, 1H, ] = 6 Hz),

7.38 (t, 1H, J = 6.5 Hz), 7.32 (d, 1H, J = 7 Hz), 7.22 (t, 1H, ] = 7.5
Hz), 6.8 (d, 1H, J = 7.5 Hz), 2.34 (s, 3H), 0.94 (s, 3H).

Co(L9),Cl, (3). Color: green. Yield: 90% (570 mg). IR (KBr, cm™):
1595 [1(C=N) + v(C=C)], 1435 [v(N=N)]. Anal. Calcd for
Cy,H,N4CoCls: C, 41.68; H, 2.23; N, 13.25. Found: C, 41.67; H,
221; N, 13.24.

Preparation of Co(L),Cl (4). To a methanolic (50 mL) solution of
complex 3 (640 mg, 1 mmol) was added dropwise a methanolic
solution of hydrazine hydrate with continuous stirring of the mixture.
The solution became blue almost instantaneously, and the crude
product was crystallized by the slow diffusion of a dichloromethane
solution of the complex into hexane. Yield: 90% (540 mg). IR (KBr,
cm™): 1597 [1(C=N) + v(C=C)], 1230 [v(N=N)]. ESI-MS: m/z
563 ([M — CI]*). Anal. Calcd for C,,H;,CIsN,Co: C, 44.14; H, 2.36;
N, 14.04. Found C, 44.12; H, 2.35; N, 14.02. 'H NMR (500 Mz): &
8.36 (d, 1H, ] = 8 Hz), 7.98 (t, 1H, ] = 8 Hz), 7.78 (d, 1H, ] = 8 Hz),
7.73 (d, 1H, J = 6 Hz), 7.58 (t, 1H, J = 6.5 Hz), 745 (t, 1H, ] = 8.5
Hz), 7.2 (d, 1H, ] = 8 Hz).

Preparation of [Co(L%),ClI,[PFsl, (5[PFs,). To an acetonitrile
solution (60 mL) of complex 2 (100 mg, 0.19 mmol) was added 70
mg (0.21 mmol) of FcPF, The mixture was stirred for 2 h, and the
color of the solution became brown. It was then evaporated under
reduced pressure, and the crude mass was extracted with dichloro-
methane and crystallized from a dichloromethane—hexane solution.
Yield: 80% (105 mg). IR (KBr, cm™): 1604 [(C=N) + v(C=C)],
1435 [v(N=N)]. Anal. Calcd for C,H;,N,,P,F;,Co,Cl,: C, 47.18;
H, 3.96; N, 12.70. Found: C, 47.16; H, 3.95; N, 12.68.

Preparation of [Co(Lb)ZMe] (6). To a dry tetrahydrofuran (THF)
solution (S0 mL) of complex 2 (50 mg, 0.1 mmol) was added in an
inert atmosphere 65 uL of 1.6 M MeLi in THF. The solution became
violet instantaneously, and the solution was evaporated to dryness.
The crude residue was subsequently extracted with dichloromethane
and recrystallized from a dichloromethane—hexane solution.

Yield: 80% (40 mg). IR (KBr, cm™): 1602 [1(C=N) + v(C=C)],
1210 [v(N=N)]. ESI-MS: m/z 496 ([M]"). Anal. Calcd for
CyH,NCo: C, 65.32; H, 5.89; N, 1693. Found: C, 65.31; H,
5.86; N, 16.91. "H NMR (500 Mz): 6 7.82 (d, 2H, J = 8.5 Hz), 7.55 (t,
2H, J = 8 Hz), 7.35 (d, 2H, J = 6 Hz), 7.28 (d, 2H, ] = 7.5 Hz), 7.19 (4,
4H, J = 7.5 Hz), 2.03 (6H), 1.19 (6H), 0.8 (3H).

X-ray Crystallography. Crystallographic data for complexes 1—4,
S[PF¢],, and 6 are collected in Table 1. Suitable X-ray-quality crystals
of these complexes are obtained by either the slow evaporation of a
dichloromethane—hexane solution of the complex or the slow
diffusion of a dichloromethane solution of the complex into hexane.
All data were collected on a Bruker SMART APEX-II diffractometer,
equipped with graphite-monochromated Mo Ka radiation (4 =
0.71073 A) and were corrected for Lorentz polarization effects. 1: A
total of 20431 reflections were collected, of which 3842 were unique
(R = 0.048), satisfying the I > 20(I) criterion, and were used in
subsequent analysis. 2: A total of 23796 reflections were collected, of
which 4825 were unique (R;,, = 0.052). 3: A total of 11960 reflections
were collected, of which 2330 were unique (R;,, = 0.064). 4: A total of
51895 reflections were collected, of which 5733 were unique (R, =
0.049). 5[PF],-2CH,Cl,: A total of 72836 reflections were collected,
of which 11379 were unique (R, = 0.063). 6: A total of 35522
reflections were collected, of which 7305 were unique (R, = 0.033).
The structures were solved by employing the SHELXS-97 program
package®® and were refined by full-matrix least squares based on F>
(SHELXL-97).>% All hydrogen atoms were added in calculated
positions.

Computational Methods. All DFT calculations presented in this
paper were carried out using the Gaussian 09 program package.'
Geometry optimizations were performed without imposing geometric
constraints (C; symmetry), and stationary points were subsequently
confirmed to be minima by vibrational analysis (no imaginary
frequencies). All calculations utilized the B3LYP hybrid functional.**
The ability of modern DFT to accurately predict the position of spin-
state equilibria has been debated extensively in recent years. While it is
clear that the separation between the two spin isomers is highly
dependent on the chosen functional, the majority of functionals appear
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to reproduce important trends with encouraging accuracy. The TZVP
basis set®® of triple-{ quality with one set of polarization functions was
used on cobalt, on all atoms directly bonded to it (chlorine, nitrogen,
and carbon), and on all other noncoordinated nitrogen atoms. For all
other atoms (carbon, hydrogen, and chlorine substituents on the
aromatic rings), polarized split-valence (SVP) basis sets>* were used.
The broken-symmetry approach first proposed by Ginsberg® and
Noodleman and co-workers®® has been employed for all complexes. A
range of spin-polarized initial densities was tried in each case [BS(2,2),
BS(1,1), etc.], but in all cases, different guesses (with the same total
multiplicity) converged to the same minimum. Mulliken spin densities
were used for analysis of the spin populations on the ligand and metal
centers.””
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