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Spin modulation and electrochemical behavior of a five-
coordinate cobalt(III) salen complex

James R. Buchwalda  , Subhadeep Kala  , Marissa R. Civica  , Ian M. deJoodea,  
Alexander S. Filatovb,c and Peter H. Dinolfoa 
adepartment of Chemistry and Chemical Biology, rensselaer Polytechnic institute, troy, ny, usa; bdepartment of 
Chemistry, university at albany, state university of new york, albany, ny, usa; cdepartment of Chemistry, university 
of Chicago, Chicago, il, usa

ABSTRACT
We report the synthesis of a Co(III) complex with the five-coordinate salen-
type ligand (N,N′-bis(3,5-di-tert-butyl-2-hydroxybenzyliden)-1,7-diamino-4-
methyl-4-azaheptane). This complex is stable in air with a trigonal bipyramidal 
geometry and we show spectroscopically and computationally that a high-
spin triplet ground state is preferred. This spin state is readily modulated 
by introduction of an exogenous ligand (pyridine, acetonitrile) to yield a 
six-coordinate complex with low-spin ground state. The five-coordinate 
complex exhibits solvent- and ligand-dependent electrochemical behavior 
in solution for the CoII/III transition and undergoes a one-electron ligand 
oxidation to generate a phenoxyl radical species that is relatively stable in 
the absence of oxygen. We show that this phenoxyl radical species is a Class 
I mixed-valence compound that can undergo photoinduced inner-sphere 
charge transfer with the neighboring phenoxide. This process is mediated 
by the Co(III) center which acts as a bridge. Understanding this behavior 
will lead to a better understanding of a dicobalt bis-salen analog previously 
reported by our group as a proton reduction catalyst.

1. Introduction

Salen complexes of transition metals are classic examples of macrocyclic coordination complexes. 
Perhaps the most famous of this family of molecules is Jacobsen’s catalyst, a tetradentate salen ligand 
coordinated to a manganese(II), which is widely used for the asymmetric epoxidation of alkenes [1–3]. 
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2  J. R. BUCHWAlD eT Al.

Salen complexes have found a wide range of applications in chemistry including catalysis [4], molecular 
magnetism [5, 6], and the preparation of nanostructured thin films [7].

Transition metal salen complexes have also been employed as biomimetic models to study the 
spectroscopic properties of enzyme active sites. A distinguishing feature of the salen ligand is the redox 
activity of the two phenolate moieties in the backbone. These groups are known to actively participate 
in oxidative chemistry alongside the metal center in analogous complexes containing Cu, Zn, and Ni 
metal centers [8]. Complexes of this type provide an excellent model for biochemical phenomena such 
as the CuII-tyrosyl radical found in galactose oxidase [9]. This “guilty ligand” behavior can also have 
significant consequences for any catalytic behavior of these complexes.

Cobalt salens were first studied as early as 1938 when the “salcomine” complex, a square planar 
cobalt(II) complex, was reported to reversibly bind molecular oxygen [10]. This early example was based 
on a simple tetradentate ligand formed through condensation of salicylaldehyde with ethylenediamine. 
In 1946, Roberts and colleagues systematically varied the nitrogen-bearing “backbone” of the salen 
ligand with the goal of tuning the oxygen-binding properties of salcomine-like complexes [11]. This 
research eventually led Van Dort and Geursen in 1967 to discover that oxygen-bound cobalt salens 
could catalytically oxidize phenols to quinones [12]. Similarly, the cobalt analog of Jacobsen’s catalyst 
[1] was reported in 1999 to catalyze the enantioselective ring-opening of epoxides [13].

Our research group first became interested in the properties of first-row transition metal salens due 
to their similarity to the bis-salen architectures (M2BisSalen in scheme 1) we have employed as water 
oxidation and proton reduction catalysts [14–17]. Bis-salens feature a similar ligand architecture, again 
containing two redox-active phenolate moieties, but coordinate two transition metals through the 
introduction of an additional pair of Schiff bases ortho to the phenolic oxygen. The electrochemical 
and spectroscopic properties of these molecules can be complicated by strong electronic correlation 
between the two transition metals. Salen complexes are thus a natural choice of system in which to 
examine the interplay of ligand and metal electronic properties in the absence of strong correlation 
effects.

In this paper, we report an unusual behavior of the ground-state electronic structure of a stable 
pentadentate cobalt(III) salen, CoL+. This five-coordinate trigonal bipyramidal complex, in contrast to 
the widely studied four-coordinate cobalt salens described above, leaves only one coordination site 
open and accessible on CoIII. We demonstrate that the coordination of one pyridine ligand to give the 
tetragonal complex CoLPy+ induces a drastic change in the spin state of the cobalt. This has a pro-
nounced effect on the redox properties and electronic spectra of the complex. We characterize this 

Scheme 1. schematic representation of M2BisSalen, CoL+, and CoLPy+.
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unusual behavior using electronic absorbance spectra, electrochemical techniques, paramagnetic NMR 
studies, and density functional theory (DFT) calculations.

2. Results and discussion

2.1. Synthesis

H2L (N,N′-bis(3,5-di-tert-butyl-2-hydroxybenzyliden)-1,7-diamino-4-methyl-4-azaheptane) was syn-
thesized via a Schiff base condensation reaction between 3,3′-diamino-N-methyldipropylamine and 
3,5-di-tert-butyl-2-hydroxybenzaldehyde in refluxing ethanol [8]. Addition of Co(ClO4)2 to a solution 
of H2L in refluxing ethanol under nitrogen yielded CoL. This was subsequently oxidized with AgSbF6 
in anhydrous dichloromethane with and without pyridine to obtain CoL+ and CoLPy+, respectively, as 
the SbF6

− salts. These compounds were confirmed by elemental analysis, mass spectrometry, Fourier 
transform infrared spectroscopy (FTIR), 1H NMR, and UV–visible spectroscopy. The FTIR spectra of H2L, 
CoL, CoL+, and CoLPy+ are shown in figure S1.

2.2. X-ray crystal structure

The X-ray crystal structures of CoL+ (CCDC No. 1447916) and CoLPy+ (CCDC No. 1447917) are shown 
in figure 1. Table 1 includes crystallographic data and structural refinement parameters, and table 2 
contains selected bond lengths and angles. The structure of CoL+ is closely related to that of CoL’ 
reported by Boča et al., where L’ is N,N′-bis(3-tert-butyl-5-methyl-2-hydroxybenzyliden)-1,7-diamino-
4-methyl-4-azaheptane [18] (relevant data are also included in table 2) and ML type complexes for 
M = Zn(II), Ni(II), and Cu(II) [8]. The N-methyldipropylamine backbone enforces a butterfly-like structure 
of the salen ligand framework and trans-coordination of the Nimines to Co. There is some disorder in the 
N-methyldipropylamine backbone with respect to the position of the N-methyl group and one of the 
t-butyl groups. CoL+ assumes a slightly distorted trigonal bipyramidal geometry around Co with the 
two imine nitrogens (N1 and N3) occupying the axial positions and forming a 178.95° bond angle (N1–
Co1–N3). The Ophenolates (O1 and O2) and the Namine (N2) occupy the equatorial positions with respect 
to Co1. The O1–Co1–O2 bond angle (129.39°) is slightly larger than the other two equatorial bond 
angles (i.e. O1–Co1–N3 and O2–Co1–N3) at 115.41 and 115.49°, respectively, leading to the distortion. 

Figure 1. side and top view orteP diagrams of (a) [CoL](SbF6) and (b) [CoLPy](SbF6)·(CH2Cl2)0.5 showing 50% probability thermal 
ellipsoids. non-coordinating anion, hydrogen, and solvent atoms are omitted for clarity.
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4  J. R. BUCHWAlD eT Al.

The geometric parameter τ is 0.83 for CoL+, where a value of 1 reveals an ideal trigonal-bipyramidal 
geometry and 0 is indicative of a perfectly tetragonal complex [19]. Comparison of the bond lengths of 
CoL’ to CoL+ reveals a noticeable contraction of the coordination environment around the Co center, 
as expected for the oxidation from CoII to CoIII. The Co–Nimine and Co–Ophenolate bond lengths decrease 
by 0.09 and 0.15 Å, respectively.

The structure of CoLPy+ is similar to CoL+, retaining the butterfly-like shape and trans-coordination 
of the Nimines to Co. Addition of the pyridine ligand forces a change in the Co geometry to a nearly 
ideal octahedral structure (τ = 0.02). The nitrogens from the amine (N1) and pyridine (N2) occupy axial 
positions with a bond angle (N1–Co1–N2) of 178.42°. The imine nitrogens (N3 and N4) and phenolate 
oxygens (O1 and O2) occupy the equatorial positions with bond angles close to 90°. The structure 
of CoLPy+ also exhibits some disorder in the N-methyldipropylamine backbone with respect to the 
position of the N-methyl group. The Co-Nimine and Co–Ophenolate bond lengths of CoLPy+ are slightly 
longer than CoL+ by 0.06 and 0.02 Å, respectively. The change in geometry from trigonal bipyramidal 
to octahedral alters the interaction of the Ophenolate with the central Co, as evidenced by the increase in 
torsion angle about the phenolate C–O bond from 14.0° to 19.3° for CoL+ to 25.0° and 25.2° for CoLPy+.

2.3. Electrochemistry

Cyclic voltammetry (CV) of CoL+ reveals quasi-reversible redox waves for the CoII/III transition in anhy-
drous acetonitrile (ACN) (figure 2(a)) and dichloromethane (DCM) (figure 2(b)) at −0.55 and −0.59 V versus 
Fc0/+, respectively. Two additional oxidations are observed at 0.47 and 0.73 V in DCM and 0.63 and 1.07 V 
in ACN which are assigned to sequential single electron oxidations of the phenolate moieties in the 
salen ligand framework. These oxidations are shifted to more positive potentials as compared to ML+ 
complexes (M = Zn2+, Ni2+, Cu2+) [8] due to the higher charge density associated with the CoIII center. 
All of the waves show a linear relationship between peak current and (scan rate)1/2, consistent with a 
solution based, diffusional species (figure S2) [20]. The potential difference between the two phenolate 

Table 1. Crystallographic data and structural refinement parameters for [CoL](SbF6) and [CoLPy](SbF6)·(CH2Cl2)0.5.

aR1 = (∑||Fo|−|Fc||)/∑|Fo|.
bRw(Fo

2) = [∑[w(Fo
2−Fc

2)2]/∑wFo
4]1/2.

cGof = [∑[w(Fo
2−Fc

2)2]/(Nobs−Nparams)]
1/2.

[CoL](SbF6) [CoLPy](SbF6)·(CH2Cl2)0.5

formula C37h57f6Con3o2sb C42h62f6Con4o2sb
fw 870.54 992.10
Crystal system monoclinic triclinic
space group C2/c P1̄
a (Å) 31.836(6) 11.8859(9)
b (Å) 11.966(2) 13.6004(10)
c (Å) 21.062(4) 14.3193(11)
α (°) 90 92.6110(10)
β (°) 99.122(2) 92.9470(10)
γ (°) 90 103.0650(10)
V (Å3) 7923(2) 2248.0(3)
Z 8 2
T (K) 100(2) 100(2)
λ (Å) 0.71073 0.71073
ρ (calcd, g cm−3) 1.46 1.466
μ (mm−1) 1.164 1.093
reflections collected 9336 10,135
no. of observations [I > 2σ(I)] 6815 8512
refln/param ratio 18.75 17.97
R1

a [I > 2σ(I)] 0.0496 0.0424
wR2

b [I > 2σ(i)] 0.1058 0.0955
R1

a (all data) 0.0742 0.0532
wR2

b (all data) 0.1191 0.1042
Gofc on F2 1.018 1.025
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JOURNAl OF COORDINATION CHeMISTRy  5

Table 2.  selected distances and angles (deg) for [CoL’], [CoL](SbF6) and [CoLPy](SbF6)·(CH2Cl2)0.5 from the X-ray crystallo-
graphic analysis.

aBond distances and angles adapted from herchel et al. [41]. L' is n,n-bis(3-tert-butyl-2-hydroxy-5-methylbenzylidenyl)-1,7-diami-
no-4-methyl-4-azaheptane.

[CoL’]a [CoL](SbF6) [CoLPy](SbF6)·(CH2Cl2)0.5

Bond distances (Å)
Co1–o1 1.944(2) Co1–o1 1.856(2) Co1–o1 1.919(2)
Co1–o2 1.952(2) Co1–o2 1.865(2) Co1–o2 1.920(2)
– – – Co1–n1 1.966(2)
Co1–n1 2.045(2) Co1–n1 1.906(3) Co1–n3 1.923(2)
Co1–n3 2.054(2) Co1–n3 1.904(3) Co1–n4 1.928(3)
Co1–n2 2.124(2) Co1–n2 2.082(3) Co1–n2 2.065(3)
C1–o1 1.313(3) C8–o1 1.331(4) C13–o1 1.330(3)
C26–o2 1.308(3) C24–o2 1.328(4) C25–o2 1.331(3)
C7–n1 1.282(3) C15–n1 1.290(4) C15–n3 1.276(4)
C20–n3 1.276(4) C2–n3 1.292(4) C23–n4 1.287(4)

Bond angles (°)
o2–Co1–o1 138.63(8) o2–Co1–o1 129.39(10) o2–Co1–o1 177.10(9)
n1–Co1–n3 177.11(1) n1–Co1–n3 178.95(13) n1–Co1–n3 178.54(11)
o2–Co1–n3 87.79(9) o2–Co1–n3 92.12(11) o2–Co1–n4 90.05(10)
o1–Co1–n1 87.58(8) o1–Co1–n1 92.27(11) o1–Co1–n3 90.01(9)
n2–Co1–o1 111.71(8) n2–Co1–o1 115.41(11) n2–Co1–o1 91.68(9)
n2–Co1–o2 109.67(8) n2–Co1–o2 115.20(11) n2–Co1–o2 91.68(9)
n2–Co1–n3 91.34(10) n2–Co1–n3 89.69(12) n2–Co1–n3 88.80(10)
n2–Co1–n1 91.46(9) n2–Co1–n1 89.34(12) n2–Co1–n4 89.76(11)
o2–Co1–n1 91.94(8) o2–Co1–n1 88.64(11) o2–Co1–n3 90.24(9)
o1–Co1–n3 90.72(8) o1–Co1–n3 87.80(11) o1–Co1–n4 89.77(10)

n1–Co1–n2 178.42(11)
o1–Co1–n1 88.87(9)
o2–Co1–n1 88.24(9)
n4–Co1–n1 91.82(11)
n3–Co1–n1 89.63(11)

Figure 2. Left: CVs of CoL+ (1 mm, glassy carbon working electrode) in anhydrous (a) dCm and (b) aCn with 0.1 m tBaPf6 supporting 
electrolyte. arrows indicate initial scan direction at ν = 100 mV s−1. Right: CVs of CoL+ (2 mm, glassy carbon working electrode) in 
anhydrous dCm with 0.1 m tBaPf6 supporting electrolyte. the solution was titrated with pyridine, with the number of equivalents 
added is shown at right. the initial scan direction was positive with ν = 100 mV s−1.
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6  J. R. BUCHWAlD eT Al.

oxidations shows a strong dependence upon the nature of the solvent. The peak separation for the 
phenolate oxidations in DCM is 260 mV, resulting in a comproportionation constant (Kc) of 2.5 × 104 for 
the mixed-valence state. The large separation in ACN of 440 mV leads to a Kc = 2.7 × 107.

Figure 2(c) shows the effect of pyridine coordination on the CoII/III redox couple for CoL+ in anhydrous 
DCM. Upon addition of one equivalent of pyridine, there is a significant increase in the cathodic–anodic 
peak splitting of the CoII/III redox wave. After addition of two equivalents of pyridine, the cathodic peak 
at −0.67 shifts to −1.1 V, while the anodic peak only moves ~0.1 V more positive, and remains constant 
with higher concentrations of pyridine. Beyond 15 equivalents, the phenolate oxidations at +0.7 V 
become significantly less reversible, possibly due to reaction with the excess pyridine. The large shifts 
in the CoII/III redox waves are consistent with rapid pyridine coordination to the CoIII site, inducing a 
low-spin state (vide infra) and changing the potential of the CoIII/II reduction. Upon reduction to CoII and 
change to a high-spin configuration, the pyridine ligand dissociates and the resulting CoII/III oxidation 
is similar to that of CoL+ in DCM alone [21].

2.4. Paramagnetic NMR

The paramagnetic behavior of CoL, CoL+, and CoLPy+ was investigated by 1H NMR in CDCl3 from 298 to 
255 K. The paramagnetically shifted peaks of CoL exhibit an increase in the chemical shift of the protons 
with decreased temperature (figure S3). This behavior is consistent with Curie’s law for a paramagnetic 
Co(II) centered CoL. Further, titration with pyridine-d5 does not show any change from paramagnetism 
to diamagnetism within this temperature window (figure S4), supporting the assignment of the metal 
center as high-spin d7 Co(II). This is consistent with previous magnetic susceptibility and electron spin 
resonance data for the closely related CoL’ reported by Boča et al. in which they found a S = 3/2 elec-
tronic state [18].

Chemical shifts for CoL+ also follow Curie’s law, demonstrating that the complex exhibits paramag-
netic behavior at low temperature (figure S5). Based on reports by Schlörer et al. and Fujii et al., we 
have assigned the azomethine proton signals for CoL at −41.1 and −46.5 ppm [22, 23]. These protons 
show a significant shift to −130.9 and −151.6 ppm, respectively, for CoL+. Such a large chemical shift 
indicates an increase in the contribution of unpaired electrons in the π orbitals of CDCl3, as the high-
spin paramagnetic CoIII is close to the imine bonds resulting in higher coupling with the metal center. 
The magnetic susceptibility of CoL+ was measured in solution by paramagnetic 1H NMR using the 
evans method [24] and found to be 3.35 μB, which is in good agreement with the theoretical value of 
2.83 μB for a triplet state.

Figure 3. uV–visible–nir absorption spectra of CoL+ (solid brown line) and CoLPy+ (dashed orange line) in dCm, and CoL+ (dashed-
dotted green line) in aCn. inset shows the nir region expanded. the sharp peaks in the nir region are due to imperfect solvent 
background subtraction (see http://dx.doi.org/10.1080/00958972.2016.1175001 for color version).
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On addition of a stoichiometric amount of pyridine to a 4.5  mM solution of CoL+ in CDCl3, we 
observed complete transition from paramagnetic to diamagnetic behavior (figure S6 and figure S7). 
This phenomenon is consistent with a spin state transition from high-spin d6 CoIII (paramagnetic) to 
low-spin d6 CoIII (diamagnetic). This was also confirmed by variable temperature NMR spectroscopy of 
CoLPy+ which did not show any paramagnetic proton signals. The role of the change in ligand field 
and of the exogenous ligand in modulating the spin state of CoL+ is also supported by 1H NMR spec-
troscopy in CD3CN, which complexes to the open axial site on the Co(III) center through the nitrile to 
give CoL(ACN)+ and yielding a diamagnetic 1H NMR spectrum (figure S8). No paramagnetic shifts were 
observed in the NMR spectrum; this indicates the in situ generation of a low-spin diamagnetic species, 
as expected for Co(III) in an octahedral ligand field environment. A similar exogenous ligand effect has 
been reported for analogous N2O2 Schiff-base complexes [25].

2.5. Electronic absorption spectra

The electronic absorption spectrum of CoL+ shows a drastic dependence upon the nature of the solvent 
or presence of pyridine as an exogenous ligand. In non-coordinating solvent such as DCM or chloroform, 
CoL+ shows an intense band below 350 nm and a shoulder at 484 nm (figure 3) that can be ascribed to 
π→π* transitions within the salen ligand framework [8, 26]. Additionally, we observe an intense band 
at 740 nm and a very weak transition in the NIR at ~1600 nm (figure 3, inset). Based on our own TDDFT 
calculations (vide infra) and those of an analogous system by Thomas et al., we can assign these tran-
sitions as weakly ligand-to-metal charge transfer in character [25].

Addition of at least one equivalent of pyridine to a solution of CoL+ in DCM produced a significant 
change in the absorption spectra. The charge-transfer bands at 740 and 1600 nm disappear and are 
replaced by moderate bands at 504 and 736 nm (figure 3). The spectrum of CoL+ with pyridine in DCM 
is essentially identical to that of genuine CoLPy+ in DCM. The spectrum of CoLPy+ is similar to that of 
CoL+ taken in acetonitrile, producing CoL(ACN)+, with the lack of NIR absorptions and presence of visible 
bands at 472 and 660 nm. The visible bands for CoLPy+ and CoL(ACN)+ can be ascribed to the 1T2   1A1 
and 1T1   1A1 transitions, respectively. The higher than expected intensity for pure d–d transitions can 
be rationalized by the asymmetry of the octahedral N4O2 coordination site.

The reversible electrochemistry for the phenolate oxidations of CoL+ and CoL(ACN)+ encouraged 
us to examine the electronic spectra of CoL2+ and CoL(ACN)2+. Titration of the CoL+ solution with WCl6 
as oxidant in chloroform-d at −10 °C generated CoL2+ in situ, and changes in the electronic structure 
were tracked by UV–vis–NIR spectroscopy (figure 4). This oxidation is accompanied by a decrease in 
the charge transfer bands at 740 and 1600 nm, and the appearance of bands at 434 and 748 nm, and a 

Figure 4. uV-visible spectra obtained of a 0.5 mm solution of CoL+ (solid black lines) in anhydrous chloroform-d at −10 °C, followed 
by the addition of one equivalent of WCl6 to generate CoL2+ (dash-dotted red line) (see http://dx.doi.org/10.1080/00958972.2016. 
1175001 for color version).
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prominent shoulder at ~ 825 nm that are consistent with a ligand π→π* transition involving a phenoxyl 
radical [8]. Further oxidation of CoL2+ by WCl6 results in decomposition of the complex.

The reversible electrochemistry of CoL(ACN)+ at a Pt electrode (figure 2(b)) allowed for the exami-
nation of the spectral properties of its oxidation via spectroelectrochemistry. Figure 5 shows the UV–
visible–NIR spectra obtained during the electrochemical oxidation of CoL(ACN)+ (solid blue line) in 
anhydrous acetonitrile to CoL(ACN)2+ at +0.80 V versus Fc0/+ (solid purple line). The potentials listed in 
figure 5 are referenced to Fc0/+ and correspond directly to the CV in figure 2(b). As mentioned previously, 
the spectrum of CoL(ACN)+ resembles CoLPy+ with the lack of NIR charge-transfer bands as in CoL+ 
and the presence of CoIII d-d transitions in the visible region. Upon spectroelectrochemical oxidization 
of CoL(ACN)+ to CoL(ACN)2+ (at +0.8 V versus Fc0/+), similar bands to CoL2+ appear at 689 and 815 nm 
for the ligand п→п* transition of the phenoxyl radical. Unfortunately, the irreversible nature of the 
second phenolate oxidation at +1.1 V (figure 2(b)) did not allow us to collect spectra for CoL(ACN)3+ 
due to rapid sample degradation.

Also present in the absorption spectra of CoL2+ and CoL(ACN)2+ are weak, broad absorptions in 
the NIR region which are consistent with intervalence charge-transfer (IVCT) between the phenolate 
and phenoxy radical within the mixed-valence form of the complexes. Similar electronic spectra were 
also observed for analogous phenolate-based mixed-valence forms of salen complexes [27–30]. In 
CoL2+, the band appears at 3300 cm−1 (as observed in difference spectra taken from the starting CoL+ 
complex, figure S9). This weak intensity band (ε = ~80 M-1 cm−1) has a broad nature (Δν1/2 = 2000 cm−1). 
The spectra of CoL(ACN)2+ also shows a broad absorption feature in the NIR at 4200 cm−1 (2380 nm) 
that is consistent with IVCT between the phenolate and phenoxyl radical (figure 5 and figure S10). 
Similar to CoL2+, the IVCT band for CoL(ACN)2+ is very weak in intensity (ε = ~120 M-1 cm−1) and broad 
(Δν1/2 = 2600 cm−1). The nature of the IVCT bands for CoL2+ and CoL(ACN)2+ are consistent with Class I 
assignments in the Robin-Day scheme for mixed-valence compounds [31]. The weak mixed-valence cou-
pling in these complexes may be due to the butterfly structure enforced by the N-methyldipropylamine 
backbone. This structural change forces the ligands away from a planar configuration and requires the 
CoIII to mediate IVCT.

2.6. Electronic structure calculations

DFT calculations were used to elucidate the ground state electronic structures of CoL+, CoL2+, CoLPy+, 
CoLPy2+, CoL(ACN)+, and CoL(ACN)2+. The TPSSh hybrid meta-GGA functional [32, 33] was used in order 

Figure 5. uV–visible–nir spectra obtained from a 3.2 mm solution of CoL(ACN)+ (solid blue line) in aCn, followed by electrochemical 
oxidation to CoL(ACN)2+ at +0.80 V vs. fc0/+ (solid purple line). the potentials listed are referenced to fc0/+ and correspond directly to 
the CV in figure 2(b). (Pt mesh working electrode, Pt wire counter electrode and ag wire pseudo-reference electrode.) the discontinuity 
in the nir region at ~2700 nm is due to imperfect solvent background subtraction (see http://dx.doi.org/10.1080/00958972.2016.
1175001 for color version).
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to improve the accuracy of the predicted energy differences between the multiple possible spin states 
[34, 35]. Optimized gas phase geometries and single-point energies in dichloromethane or acetonitrile 
were calculated for a variety of possible spin states, including antiferromagnetically coupled ligand 
radical species (modeled with “broken symmetry” wavefunctions as first proposed by Noodleman) 
[36]. These calculations support the assignment of high-spin electronic states for the five-coordinate 
species (triplet CoL+, quartet CoL2+) and of low-spin electronic states for the six-coordinate species 
(singlet CoLPy+ and CoL(ACN)+, doublet CoLPy2+ and CoL(ACN)2+). No antiferromagnetic coupling is 
predicted in any of the ground states.

The electron densities of CoL+ and CoL2+ were analyzed using Bader’s Quantum Theory of Atoms in 
Molecules (QTAIM) [37]. Integration of the charge density around each atom revealed that the oxidation 
from CoL+ to CoL2+ is almost completely ligand-centered. This supports the assignment of the CoL2+ 
electronic structure as [CoIIIl·−]2+; the removal of one electron from CoL+ generates a phenoxyl radical 
on the ligand without changing the CoIII oxidation state. The single-configuration nature of this state 
is supported by the calculated total spin expectation value (<S2 > calc = 3.7979,<S2 > theoretical = 3.75 for 
CoL2+). This very low-spin contamination suggests that the Kohn–Sham wavefunction corresponding 
to the [CoIIIl·−]2+ electron configuration is very close to an eigenfunction of the total spin operator, and 
hence there is minimal mixing of alternative electron configurations into the adiabatic ground state. 
This suggests that CoL2+ exhibits Class I mixed-valence behavior. Similar phenomena are observed in 
the predicted IVCT bands for CoLPy2+ and CoL(ACN)2+.

Figure 6.  (top) Comparison of uV–visible–nir absorption spectrum of CoL+ in chloroform-d at −10  °C with tddft calculated 
electronic transitions for the high-spin triplet ground state. the dominant Kohn–sham molecular orbitals involved in the two lowest 
energy transitions are depicted. (middle) Comparison of uV-visible-nir spectrum of CoLPy+ in chloroform-d at −10 °C with tddft 
calculated electronic transitions for the low-spin singlet ground state. (bottom) Comparison of uV–visible–nir spectrum of CoL(ACN)+ 
generated in situ in acetonitrile with tddft calculated electronic transitions for the low-spin singlet state.
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Figure 6 shows a comparison of the experimental UV–visible–NIR spectra of CoL+, CoLPy+, and 
CoL(ACN)+ with electronic transitions predicted using time-dependent density functional theory 
(TDDFT) calculations. The transitions were calculated assuming a high-spin triplet ground state for 
CoL+ and low-spin singlet ground states for CoLPy+ and CoL(ACN)+. Simulated spectra were produced 
using a sum of Gaussian bands centered on each transition with maxima proportional to the predicted 
oscillator strength. Solvent effects were included using an implicit solvation model. These predicted 
transitions are in reasonably good agreement with the experimental spectra. The TDDFT spectra for 
CoL2+ and CoL(ACN)2+ are shown in figure S11.

The calculated TDDFT transitions for CoL+ were examined in order to determine the nature of the 
experimentally observed NIR and visible excitations. examination of the dominant Kohn–Sham molec-
ular orbitals involved in the two lowest energy transitions (figure 6, top) shows that these transitions 
correspond to ligand-to-metal charge transfer (lMCT) processes associated with the transfer of an 
electron from the filled phenoxide π orbitals to the partially unoccupied CoIII d orbitals. This explains the 
complete disappearance of the NIR transition upon oxidation to CoL2+, as the formation of a phenoxyl 
radical as previously argued makes such a charge transfer energetically unfavorable.

3. Conclusion

We have demonstrated a number of interesting electronic properties of the five-coordinate cobalt(III) 
salen complex CoL+ and its derivatives. CoL+ exists in solution (with non-coordinating solvent) as a 
high-spin five-coordinate species. This spin state can be modulated through the introduction of a suit-
able exogenous ligand such as pyridine or acetonitrile to yield low-spin six-coordinate species, CoLPy+ 
and CoL(ACN)+. The five-coordinate complex also exhibits interesting electrochemical properties: the 
one-electron oxidations of CoL+ to CoL2+ and CoL(ACN)+ to CoL(ACN)2+ generate phenoxyl radicals 
on the salen ligands that can undergo photoinduced inner-sphere charge transfer with the adjacent 
ligand phenoxide. The low mixing between metal d and ligand orbitals, as demonstrated both empir-
ically and theoretically, is indicative of Class I mixed-valence behavior. Understanding the electronic 
properties and electrochemical behavior of this cobalt complex will provide insight into the behavior 
of the dinuclear analog previously developed by our group as a proton reduction catalyst.

4. Experimental and computational methods

4.1. General methods

lR MAlDI-TOF mass spectra were obtained on a Bruker Ultraflex III. HR eSI mass spectra were obtained on 
a Thermo electron Finnigan TSQ Quantum Ultra. electronic absorption spectra were taken on a Perkin-
elmer lambda 950 or Agilent 8453A spectrophotometer. FTIR absorption spectra were measured by a 
Bio Rad (Varian) excalibur FTS 4000 infrared spectrometer using a liquid nitrogen-cooled MCT detector.

4.2. Materials

3,5-Di-tert-butylbenzaldehyde and 3,3′-diamino-N-methyldipropylamine were purchased from Sigma-
Aldrich and used without purification. All other chemicals and solvents used were of the highest purity 
available from Aldrich and Fluka. ACN and dicholoromethane (DCM) were purified by recirculating 
the nitrogen-purged solvent through a solid-state column purification system (Vacuum Atmospheres 
Company, Hawthorne, CA) prior to use. Tetrabutylammonium hexafluorophosphate (Acros) was recrys-
tallized twice from hot ethanol before use in electrochemical experiments. (Caution: perchlorate salts 
of metal complexes with organic ligands are potentially explosive. Only small quantities of these com-
pounds should be prepared and handled behind suitable protective shield.). H2L was synthesized 
according to a previous method [8].
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4.3. [(N,N′-bis(3,5-di-tert-butyl-2-hydroxobenzyliden)-1,7-diamino-4-methyl-4-azaheptane)
cobalt(II)] (CoL)

Following a similar procedure [2], NaOH (0.013 g, 0.34 mmol) and H2L (0.1 g, 0.17 mmol) were dissolved 
in 5-ml ethanol and degassed with N2. To this solution was added Co(ClO4)2·6H2O (0.06 g, 0.17 mmol) 
dissolved in 5 ml of ethanol dropwise while stirring under N2. The mixture was refluxed for 4 h under 
N2, cooled, and the volume of the solvent reduced to about 3 ml after which a green-brown powder 
formed. The solid was filtered and washed with cold ethanol to obtain CoL (mass 68 mg, 63% yield). 
MAlDI lR-MS: m/z = 634.04 [M]+. eSI HR-MS: m/z = 634.3788 Col+. Anal. Calcd for C37H57N3O2Co: C, 70.00; 
H, 9.05; N, 6.61. Found: C, 69.44; H, 9.12; N, 6.12.

4.4. [(N,N′-bis(3,5-di-tert-butyl-2-hydroxobenzyliden)-1,7-diamino-4-methyl-4-azaheptane)
cobalt(III)](SbF6) (CoL+)

CoL (0.057 g, 0.079 mmol) was dissolved in 1-ml anhydrous DCM under N2. To this solution, Ag(SbF6) 
(0.027 g, 0.078 mmol) dissolved in 3-ml anhydrous DCM was added while stirring under N2. The mix-
ture was stirred for 2 h under N2, then filtered through Celite. Upon cooling (<0 °C), dark green crystals 
formed which were further recrystallized from DCM and diethyl ether to obtain [CoL](SbF6) (34 mg, 
51% yield). MAlDI lR–MS: m/z = 634.04 [M − (SbF6)]+. eSI HR-MS: m/z = 634.3785 [M − (SbF6)]+. Anal. 
Calcd for C37H57N3O2CoSbF6: C, 51.05; H, 6.60; N, 4.83. Found: C, 50.73; H, 6.35; N, 4.83.

4.5. [(N,N′-bis(3,5-di-tert-butyl-2-hydroxobenzyliden)-1,7-diamino-4-methyl-4-azaheptane)
pyridyl cobalt(III)](SbF6) (CoLPy+)

CoL (0.057 g, 0.079 mmol) was dissolved in 1-ml anhydrous DCM under N2 with anhydrous pyridine (68 
μl, 0.84 mmol). To this solution was added Ag(SbF6) (0.027 g, 0.078 mmol) dissolved in 3-ml anhydrous 
DCM while stirring under N2. The mixture was stirred for 2 h under nitrogen, then filtered through a 
Celite pad. Upon cooling (<0 °C), a brown-red powder formed which was further recrystallized from 
DCM and diethyl ether to obtain [CoLPy](SbF6) (34 mg, 51% yield). MAlDI lR-MS: m/z = 634.04 [M − 
(C5H5 N) − (SbF6)]+. eSI HR-MS: m/z = 634.3785 [M − (C5H5 N) − (SbF6)]+. Anal. Calcd for C42H62N4O2CoSbF6: 
C, 53.12; H, 6.58; N, 5.90. Found: C, 52.16; H, 6.33; N, 5.90.

4.6. Nuclear magnetic resonance spectroscopy

Unless otherwise stated, all NMR spectroscopic experiments were performed using a Varian 500 MHz 
nuclear magnetic resonance spectrometer. Deuterated solvents were purchased from Sigma-Aldrich 
and used as received. Spectra were processed and analyzed using the Varian VnmrJ software, version 
4.2. The evans method [24] measurement of the magnetic susceptibility of CoL+ was performed using a 
Bruker 600 MHz nuclear magnetic resonance spectrometer. t-Butanol (3 vol % in CDCl3) was used as the 
reference compound. To confirm the accuracy of the method, the magnetic susceptibility of Cr(acac)3 
was measured using the same reference compound and solvent. The corresponding Bohr magneton 
number was determined to be 3.88 μB, in excellent agreement with the theoretical value of 3.87 μB for 
a high-spin d3 octahedral complex.

4.7. Electrochemistry

All cyclic voltammetric experiments were performed and analyzed using a CHI440A (CH Instruments, 
Austin, TX) potentiostat. electrolyte solutions (0.1  M tetrabutylammonium hexafluorophosphate, 
TBAPF6) were prepared with anhydrous solvents and deoxygenated with nitrogen prior to use. A plat-
inum wire was used as the counter electrode. A glassy carbon or a platinum macro disk electrode was 
used as the working electrode. A silver wire was used as a pseudo-reference electrode with ferrocene 
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(purified by sublimation) added as an internal reference at the end of each experiment. All experiments 
were run under a nitrogen atmosphere.

4.8. UV/Vis/NIR spectroscopy

UV/Vis/NIR spectroscopy was performed using a Perkin-elmer lambda 950 spectrophotometer. 
Solutions of CoL+ were prepared under an atmosphere of N2 in deuterated solvents that were dried 
over molecular sieves and degassed by freeze-pump-thaw prior to use. Spectra were obtained in a 1-cm 
path length sealed quartz cell with matched reference cell. The sample cell was cooled to −10 °C and 
magnetically stirred. A solution of oxidant (WCl6) in deuterated solvent was titrated in 0.2 equivalent 
portions into the cell by syringe through a septum. The oxidant was allowed to stir for 3 min prior to 
collecting the spectrum.

4.9. Spectroelectrochemistry

UV/Vis/NIR spectroelectrochemistry was performed using a Perkin-elmer lambda 950 spectropho-
tometer and a BASF CV-27 potentiostat. The absorption spectra of the electrogenerated species were 
obtained in situ in a 1-mm path length quartz cell. Solutions for the spectroelectrochemial experiments 
contained 0.1 M TBAPF6 (as supporting electrolyte) and the complex (ca. 1 mM) in anhydrous ACN. 
A platinum wire was used as the counter electrode and a platinum mesh electrode was used as the 
working electrode. A silver wire was used as a pseudo-reference electrode. All experiments were run 
under a nitrogen atmosphere. Applied potentials were held for 3 min prior to collection of spectra.

4.10. Computational details

All DFT electronic structure calculations were performed using the Gaussian 09 software package, 
Revision D.01 [38]. Calculations were performed on the Blacklight supercomputer at the Pittsburgh 
Supercomputer Center and the Trestles supercomputer at the San Diego Supercomputing Center as part 
of the National Science Foundation extreme Science and engineering Discovery environment (XSeDe). 
Geometry optimizations for CoLn+ and CoLPyn+ (n = 1,2) were carried out using the TPSSh [32, 33] hybrid 
meta-GGA functional with the def2-SVP basis set of Ahlrichs and colleagues [39]. Initial geometries 
were taken from X-ray crystal structures and the resulting structures were confirmed as minima using 
frequency calculations at the same level of theory. Single-point energies at the minimized geometries 
were calculated using the def2-TZVP basis set of Ahlrichs and colleagues [39]. electrostatic solvation 
effects in dichloromethane were treated implicitly using the integral equation formalism variant of 
the polarizable continuum model (IeF-PCM) [40]. Finally, the optical spectra were predicted by TDDFT 
with IeF-PCM applied to account for electrostatic solvent effects from dichloromethane. The electronic 
effects of the tert-butyl groups were approximated with methyl groups for the TDDFT calculations to 
improve excited state convergence and reduce computational time.
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