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ABSTRACT: A new family of low-coordinate Co complexes
supported by three redox-noninnocent tridentate [OCO] pincertype bis(phenolate) N-heterocyclic carbene (NHC) ligands are
described. Combined experimental and computational data suggest
that the charge-neutral four-coordinate complexes are best
formulated as Co(II) centers bound to closed-shell [OCO]2−
dianions, of the general formula [(OCO)CoIIL] (where L is a
solvent-derived MeCN or THF). Cyclic voltammograms of the
[(OCO)CoIIL] complexes reveal three oxidations accessible at
potentials below 1.2 V vs Fc+/Fc, corresponding to generation of
formally Co(V) species, but the true physical/spectroscopic
oxidation states are much lower. Chemical oxidations aﬀord the
mono- and dications of the imidazoline NHC-derived complex, which were examined by computational and magnetic and
spectroscopic methods, including single-crystal X-ray diﬀraction. The metal and ligand oxidation states of the monocationic
complex are ambiguous; data are consistent with formulation as either [(SOCO)CoIII(THF)2]+ containing a closed-shell
[SOCO]2− diphenolate ligand bound to a S = 1 Co(III) center, or [(SOCO•)CoII(THF)2]+ with a low-spin Co(II) ion
ferromagnetically coupled to monoanionic [SOCO•]− containing a single unpaired electron distributed across the [OCO]
framework. The dication is best described as [(SOCO0)CoII(THF)3]2+, with a single unpaired electron localized on the d7 Co(II)
center and a doubly oxidized, charge-neutral, closed-shell SOCO0 ligand. The combined data provide for the ﬁrst time
unequivocal and structural evidence for [OCO] ligand redox activity. Notably, varying the degree of unsaturation in the NHC
backbone shifts the ligand-based oxidation potentials by up to 400 mV. The possible chemical origins of this unexpected shift,
along with the potential utility of the [OCO] pincer ligands for base-metal-mediated organometallic coupling catalysis, are
discussed.

■

INTRODUCTION

alternatives must address the propensity of later 3d metals to
exist in oxidation states that diﬀer by only one electron.7
One potential solution is to expand the redox sphere beyond
the metal center by harnessing cooperative metal−ligand redox
processes for multielectron chemistry.3,8−12 In this approach,
the capacity of redox-active ligands to store and deliver charge
is a tool to bring about precious metal-like two-electron
organometallic reactivity at metal ions that are more commonly
prone to one-electron transfer or that are even redox inert. This
strategy has recently been applied to a wide array of bond-

Cost, toxicity, and sustainability concerns motivate the
continued pursuit of base metals as alternatives to preciousmetal catalysts for small-molecule and ﬁne-chemical transformations, including hydrogenation, C−C and C−X crosscoupling, and C−H bond functionalization protocols.1−3 The
utility of platinum-group metals for such processes derives from
their capacity to mediate the multielectron organometallic
bond-making and -breaking steps which comprise most
catalytic cycles.4,5 Selectivity in these systems is therefore a
consequence of their thermodynamic bias for concerted twoelectron transfer.4,6 Accordingly, eﬀorts to develop base-metal
© 2017 American Chemical Society
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making and -breaking reactions.13−17 However, while redoxactive ligand complexes have found some applications in basemetal catalysis,18−42 in most cases advancements are still
needed to make these preformed complexes competitive with
catalysts generated in situ from base-metal salts, reductants, and
potential ligand additives.5,43−57 Successes in rational basemetal catalyst design often begin with robust, tunable ligands.
For instance, the redox-active bis(imino)pyridine [NNN]
pincer ligands58,59 were termed “privileged” because of their
utility in Fe and Co catalysis.60 Accordingly, elaborating a
library of ligands that stabilize low-coordinate, later 3d metals
across two or more formal oxidation states is a ﬁrst step toward
designed base-metal complexes for sustainable catalysis.
Previous results from the Soper laboratory have explored
redox-active ligand aminophenol Co complexes for Negishitype cross-couplings of unactivated alkyl halides with alkyl- or
arylzinc halides (Scheme 1).61,62 Both the C−X oxidative

oxidized forms, and the increased electron density facilitates
oxidative addition at the coordinated metal center. Its
signiﬁcant trans inﬂuence also enhances the lability of auxiliary
ligands,64,65 which is particularly beneﬁcial for generating
catalytically relevant species at substitutionally inert metal
centers such as Co(III). Finally, the modular synthesis allows
both of the lateral moieties as well as the medial NHC core to
be easily modiﬁed, oﬀering signiﬁcant steric and electronic
tunability.66,67
This [OCO] ligand has been reported on metals including
Ti, Zr, Hf, V, Mn, Ir, Ni, Pd, Pt, and Al.63,68−72 Most of these
reports formulate the ligand as a bis(phenolate) dianion, but
two previous papers discussed an expanded redox capacity.70,72
Bercaw and co-workers described one- and two-electron
oxidations of an [(OCO)IrIIICl(PCy3)2] complex and suggested the possibility of a ligand-centered radical in the oxidized
materials.72 However, the solution electron paramagnetic
resonance (EPR) data did not permit deﬁnitive assignment of
the oxidized species as metal-centered (OCO2−)IrIV/V or ligand
radical complexes (OCO•−)IrIII/IV. Ligand-centered oxidations
were similarly invoked to rationalize the electrochemical and
EPR data for oxidized homoleptic bis(OCO) ligated group 4
metals Ti, Zr, and Hf, but no structural data were reported and
the putative ligand radical complexes were not isolated.70
Reported herein are data for three new cobalt electron
transfer series, each spanning four formal oxidation states.
Structural data are presented that unambiguously show the
OCO pincer ligands are redox centers in the highly oxidized
complexes, and computational data support their assignments
as ligand-centered radicals. Furthermore, variations in the NHC
backbone saturation are shown to modulate the redox potential
of the ligand-centered oxidations by over 400 mV, providing a
convenient handle to tune these ligands for applications in
small-molecule redox catalysis.

Scheme 1

■

RESULTS
Diphenolate NHC Ligands. The chloride salts of three
tridentate pincer proligands featuring two di-tert-butylphenolate
moieties on a central N,N′-disubstituted imidazole [H3(OCO)Cl], imidazoline [H 3 ( S OCO)Cl], or benzimidazole
[H3(PhOCO)Cl] core, were synthesized via slight modiﬁcations
of previously reported procedures. The saturated variant
[H3(SOCO)Cl] was prepared in 82% yield from triethyl
orthoformate promoted cyclization of N,N′-bis(2-hydroxy-3,5di-tert-butylphenyl)ethylenediamine in the presence of concentrated hydrochloric acid (Scheme 3a).68,73 Analogous

addition and C−C reductive elimination steps apparently occur
via Pd-like concerted two-electron steps. However, catalytic
turnover is limited because C−C reductive elimination from the
putative high-valent dialkyl/aryl intermediate cobalt complexes
is inhibited by energetically unfavorable isomerization of the
square-planar bis(amidophenolate) ligand ﬁeld. This precludes
access to the cis sites required for C−C elimination.
To address these issues, we sought a system that would
capture the redox-active amidophenolate fragments within a
mer pincer-type tridentate ligand scaﬀold. In this regard, the
previously reported diphenolate imidazolyl carbene appeared
promising.63 As shown in Scheme 2, the [OCO] pincer
contains two di-tert-butylphenolate moieties ﬂanking a central
N-heterocyclic carbene (NHC) core. Beyond constraining the
coordination geometry to open cis coordination cites for
oxidative addition and reductive elimination transformations,
we envisioned the NHC conferring other advantages. The
strongly σ donating carbene makes the ligand less labile in its

Scheme 3

Scheme 2
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reaction of the o-phenylenediamine precursor aﬀorded
[H3(PhOCO)Cl] in 79% yield.74 The unsaturated NHC core,
[H3(OCO)Cl], was prepared according to a previously
reported method by treating the diimine precursor with
paraformaldehyde and TMSCl in ethyl acetate at 70 °C for 6
h (Scheme 3b).63,73
Synthesis and Structures of Reduced [OCO] Cobalt
Complexes. The cobalt complexes 1−3, [( S OCO)Co II (MeCN)], [(OCO)Co II (MeCN)], and [( Ph OCO)CoII(MeCN)], respectively, were prepared by a general method
wherein the corresponding ligands were deprotonated with 3
equiv of NaOMe and subsequently treated with stoichiometric
CoCl2 (Scheme 4). As described below, the Co-pincer

imidazole backbone of 2 inhibit rotation along the C16−C17
bond, making the ligand coplanar with the Co center. In the
solid state, the complex resides on a crystallographic mirror
plane (Figure 1b, bottom). The benzimidazole complex 3
exhibits signiﬁcant puckering about the Co center, causing both
phenolic oxygen atoms to bend 7.2° above the N3−Co−C1
plane. The benzimidazole backbone is lifted out of plane
(Figure 1c, bottom). The C−C bonding metrics about the
ﬂanking phenolate groups are statistically indistinguishable
within the rings, across all complexes 1−3 (Figure 2),
consistent with formulation of the phenolate substituents as
fully reduced phenoxides,75 from which we conclude that the
NHC ligands are dianionic and the Co centers adopt a formal
+II oxidation state.
The Co−O bond distances remain constant across the series,
averaging 1.811 ± 0.005 Å, and are in line with Co−Ophenoxide
distances in low-spin square-planar Co(II) centers supported
by salen-type ligands.76−79 A search of the CCDC in June 2017
revealed that all three Co1−C3 bond lengths (1.811(2)−
1.830(8) Å) are substantially shorter than those in previously
reported Co−NHC complexes (1.9135(19)−2.152(6) Å),80−85
likely reﬂecting both the strong σ-donor ability of the NHC as
well as geometric constraints imposed by the chelating
phenolate arms. Notably, unsaturation in the backbone leads
to a statistically signiﬁcant elongation of the Co−CNHC
distances along with a contraction of the Co−N bonds to the
MeCN ligands and lengthening of the nitrile CN bonds
(Figure 3). These bonding patterns can be rationalized by
invoking enhanced π back-donation from the Co center to the
saturated carbene in 1 vs 2 and 3, consistent with previous
suggestions that imidazoline-derived NHCs are better π
acceptors than their unsaturated imidazole counterparts.65,86
However, nitriles are poor π acceptors, and similar eﬀects might
be expected only on the basis of the relative σ-donor abilities of
the varying NHCs.
All three complexes are paramagnetic, as evidenced by the
observation of broad, shifted 1H NMR spectra and the solution
magnetic moments (μeff) of 1.88, 1.82, and 1.90 for 1−3 in
THF-d8, respectively. These measured moments are slightly
higher than the spin-only values for an S = 1/2 center, but
square-planar Co(II) species are well-known to have signiﬁcant
contributions from the angular momentum term, L, typically
leading to higher than spin-only values of μeff.87 The measured
moments match those previously reported for low-spin squareplanar Co(II) complexes.78,88 The observed magnetism is
therefore consistent with a d7 conﬁguration with a single
unpaired electron.
Electrochemistry. Cyclic voltammograms of 1−3 were
obtained in MeCN solutions containing 0.1 M tetra-nbutylammonium hexaﬂuorophosphate ([nBu4N][PF6]) as the
supporting electrolyte. As shown in Figure 4, all three

Scheme 4

complexes bind an additional solvent-derived ligand upon
workup, resulting in four-coordinate complexes. Samples
isolated from MeCN or THF solutions vary in color from
orange to red, and the isolated yields ranged from 88 to 93%.
Suspending THF-derived samples in MeCN and adding the
minimal amount of toluene required to completely dissolve the
sample aﬀorded analytically pure needle crystals of the
corresponding MeCN complexes (Chart 1), implying that the
THF ligands are labile.
Recrystallization of the complexes from concentrated MeCN
solutions at −25 °C aﬀorded crystals suitable for analysis by Xray diﬀraction. As shown in Figure 1, the gross geometric
features are consistent across the series. In each case, the fourcoordinate Co center has approximate square-planar geometry,
with the diphenolate carbene pincer ligand occupying three
meridional sites and a solvent-derived MeCN ligand bound
trans to the carbene.
Unsaturation in the ligand backbone leads to variations in the
Co−ligand bonding metrics as well as the overall planarity of
the complexes. Selected bond lengths are collected in Figure 2.
The saturated imidazoline backbone of 1 twists the ligand
backbone, as evidenced by the C2−N1−C3−N2 torsion angle
of 5.72(1)°. The phenolate arms of 1 are displaced below the
cobalt, causing the O1−Co−O2 and C3−Co−N3 bite angles
to slightly contract to 170.3(1) and 172.2(1)°, respectively
(Figure 1a, bottom). In contrast, the sp2 carbons in the
Chart 1. MeCN Adducts of Complexes 1−3
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Figure 1. ORTEP plots of complexes (a) [(SOCO)Co(MeCN)] (1), (b) [(OCO)Co(MeCN)] (2), and (c) [(PhOCO)Co(MeCN)] (3), as viewed
from above (top) and down the Co1−C3 bond (bottom). Ellipsoids are drawn at 50% probability. Hydrogen atoms and noncoordinated acetonitrile
molecules are omitted for clarity.

Figure 3. Bond lengths (Å) for the NHC−Co−NCCH3 fragments in
(a) 1, (b) 2, and (c) 3.

Table 1. Substitutions in the NHC backbone minimally aﬀect
the position of the ﬁrst oxidation, E1/21, which varies less than
95 mV between the most (3) and the least easily oxidized (2).
However, the second and third oxidations, E1/22 and E1/23, are
strongly inﬂuenced by (un)saturation of the NHC backbone.
For example, in the saturated NHC complex 1, the second
oxidation event, E1/22, occurs nearly 300 mV more negative of
the unsaturated imidazole-derived complex 2 and nearly 400

Figure 2. Schematic of selected bond lengths (Å) for complexes (a) 1,
(b) 2, and (c) 3 drawn to correspond to Figure 1.

complexes show three quasi-reversible 1e oxidations between
−0.5 and +1.5 V vs Fc+/Fc. The potentials are collected in
12424
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prepared by salt metathesis with NaBPh4 followed by
recrystallization from solvent diﬀusion of pentane into a
concentrated THF solution at −25 °C. The structure of 1+ is
presented in Figure 5b. For comparison, an X-ray structure of a

Figure 4. Cyclic voltammograms of 1 (blue), 2 (red), and 3 (green) in
MeCN. Conditions: 5 mM 1−3, 0.1 M [Bu4N][PF6], 1.0 mm Pt
electrode, 100 mV s−1 scan rate.

Table 1. Redox Potentials (V vs Fc+/Fc) of 1−3
complex

E1/21 (ΔEp) X/X+
couple

E1/22 (ΔEp) X+/X2+
couple

E1/23 (ΔEp) X2+/X3+
couple

1
2
3

−0.322 (0.086)
−0.252 (0.208)
−0.344 (0.132)

0.299 (0.085)
0.596 (0.138)
0.694 (0.105)

0.773 (0.108)
0.963 (0.169)
1.187 (0.189)

mV below the benzimidazole NHC complex 3. Similar trends
are observed in the E1/23 values spanning a range of over 400
mV, with 1 < 2 < 3. E1/22 and E1/23 represent the formation of
complexes two and three redox levels above Co(II). However,
as discussed below, the relative scarcity and presumed oxidizing
power of molecular Co(IV) and Co(V) complexes led us to
consider alternative formulations containing ligand-centered
radicals. In this context, the observed E1/22 and E1/23 values are
well within the range of reported ligand oxidations in
complexes containing aryl oxide chelates (0.33−1.04 V vs
Fc+/Fc) that generate phenoxyl radicals.75
Synthesis and Structures of the [(OCO)Co(THF)n]Xn‑1
(n = 1−3) Electron Transfer Series. To better understand
the structural properties of the high-valent Co complexes
observed in the cyclic voltammograms, chemical oxidations of 1
were performed in THF. Treating a dark orange, air-sensitive
THF solution of 1 with 1 equiv of AgOTf aﬀorded a dark green
solution from which 1+ was isolated as an air-stable green solid
in 92% yield. A sample suitable for X-ray diﬀraction was

Figure 5. ORTEP plots of complexes (a) [(SOCO)Co(THF)] (1),
(b) [(SOCO)Co(THF)2][BPh4] (1+), and (c) [(SOCO)Co(THF)3][PF6]2 (12+). Ellipsoids are drawn at 50% probability. Hydrogen
atoms, counteranions, and noncoordinated solvent molecules are
omitted for clarity.

sample of 1 isolated from THF is shown in Figure 5a. Bond
length data in Figure 6a show that, with the exception of Co−
C1 bond contraction from 1.811(2) to 1.790(4) Å, the
structural perturbations in 1 are minimal on substitution of
MeCN for THF.
The Co center in 1+ is ﬁve-coordinate (Figure 5b), with the
pincer ligand occupying three mer sites. Two THF ligands
complete the pseudo-square-pyramidal geometry with a τ value
of 0.13 (cf. τ = 0 for a perfect square pyramid and τ = 1 for a
perfect trigonal bipyramid).89 Oxidation of 1 to 1+ occurs with
contractions of each Co−O and O−CAr bond by ca. 0.01 Å
12425
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upon workup. Crystals of 12+ suitable for single-crystal X-ray
analysis were obtained by diﬀusion of pentane into a
concentrated THF solution at −25 °C. Three THF molecules
complete the coordination sphere about a pseudo-octahedral
Co center (Figure 5c). Examination of the ligand metrical data
(Figure 6c) shows a clear quinoid-type pattern of four long and
two short C−C bonds in both phenoxide moieties. Additionally, the CAr−O and CAr−N bond lengths are contracted by an
average of 0.044(4) and 0.022(5) Å, respectively, in
comparison to 1, in line with the contractions expected upon
oxidation of the phenoxide arms to phenoxyls. In total, the sum
of the ligand data clearly contrast with those in 1 or 1+ and are
most consistent with formulation of the ligand in 12+ as a
charge-neutral doubly oxidized SOCO0 ligand. Charge balance
implies that the Co center is in the +II oxidation state;
therefore, the complex is formulated as [( S OCO 0 )CoII(THF)2]2+. The measured THF solution magnetic moment
(μeff) of 2.51 is substantially above that expected for an S = 1/2
ionsuggestive of substantial orbital contributions to the
magnetic momentbut well below the spin-only moment for
three or more unpaired spins. As discussed below, this could
reﬂect multiple contributors to the ground state of 12+.
However, 12+ is also prone to degradation to undeﬁned Co
species in solution at ambient temperature, thus complicating
magnetic measurements, and hence this piece of magnetic data
should be interpreted with caution.
All attempts to synthesize the 13+ complex observed in the
CV were unsuccessful. The use of strong oxidants such as N(pC6H4Br)3+ and NO+ salts provided only an intractable mixture
of products.
Solid-State Magnetic Properties. Magnetic susceptibility
data were collected for 1 and 1+ in the temperature range 2−
300 K (Figure 7). For 1, the χMT value is 0.55 cm3 K mol−1

Figure 6. Schematic of selected bond lengths (Å) for complexes (a) 1,
(b) 1+, and (c) 12+. Bond length changes greater than 0.01 Å in
comparison to the fully reduced species, 1, are indicated by colored
labels: red indicates bond contraction; blue indicates bond elongation.

each, and the Co−C1 bond to the carbene is lengthened from
1.789(2) Å in 1 to 1.849(3) Å (Figure 6b). All of the C−C
bonds within the phenolate rings are indistinguishable from 1
within the error of the X-ray measurement, but both rings in 1+
display distinctive quinoid-type bond alternations typical of
those expected for phenoxyl radicals,75 suggesting some degree
of ligand oxidation might be operative.
THF solutions of 1+ are paramagnetic with a solution
moment (μeff) of 2.88, consistent with the spin-only value for
an S = 1 center. The sum of these data are therefore consistent
with formulation of 1+ as either [(SOCO)CoIII(THF)2]+
containing a closed-shell [SOCO]2− bis(phenolate) ligand on
an intermediate-spin Co(III) center or [( S OCO • )CoII(THF)2]+ with a low-spin Co(II) ion ferromagnetically
coupled to an oxidized monoanionic [SOCO•]− fragment
containing a single unpaired electron distributed across the
[OCO] framework. The X-ray metrical data alone are
insuﬃcient to distinguish these possibilities, but computational
and solid-state magnetism data discussed below are informative
in this regard.
The dication 12+ was prepared from 1 by treatment with 2.1
equiv of [N(p-C6H4Br)3][PF6] in THF, giving immediate
conversion to a dark green solution and a green-brown powder

Figure 7. Temperature dependence of magnetic susceptibility for
[(SOCO)Co(THF)] (1) and [(SOCO)Co(THF)2](OTf) (1+),
collected at 5 and 1 kOe, respectively. The best ﬁts to the data were
determined using PHI.90

(μeff = 2.10 μB) at 300 K, slightly higher than the spin-only
value for a low-spin Co(II) species (S = 1/2, 0.375 cm3 K
mol−1, g = 2). When the temperature is decreased to 10 K, the
χMT product decreases monotonically down to 0.50 cm3 K
mol−1 (μeff = 2.00 μB), and upon further cooling to 2 K, χMT
decreases more sharply to 0.45 cm3 K mol−1 (μeff = 1.9 μB). The
susceptibility data were ﬁt successfully to an S = 1/2 model
using PHI;90 the magnetic parameters are shown in Table 2.
12426
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Table 2. Magnetic Parameters for [(SOCO)Co(THF)] (1) and [(SOCO)Co(THF)2](OTf) (1+)
compound
s

[( OCO)Co(THF)]
[(sOCO)Co(THF)2](OTf)
model 1
model 2
model 3

g

Θ (cm−1)

2.33

−0.11

2.56
2.24
2.18

D (E) (cm−1)

J (cm−1)

−10.3
62.1 (20.7)b,c
−40.3 (13.4)c

−252

TIP (10−6 cm3 mol−1)a

R2

150

0.9998

600
400
400

0.9962
0.9976
0.9988

In PHI, temperature-independent paramagnetic susceptibility (TIP) is added to the data but is not a ﬁtted parameter. bNote that the signs of
anisotropy parameters are not reliably determined from ﬁts to susceptibility data, but a positive D value is consistent with population of an MS = 0
microstate as T approaches zero, as observed in the experimental data. cAnisotropy values were adjusted according to a literature procedure to ensure
that |E| ≤ |D|/3.93
a

The isotropic g value obtained from the ﬁt is similar to that
found via EPR spectroscopy (vide infra) and is reasonable
considering the large intrinsic spin−orbit coupling in previously
characterized low-spin Co(II) species;91,92 free reﬁnement of gx,
gy, and gz do not improve the overall ﬁt quality and do not agree
with EPR simulations (Table S37 in the Supporting
Information). Inclusion of a mean ﬁeld correction (Θ)
improved the ﬁt, consistent with weak intermolecular
antiferromagnetic coupling, likely from π stacking through
[SOCO] ligands on adjacent species as shown in the crystalpacking diagram (Figure S9 in the Supporting Information).
The ﬁeld dependence of magnetization (Figure S10 in the
Supporting Information) shows near-saturation of magnetization at ∼1.1 N μB, consistent with one unpaired electron in
the ground state.
The magnetic properties of the mono-oxidized compound 1+
oﬀer several interpretations. This complex displays a roomtemperature magnetic susceptibility value of 1.38 cm3 K mol−1
(μeff = 3.0), consistent with an S = 1 species (1.00 cm3 K mol−1
expected for g = 2). Upon cooling, a gradual linear decrease is
observed: at 50 K, the χMT product is 1.05 cm3 K mol−1 (μeff =
2.90). A more pronounced decrease is observed upon further
cooling, and at 2 K χMT is 0.08 cm3 K mol−1 (μeff = 0.79). The
near zero magnetization at 2 K increases very slowly as the ﬁeld
is increased to 5 kOe (Figure S11 in the Supporting
Information) and does not show any tendency toward
saturation, consistent with a relatively well isolated MS = 0
microstate at low temperatures. On the basis of these data,
several spin distribution scenarios are feasible: (1) low-spin
Co(II) antiferromagnetically coupled to a ligand radical, (2)
intermediate-spin Co(III) center or ferromagnetic coupling
between a low-spin Co(II) and a ligand radical, or (3) high-spin
Co(II) antiferromagnetically coupled to a ligand radical. The
ﬁrst scenario would give a net S = 0 ground state, whereas the
other models would give net S = 1 ground states but with large
anisotropy such that the MS = 0 microstate is populated at
lowest temperatures. The data were ﬁt to several models using
PHI; all ﬁt parameters are collected in Table S38 in the
Supporting Information. Model 1 did not provide reasonable g
or coupling parameters; importantly, curvature in the simulated
χMT values does not agree with the linear decrease observed at
the lowest temperatures probed (Figure S12 in the Supporting
Information). In contrast, models 2 and 3 provide reasonable g
values as well as large zero-ﬁeld splitting (D) values. The
presence of signiﬁcant axial anisotropy is consistent with the
shape of the downturn at low temperatures. Model 3 also gave a
large negative J value, consistent with strong antiferromagnetic
coupling between a putative high-spin Co(II) center and a
ligand radical. On the basis of these ﬁts, it is likely that 1+
contains an intermediate-spin Co(III) center or a high-spin

Co(II) center antiferromagnetically coupled to a ligand radical.
To deﬁnitively diﬀerentiate models 2 and 3, much higher
measuring temperatures and/or high ﬁelds would be needed.
However, on comparison to ﬁts to the high-temperature data
(Figure S12), the “intermediate spin” model (2) follows the
linear increase in χMT, whereas the “antiferromagnetic
coupling” model (3) shows slight curvature. Thus, given the
current data, model 2, a highly anisotropic triplet, oﬀers the
best agreement with data. Whether this is localized on the
“Co(III)” ion or is the result of exceptionally strong
ferromagnetic coupling between low-spin Co(II) and a ligand
radical cation cannot be distinguished from the current data.
EPR Spectroscopy. The X-band EPR spectrum of a THFderived sample of 1 was obtained in toluene glass at 20 K
(Figure 8). It displays a rhombic signal with well-resolved

Figure 8. X-band EPR spectrum of a THF-derived sample of 1 in
toluene glass at 20 K. Conditions: microwave frequency, 9.388589
GHz; power, 0.6325 mW; modulation amplitude, 2.000 G.

cobalt hyperﬁne coupling interactions (HFIs) along two
directions of the g tensor. The spectrum is characteristic for a
metalloradical S = 1/2 system, with the unpaired electron being
localized mainly at the cobalt center. A satisfactory simulation
of the experimental spectrum was obtained with the EPR
parameters shown in Table 3. Spin-unrestricted (collinear)
spin−orbit DFT calculated EPR parameters are overall in
reasonable agreement with the experimental values (Table 3).
The DFT computed ACox and ACoy HFI values are somewhat
too high though, while the gz value is underestimated. This is
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spin density is delocalized over both phenoxide arms of the
OCO ligand, mainly on the oxygen atoms (total of 12.6%). A
small amount of spin-down density is observed on the NHC
carbon center (4.2%), which can be attributed to spin
polarization. The computed structure of 1 is therefore best
described as [(SOCO)Co II(THF)], with a closed-shell
[SOCO]2− dianion on a low-spin Co(II) center.
1+ converged as a triplet (⟨s2⟩ = 2.0156). The involvement of
a quintet state (⟨s2⟩ = 6.0132) is highly unlikely, as this state is
computed to be +20 kcal mol−1 uphill vs the triplet state.
However, the singlet state is found to be only +5 kcal mol−1
above the triplet state, and the open-shell singlet state is only
+4 kcal mol−1 uphill from the triplet state. In the triplet state,
66% of the electron density is localized at Co; the remainder is
delocalized over the phenoxide moieties (Figure 10). These

Table 3. Experimental (Simulation) and DFT Calculated
EPR Parameters of 1
sim
gx
gy
gz
ACox
ACoy
ACoz
a

g Tensor
2.061
2.105
2.500
Hyperﬁne Coupling (MHz)
45
NR (<30)
170

DFTa
2.056
2.102
2.302
+145
+82
−176

ADF, B3LYP, TZ2P, unrestricted collinear spin−orbit calculations.

suggestive of a slightly overestimated DFT HOMO−SOMO
energy gap, perhaps caused by solvation eﬀects and/or concrete
toluene solvent adduct formation at 20 K in the experimental
system.94
As can be expected for a metal-based electronic triplet system
(S = 1, with expected large zero-ﬁeld splitting parameter D), the
X-band EPR spectrum of 1+ measured in toluene glass at 20 K
gave no signal in the range of 0−6000 G. The solution
instability of 12+ precluded measurement of an EPR spectrum.
Computed Electronic Structures of 1, 1+, and 12+. The
electronic structures of the THF adducts 1, 1+, and 12+ were
computed with unrestricted DFT-D3 calculations (BP86, def2TZVP, disp3), excluding counterions, and with starting spin
states as determined experimentally. Optimized geometries
were compared to the single-crystal X-ray structures and found
to have maximum bond length deviations of 0.023, 0.023, and
0.026 Å for 1, 1+, and 12+, respectively, suggesting that the spin
states, functional, and basis set (BP86, def2-TZVP, disp3) used
in the geometry optimizations accurately capture the bond
distances in the [SOCO] ligands across all three formal
oxidation states. The spin densities per atom in optimized
geometries were also calculated. Accordingly, complex 1
converged as a doublet (⟨s2⟩ = 0.7611), with 81% of the total
spin density being located at cobalt (Figure 9). Some residual

Figure 10. (top) Spin density plot of 1+ (S = 1), generated with
IQMol (isosurface value 0.005). (bottom) Spin density per atom for
the bis-THF adduct of 1+ (S = 1).

data are most consistent with description of 1+ as containing a
Co(II) center supported by a monooxidized [SOCO•]− ligand
radical. However, the accessibility of multiple low-lying excited
states suggests that other contributors to the ground state
might need to be considered (perhaps requiring multireference
calculations, beyond the scope of the present study).
Complex 12+ converged as a doublet (⟨s2⟩ = 0.8342). The
spin density of 12+ is almost entirely localized at the cobalt
center, with some spin polarization causing some negative spin
population on the NHC ligand atoms (and hence more than
100% positive spin at cobalt; Figure 11). Unrestricted natural
and corresponding orbital analysis of the α and β molecular
orbitals revealed the presence of only one α MO without
(large) overlap with a corresponding β MO (UCO overlap
values of all other α and β MO pairs >0.96). Accordingly, the
computational data suggest that the complex is best described
as [(SOCO0)CoII(THF)3]2+, with a single unpaired electron
localized on the d7 Co(II) center and a doubly oxidized, chargeneutral, and closed-shell diamagnetic SOCO0 ligand (Figure
12a). While the SOCO0 ligand could in principle be described
as a singlet diradical with very strong antiferromagnetic

Figure 9. (top) Spin density plot of 1 (S = 1/2), generated with
IQMol (isosurface value 0.005). (bottom) Spin density per atom for
the THF adduct of 1 (S = 1/2).
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commonly supported by tetradentate macrocycles, such as
porphyrins or bis(Schiﬀ base) bis(phenolate) N 2 O 2
salens.76−78,96,97 However, square-planar Co(II) complexes of
pincer [PNP] amidodiphosphine ligands have been recently
described,88 and the electronic structures of high-spin squareplanar Co(II) have been discussed.98 Here, the reluctance of
1−3 to bind additional ligands is not attributable to sterics, as
evidenced by the quasi-octahedral structure of [(SOCO0)CoII(THF)3]2+, which is formulated analogously as a low-spin
cobalt(II) ion. Rather, the preference for four-coordination in
the lower oxidation states is apparently electronic in origin. In
the absence of signiﬁcant π bonding, the dx2−y2 orbital that is
directed at the vacant coordination siteswhen the z axis is
colinear with the Co−CNHC bondis half-ﬁlled in the low-spin
d7 conﬁguration. Oxidizing the ligand does not change the
electron count at Co; therefore, the preference for additional
THF ligands in 12+ reﬂects increased Coulombic attraction to
the dication (Figure S13 and Table S38 in the Supporting
Information). This also accounts for the nearly invariant Co−O
distances upon oxidation of 1 (Figure 6); increased charge
counterbalances the decreased O-donor strength/basicity in the
oxidized ligand.
Isolation of 12+ provides clear structural evidence for redox
activity within the [OCO] pincer ligand. Although such ligand
oxidations had been previously suggested,70,72 this is to our
knowledge the ﬁrst isolated [OCO] pincer complex with an
oxidized ligand. X-ray data for the doubly oxidized ligand are
consistent with those expected for a diradical, but calculations
show it is better formulated as a closed-shell SOCO0 diamagnet,
implying the NHC mediates electronic communication across
the [OCO] framework.
The electronic structure of the intermediate oxidation state
1+ species deﬁes simple assignment. As noted above, the solidstate structural and magnetic data can be reasonably interpreted
as either [(SOCO)CoIII(THF)2]+ with a closed-shell [SOCO]2−
bis(phenolate) ligand on an intermediate-spin cobalt(III)
center, or [(SOCO•)CoII(THF)2]+ with a low-spin Co(II)
ion ferromagnetically coupled to a monoanionic [SOCO•]−
ligand radical, containing a single unpaired electron distributed
over the [OCO] π system. DFT calculations are more
consistent with the latter formulation but reveal closed-shell
singlet and open-shell singlet states at thermally accessible
energies relative to the triplet (S = 1) ground state. In reality,
the ground state of 1+ might have multiple contributors. If the
true electronic structure is indeed some combination of the
formulations listed above, then the physical oxidation states of
the metal and ligand should be highly susceptible to small
perturbations in the solvent, temperature, and coordination
environment, making the ligand truly noninnocent.99
Eﬀects of NHC Unsaturation on Ligand-Centered
Oxidations. The oxidized variants of 2 and 3 were not
isolated, but given the structural homology in 1−3, it seems
reasonable to assume that 22+ and 32+ also contain ligand
radicals. So how do we rationalize the large (up to 400 mV)
anodic shifts in the ligand-centered oxidations upon incorporation of unsaturation into the NHC ligand backbone? Two
potential explanations were considered.
(1) Wolczanski and co-workers have recently suggested that
the relative accessibility of ligand-centered oxidations can be
understood by simple π-electron counting and the application
of Hückel’s rule.100,101 By this logic, the [SOCO]2− ligand is a
20e− π system that becomes aromatic upon 2e− oxidation to
S
OCO0 (see Figure 12a). The unsaturated [OCO]2− and

Figure 11. (top) Spin density plot of 12+ (S = 1/2), generated with
IQMol (isosurface value 0.005). (bottom) Spin density per atom for
the tris-THF adduct of 12+ (S = 1/2).

Figure 12. Key resonance structures of the closed-shell (a) and openshell singlet (b) conﬁgurations of the doubly oxidized, charge-neutral
S
OCO0 ligand. The closed-shell representation (a) prevails according
to DFT.

coupling between the two conjugated ligand-radical electrons
(Figure 12b), there are actually no indications for such a
(broken-symmetry) electronic structure with multiple unpaired
electrons. Complex 12+ contains only one unpaired electron
according to DFT, which is located at cobalt.

■

DISCUSSION
Physical Oxidation States in the (OCO)Co Electron
Transfer Series. The bis(phenolate) NHC cobalt complexes
reported herein span a remarkably broad range of redox states.
Cyclic voltammograms of complexes 1−3 all show three quasireversible one-electron oxidations at <1.2 V vs Fc+/Fc. These
formally correspond to the generation of Co(III), Co(IV), and
Co(V) in the mono-, di-, and trications, respectively. However,
the combined experimental and computational data suggest
that the physical oxidation states of cobalt are signiﬁcantly
lower.95
Complex 1 is appropriately described as [(SOCO)CoII(THF)], with a closed-shell [SOCO]2− dianion supporting
a low-spin Co(II) center, and the unsaturated NHC variants 2
and 3 are formulated similarly. Exclusively four-coordinate
quasi-square-planar structures were obtained for crystals of 1
grown from either THF or MeCN and for 2 and 3 grown from
MeCN. Four-coordinate cobalt(II) complexes are most
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[PhOCO]2− ligands have 22 and 26 π electrons, respectively,
making them aromatic in their reduced forms; they should have
a much lower propensity to be oxidized, which is consistent
with the CV data. This argument implies that the unsaturated
backbones in the imidazole- and benzimidazole-derived ligands
are capable of delocalizing their π electrons across the entire
[OCO] ligand. Previous literature has suggested that
unsaturated imidazole-derived NHCs may102 or may not103
be aromatic. If the backbone π electrons are electronically
decoupled from the rest of the [OCO] framework, then this
rationale fails. The DFT results strongly point to full
delocalization of the π system, in favor of aromaticity of the
S
OCO0 ligand in 12+.
(2) As detailed above, the varying Co−C bond distance
across 1−3 might be ascribed to enhanced π back-donation
from the cobalt(II) center in 1 to the NHC in comparison to 2
and 3. The saturated imidazoline-derived NHC is known to be
a better π acceptor than the unsaturated (benz)imidazole
NHCs.65,86 Enhanced back-bonding increases π electron
density in the saturated [SOCO]2− ligand, thereby increasing
its susceptibility to oxidations that generate phenoxyl radicals
by removal of one or more π electrons.
A deﬁnitive explanation for the observed shifts in the ligandcentered oxidation potentials eludes us. It might in fact arise
from a combination of the factors listed above. In contrast, the
relative invariance in the ﬁrst oxidation events across 1−3 is
reasonably attributed to signiﬁcant Co(III) character in 1+−3+.
From the perspective of the cobalt(II) center, the coordination
environment is nearly uniform in all of 1−3, rendering a metalcentered oxidation relatively invariant to unsaturation or
substitutions in the distal half of the NHC fragment.
[OCO] as a Platform for Multielectron Transformations at Co. The sum of the structural and electronic data
presented above presents an exciting opportunity to develop
new small-molecule reaction chemistry at [OCO] complexes.
For instance, a list of design criteria for a new Co crosscoupling catalyst might include a low-coordinate complex in a
low formal oxidation state, with a multielectron capacity that
favors higher coordination numbers in higher oxidation states.
In this respect, the [OCO] ligand seems ideally suited for such
organometallic reactivity at later 3d metals. As shown herein, it
stabilizes low-coordinate Co in low formal oxidation states, and
higher formal oxidation states lead to higher coordination
complexes. The (OCO)Co core is robust, but labile ancillary
ligands aﬀord multiple cis coordination sites for small-molecule
binding and activation. Most importantly, the [OCO] framework gives access to oxidation states three levels above Co(II)
at modest potentials. Accordingly, oxidative addition to Co(II)
can be envisioned to occur without formation of high-energy
Co(IV) species. Furthermore, unsaturation in the NHC
backbone is shown to aﬀord a high degree of electronic
tunability, allowing the reducing power of the metal complexes
to be tuned by up to 400 mV without signiﬁcantly perturbing
the coordination environment or sterics about the Co centers.
These properties should be broadly transferrable to other
organometallic catalysis cycles that utilize precious metals for
multielectron bond activation and functionalization.

factors that make this system particularly attractive as a
platform for new reaction chemistry include the capacity to
stabilize Co over three or more formal oxidation states at
relatively modest potentials, along with an impressive ﬂexibility
in coordination number and geometry. All of these are
predicated on the capacity of the [OCO] ligand to persist in
oxidation states that span multiple electrons. Although this
redox capacity had been previously inferred, this report
describes, to our knowledge, the ﬁrst structurally characterized
[OCO] ligand radicals and provides unequivocal proof for the
redox activity of this ligand scaﬀold.
The [OCO] pincer ligands additionally show a remarkable
and unexpected electronic tunability, with ligand-centered
oxidations spanning over 400 mV depending on the degree
of unsaturation in the NHC ligand backbone. Going forward,
we posit that these properties will be broadly beneﬁcial for the
development of new methods for selective, organometallic-type
small-molecule redox transformations at later 3d metals. The
ﬁrst eﬀorts in our laboratory have focused on Co-mediated C−
C coupling, but extensions to other classes of reactions, and
other base metals, will be described in subsequent reports.

■

EXPERIMENTAL DETAILS

General Considerations. Unless otherwise speciﬁed, all manipulations were performed under anaerobic conditions using standard
vacuum line techniques or in an inert-atmosphere glovebox under
puriﬁed nitrogen. Routine NMR spectra were acquired on either a
Varian Mercury 300 spectrometer (300.323 MHz for 1H; 75.5 MHz
for 13C) or a Varian Mercury 400 spectrometer (399.94 MHz for 1H;
101.1 MHz for 13C). All chemical shifts are reported in parts per
million (ppm) relative to TMS, with the residual solvent peak serving
as an internal reference.104 Solution magnetic moments were obtained
by the Evans NMR method105,106 and are reported as the average of
three independent measurements, unless otherwise speciﬁed. UV−
visible absorption spectra were acquired using a Varian Cary 50
spectrophotometer. Unless otherwise noted, all electronic absorption
spectra were recorded at ambient temperatures in 1 cm quartz cells. IR
absorption spectra were obtained via attenuated total reﬂection (ATR)
with a diamond plate using a Bruker ALPHA Fourier-transform
infrared spectrophotometer. All mass spectra were recorded in the
Georgia Institute of Technology Bioanalytical Mass Spectrometry
Facility. Electrospray ionization mass spectrometry (ESI-MS) was
carried out with acetonitrile solutions using a Micromass Quattro LC
spectrometer. Electron impact mass spectra (EI-MS) were obtained
using a VG Instruments Model 70-SE spectrometer. The EPR
spectrum was recorded on a Bruker EMX X-band spectrometer
equipped with a He cryostat. The spectrum was analyzed and
simulated using the W95EPR program of Prof. F. Neese. Cyclic
voltammetry experiments were performed inside an N2-ﬁlled glovebox
in MeCN with 0.1 M [nBu4N][PF6] as the supporting electrolyte,
unless otherwise noted. The voltammograms were recorded with a CH
Instruments 620C potentiostat, using a 2.5 mm (o.d.) 1.0 mm (i.d.)
Pt-disk working electrode, Ag-wire quasi-reference electrode, and a Ptwire auxiliary electrode, at a scan rate of 0.1 V s−1, unless reported
otherwise. Reported potentials are referenced to the ferrocenium/
ferrocene (Fc+/Fc) redox couple, added as an internal standard at the
conclusion of each experiment. Elemental analyses were performed by
Atlantic Microlab, Inc., Norcross, GA. All analyses were performed in
duplicate, and the reported compositions are the average of two runs.
Full details of X-ray data collection and reﬁnement are provided in the
Supporting Information.
Methods and Materials. Anhydrous acetonitrile (MeCN),
dichloromethane, pentane, tetrahydrofuran (THF), and toluene
solvents for air- and moisture-sensitive manipulations were purchased
from Sigma-Aldrich and further dried by passage through columns of
activated alumina, degassed by at least three freeze−pump−thaw
cycles, and stored under N2 prior to use. Anhydrous methanol

■

CONCLUSIONS
Tridentate, mer pincer-type ligands are now ubiquitous in
catalysis, and the [OCO] pincer appears to be well positioned
to take a place alongside “privileged” ligands for base-metal
catalysis, such as bis(imino)pyridine [NNN] pincers.60 The
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Synthesis of [(OCO)Co(MeCN)] (2). The above representative
procedure, followed by recrystallization from MeCN−toluene at −25
°C, aﬀorded 2 as X-ray-quality crystals in 93% yield. Anal. Calcd for
C33H45CoN3O2: C, 68.97; H, 7.89; N, 7.31. Found: C, 68.54; H, 7.78;
N, 7.28. UV−vis (MeCN; λmax, nm (ε, M−1 cm−1)): 308 (23,000), 327
(2200), 418 (5100). FTIR (ATR, cm−1): 2953(m), 2907(m),
2873(m), 1444(s), 1328(m), 1323(s), 1274(w), 1239(m), 1204(w),
1096(m), 914(w), 843(s), 774(m), 695(m), 663(s), 605(m), 587(m),
577(m), 550(m), 507(m), 422(m).
Synthesis of [(PhOCO)Co(MeCN)] (3). The above representative
procedure, followed by recrystallization from MeCN−toluene at −25
°C, aﬀorded 3 as single crystals suitable for XRD in 89% yield. Anal.
Calcd for C37H47CoN3O2: C, 71.14; H, 7.58; N, 6.73. Found: C,
71.41; H, 7.51; N, 6.77. ESI-MS (m/z): 655.4 [M]+. UV−vis (MeCN;
λmax, nm (ε, M−1 cm−1)): 305 (19000), 427 (4900). FTIR (ATR,
cm−1): 2952(m), 2903(m), 2865(m), 1476(m), 1459(m), 1427(m),
1377(m), 1356(s), 1335(m), 1301(m), 1218(m), 1199(m), 1179(w),
1158(w), 921(w), 860(s), 770(m), 737(s), 719(m), 632(m), 553(m),
436(m), 421(m).
Synthesis of [(SOCO)Co(THF)2]+ (1+). A 20 mL scintillation vial
was charged with 1 (607.8 mg, 1.0 mmol) and AgOTf (256.9 mg, 1.0
mmol), and these were dissolved in THF (15 mL). The resulting
green suspension was stirred for 0.5 h and then ﬁltered through a 2.0
mm pad of Celite. The solution was concentrated to ca. 5 mL, layered
with pentane, and stored at −25 °C for 18 h, producing green crystals
of [(SOCO)Co(THF)2][OTf] (762.6 mg, 0.92 mmol, 92% yield).
Single crystals suitable for X-ray analysis were generated from the salt
metathesis of [(SOCO)Co(THF)2][OTf] and Na[BPh4] in THF.
Subsequent layering of pentane over the concentrated THF solution
and storage at −25 °C for 18 h aﬀorded green block X-ray-quality
crystals of [( S OCO)Co(THF) 2 ][BPh 4 ]. Anal. Calcd for
C40H60CoF3N2O7S: C, 57.96; H, 7.30; N, 3.38. Found: C, 57.77; H,
7.28; N, 3.28. UV−vis (THF; λmax, nm (ε, M−1 cm−1)): 434 (3100),
747 (2700), 878 (2000). FTIR (ATR, cm−1): 3054(m), 2953(m),
2902(m), 2865(m), 1588(m), 1556(m), 1478(m), 1440(m),
1388(m), 1359(m), 1311(m), 1241(m), 1200(m), 1124(m),
1071(m), 1026(m), 913(m), 843(m), 733(s), 700(s), 647(w),
625(m), 610(w), 580(w), 543(w), 518(w), 498(w), 471(w),
446(w), 400(w).
Synthesis of [(SOCO)Co(THF)3]2+ (12+). A 20 mL scintillation vial
was charged with 1 (54.7 mg, 0.090 mmol) in CH2Cl2 (3 mL),
aﬀording a red-orange solution. Dropwise addition of a dark blue
solution of [N(p-C6H4Br)3][PF6] (118 mg, 0.188 mmol) in CH2Cl2
(5 mL) gave a green-brown suspension, which was stirred for 30 min
at room temperature, ﬁltered through a pad of Celite, and washed with
THF (5 mL). The ﬁltrate was concentrated in vacuo to ca. 2 mL and
layered with pentane. Standing at −20 °C overnight deposited dark
green crystals of [(SOCO)Co(THF)3][PF6]2 suitable for X-ray
analysis (561 mg, 0.073 mmol, 81%). The trans-disposed THF ligands
can be removed under high vacuum. Because samples for elemental
analysis were prepared by thorough drying in vacuo, the reported
analysis is for [( S OCO)Co(THF)][PF 6 ] 2 . Anal. Calcd for
C35H52CoF12N2O3P2: C, 46.83; H, 5.84; N, 3.12. Found: C, 46.48;
H, 6.14; N, 3.34. UV−vis (THF; λmax, nm (ε, M−1 cm−1)): 436
(2700), 456 (2700), 585 (1000), 805 (1700), 874 (1600). FTIR
(ATR, cm−1): 3326 (w), 2956(m), 2905(m), 2872(m), 1681(w),
1627(w), 1592(m), 1531(w), 1484(s), 1352(m), 1309(m), 1284(m),
1266(m), 1239(m), 1195(m), 1159(m), 1117(m), 1059(m), 1024(w),
1007(w), 948(w), 902(w), 818(s), 739(m), 711(w), 694(w), 650(w),
556(s), 493(s), 436(w), 416(w).
Solid-State Magnetic Measurements. Magnetic susceptibility
data were collected using a Quantum Design MPMS XL SQUID
magnetometer. All sample manipulations were performed inside a
dinitrogen-ﬁlled glovebox (MBRAUN Labmaster 130). Finely ground
polycrystalline samples were loaded into polyethylene bags and sealed
in the glovebox, and then the bags were inserted into drinking straws
and inserted into the instrument. Ferromagnetic impurities were
checked through a variable ﬁeld analysis (0−10 kOe) of the
magnetization at 100 K; susceptibility data were collected where
linearity of the M vs H plots indicated quenching of any signiﬁcant

(Drisolv) and benzene (Drisolv) were purchased from EMD Millapore
and used as received. Deuterated solvents were purchased from
Cambridge Isotope Laboratories. Acetonitrile-d3 was dried over excess
calcium hydride, vacuum-distilled to an oven-dried sealable ﬂask, and
degassed by successive freeze−pump−thaw cycles. Tetrahydrofuran-d8
was used as received. The ligand precursors N,N′-bis(2-hydroxy-3,5-ditert-butylphenyl)ethylenediamine,73 N,N′-bis(2-hydroxy-3,5-di-tertbutylphenyl)phenylenediamine,74 and the ligand H3[(OCO)]Cl63
were prepared according to published procedures. [N(p-C6H4Br)3][PF6] was synthesized following a literature procedure.107 Sodium tertbutoxide (5.4 M in MeOH; Alfa Aesar), triethyl orthoformate (Alfa
Aesar), paraformaldehyde (Alfa Aesar), formic acid (Alfa Aesar), and
anhydrous CoCl2 (Strem) were used as received.
Synthesis of [H3(SOCO)]Cl. In a modiﬁed literature procedure,68
N,N′-bis(2-hydroxy-3,5-di-tert-butylphenyl)ethylenediamine (5.65 g,
12.1 mmol) was dissolved in (EtO)3CH (250 mL) and heated to 70
°C in air. Concentrated HCl (1.33 mL, 16.1 mmol) was added
dropwise over 5 min, resulting in a color change from golden yellow to
red-purple. After 15 min, a thick white precipitate formed and the
stirring was increased to ensure even mixing. After it was stirred for 1
h, the reaction mixture was cooled to room temperature and ﬁltered.
The white solid was washed with copious Et2O (150 mL) and dried
under high vacuum at 60 °C overnight (4.93 g, 9.56 mmol, 79%). All
characterization data matched those previously reported.68
Synthesis of [H3(PhOCO)]Cl. In a modiﬁed literature method,74
N,N′-bis(2-hydroxy-3,5-di-tert-butylphenyl)phenylenediamine (3.52 g,
6.81 mmol) was dissolved in (EtO)3CH (150 mL) and heated to 70
°C in air. Concentrated HCl (0.84 mL, 10.2 mmol) was added
dropwise over ∼5 min, resulting in a color change from golden yellow
to red-purple. After 15 min, a thick white precipitate formed and the
stirring was increased to ensure even mixing. After it was stirred for 1
h, the reaction mixture was cooled to room temperature and ﬁltered.
The white solid was washed with copious Et2O (150 mL) and dried
under high vacuum at 60 °C overnight (3.14 g, 5.58 mmol, 82%). All
characterization data matched those previously reported.74
Synthesis of 1−3. The same general procedure was followed for
all of 1−3. A 20 mL scintillation vial was charged with a solution of
[H3(SOCO)]Cl (515 mg, 1.0 mmol) in MeOH (8 mL). NaOMe (5.4
M in MeOH, 555 μL, 3.0 mmol) was added dropwise. The resulting
yellow solution was stirred for 5 min and then added dropwise to a
separate 20 mL vial containing anhydrous CoCl2 (129.8 mg, 1.0
mmol) in MeOH (10 mL). The solution became dark red, and a redorange precipitate formed within 0.5 h. The suspension was stirred for
an additional 6 h, and the solids were then separated by vacuum
ﬁltration.
Synthesis of [(SOCO)Co(MeCN)] (1). Following the above
representative procedure, the collected solids were suspended in
MeCN (5 mL) and a minimal amount of toluene was added to
completely dissolve the material. This solution was stored at −25 °C
for 18 h, producing orange crystals of 1 suitable for XRD analysis
(507.5 mg, 0.88 mmol, 88%). Satisfactory elemental analysis required
the inclusion of solvent-derived MeOH; the reported analysis is for
[(SOCO)Co(MeCN)]·1.5MeOH. Anal. Calcd for C34.5H53CoN3O3.5:
C, 66.33; H, 8.55; N, 6.73. Found: C, 66.84; H, 8.16; N, 6.23. UV−vis
(MeCN; λmax, nm (ε, M−1 cm−1)): 438 (5600). FTIR (ATR, cm−1):
2949(m), 2900(m), 2865(m), 1627(w), 1477(s), 1449(s), 1389(m),
1357(m), 1325(s), 1285(m), 1236(m), 1201(m), 1073(w), 982(w),
842(m), 760(m), 701(m), 678(m), 644(m), 579(m), 514(m),
434(m), 413(m).
Synthesis of [(SOCO)Co(THF)] (1). The THF adduct to 1 was
obtained analogously using THF solvent in place of MeCN.
Crystalline solids suitable for single-crystal X-ray diﬀraction were
obtained by slow diﬀusion of pentane into a saturated THF solution at
−20 °C. UV−vis (THF; λmax, nm (ε, M−1 cm−1)): 430 (5300). FTIR
(ATR, cm−1): 2947(m), 2899(m), 2866(m), 1506(s), 1478(m),
1447(m), 1389(m), 1358(m), 1325(s), 1283(m), 1270(m), 1240(m),
1200(m), 1159(m), 1076(m), 1051(m), 914(m), 894(m), 869(m),
836(m), 756(m), 699(m), 643(m), 605(m), 578(m), 545(m),
512(m), 466(m), 434(m), 419(m).
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ferromagnetic impurities (Figures SM1 and SM2 in the Supporting
Information). Magnetic susceptibility data were collected in the
temperature range 2−300 K for 1 and 1+. Magnetization data were
collected at applied ﬁelds between 0 and 50 kOe and at temperatures
of 1.8 and 2 K for 1 and 1+, respectively. Data were corrected for the
diamagnetic contributions of the sample holder and for the sample
holding bag by subtracting empty containers; diamagnetic corrections
for the samples were calculated from Pascal’s constants.108 Magnetic
susceptibility data were ﬁt using PHI,90 according to the spin
Hamiltonians

Ĥ = − 2JS1·S2 +

⎡

∑ Di⎢Sz2, i ,1 −
⎢⎣
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Ĥ =

⎡

∑ Di⎢Sz2, i −
⎣

⎤
1
+ EiDi(Sx2, i − Sy2, i)⎥ + gμB Sx̌ , i
3Si(Si + 1)
⎦

Computational Studies. DFT geometry optimizations were
performed using TURBOMOLE109 coupled to the PQS Baker
optimizer110,111 via the BOpt package112 at the BP86,113,114 def2TZVP115,116 level of theory (m4 grid), on full models (including tBu
groups) in the gas phase, using Grimme’s version 3 (disp3, “zero
damping”) dispersion corrections.117 All minima (no imaginary
frequencies) were characterized by numerically calculating the Hessian
matrix.
EPR parameters were calculated with the ADF118−120 program
system at the B3LYP/TZ2P level, using the coordinates from the
structures optimized in Turbomole as input. ZORA basis sets as
supplied with the ADF program were used. Unrestricted SPINORBIT
ZORA COLLINEAR calculations were used to obtain the SOC
corrected HFI tensors and Zeeman corrected g tensors.
Spin density pictures were generated using IQMol (http://www.
iqmol.org/).
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