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DFT calculations with the well-tested OLYP and B3LYP* exchange-correlation functionals (along with D3 
dispersion corrections and all-electron ZORA STO-TZ2P basis sets) and careful use of group theory have led to 
significant insights into the question of metal- versus ligand-centered redox in Co and Ni B,C-tetradehydrocorrin 
complexes. For the cationic complexes, both metals occur in their low-spin M(II) forms. In contrast, the charge- 
neutral states vary for the two metals: while the Co(I) and CoII-TDC•2– state are comparable in energy for cobalt, 
a low-spin NiII-TDC•2– state is clearly preferred for nickel. The latter behavior stands in sharp contrast to other 
corrinoids that reportedly stabilize a Ni(I) center.   

One of us (AG) has been fortunate in knowing the late F. Ann Walker 
pretty much all of his professional life. Her many talks on advanced NMR 
and EPR studies of heme proteins at national American Chemical Society 
meetings and at Gordon Research Conferences made a profound impact 
on me and the entire heme protein and model compound community. 
Her papers, review articles, and book chapters, likewise, survive as ex-
emplars of scholarship. Add to that an exemplary record of service, 
perhaps most notably as long-time Associate Editor of JACS, and men-
toring, and you have a rare role model who has inspired multiple gen-
erations of bioinorganic chemists. Below are a few first-person 
reminiscences. 

Ann and I crossed paths when we both started studying corroles at 
the start of this century. She drew on her expertise of heme NMR 
spectroscopy to conclude that FeCl corroles were best described as 
FeIIICl-corrole•2– as opposed to FeIV-corrole3− . [1–3] We had reached the 
same conclusion in our laboratory based on DFT calculations. [4,5] The 
proposal met some resistance but Ann remained steadfast in her views, 
masterfully summarizing the evidence in a special issue of this Journal 
that I edited [6]. 

Ann was an avid traveler. Every year, I eagerly awaited her Christ-
mas letter to read about her adventures, often in Latin America, but also 
in Europe and Africa. I have fond memories of her visit to my laboratory 
in Arctic Norway. We spent a long day driving around Kvaløya (Whale 
Island), an island neighboring the city of Tromsø, taking in views of 
fjords, mountains, and waterfalls and occasionally stopping to whip up 

Scandinavian shrimp sandwiches. 
As a pioneering woman scientist, she endured the slings and arrows 

of sexism. Her warmth and optimism, however, never failed and spurred 
us all. 

Compared with metalloporphyrins [7,8] and metallocorroles, [9–12] 
cobalamin [13–18] and F430 [19–23] models remain less explored. An 
important recent development has been the availability of the mono-
anionic B,C-tetradehydrocorrin [24–26] ligand and its coordination to 
cobalt and nickel states (Fig. 1) [27]. Both metals have yielded com-
plexes formally at the M(I) state. In the nickel case, the neutral complex 
has been fairly conclusively assigned to a NiII-TDC•2– state [27], but the 
nature of the neutral Co complex is more subtle. A neutral cobalt corrin 
has been traditionally thought of as a d8 Co(I) complex; [28–31] how-
ever, advanced ab initio calculations have suggested a more multi-
configurational description. [32–35] Herein we have examined the low- 
energy states of C2-symmetrized M[TDC] (M = Co, Ni) complexes at the 
0 and +/− charge with high-quality density functional theory (DFT) 
calculations. Symmetrization allowed us to calculate different electron 
occupancies for the two irreducible representations in question and 
thereby to determine the relative energetics of metal- versus ligand- 
centered redox in both the neutral and ionized states of the molecules. 
Such exercises have a long and successful track record vis-a-vis 
porphyrin-type molecules and have shed a good deal of light on 
electronic-structural aspects of manganese porphyrins [36], low-spin 
ferrihemes, [37,38] cobalt dipyrrin-bisphenolates [39], nickel 
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porphyrins [40,41] and hydroporphyrins [42], and metallocorroles 
[43–45] including metal-metal–bonded metallocorrole dimers, [46–49] 
as well as on the photoelectron spectra of porphyrins. [50–54] The 
present exercise allows for greater certainty in the interpretation of 
redox behavior Co and Ni corrinoids as well as new insights into metal- 
ligand interactions in these systems. 

Our M[TDC] model is a slightly simplified and symmetrized 
analogue of the system experimentally studied by Lindsey, Nocera and 
their associates (Fig. 1) [27]. The simplification consists of merely 
replacing a meso-p-tolyl group with a phenyl group so as to generate a 
C2-symmetric model. Two well-tested exchange-correlation functionals 
were generally used – OLYP [55,56] and B3LYP*, [57,58] the latter 
containing 15% Hartree-Fock exchange relative to B3LYP, [59,60] 
which contains 20%. Both functionals were augmented with Grimme’s 
D3 [61] dispersion corrections. A spin-unrestricted formalism and all- 
electron ZORA STO-TZ2P basis sets were used throughout. Appropri-
ately fine meshes for numerical integration of matrix elements were 
employed, as were suitably tight criteria for geometry optimizations. 

For neutral Co[TDC], B3LYP*-D3 calculations predicted multiple 
low-energy states (Table 1 and Fig. 2), including (a) a d8 Co(I) state, (b) a 
broken-symmetry, antiferromagnetically coupled CoII(dz2

1 )-TDC•2– state, 
and (c) the corresponding ferromagnetically coupled triplet state. In 
contrast, OLYP-D3 calculations only predicted a d8 Co(I) ground state, 
with no hint of a low-energy broken-symmetry state, and a triplet state 
some 0.35 eV higher in energy. In other words, as previously observed, 
the pure functional OLYP exhibits a certain preference for spin-paired 
states, whereas the hybrid functional B3LYP*-D3 favors a greater de-
gree of spin decoupling, i.e., classic behavior for the two classes of 
functionals. [38,57,58,62–69] These results point to a multiconfigura-
tional ground state for Co[TDC] and indeed for cobalamin and “Co(I)” 
corrinoids in general, with several low-energy excited states. [32–35] 

As for why the TDC ligand fails to decisively stabilize a true Co(I) 
relative to a CoII(dz2

1 )-TDC•2– state (in spite of its constricted inner core), 
we suspected that the reason might have to do with a high electron af-
finity of the TDC ligand. That indeed appears to be the case. Thus, the 
adiabatic electron affinity (EAa) of K[TDC] (with a redox-inactive K+ ion 
at its core) turned out to be 1.9 eV, far higher than that of a typical 
electronically innocent metalloporphyrin, which typically hover around 
1.2–1.3 eV (Table 1) [70]. 

The electronic descriptions of the ionized states of Co[TDC] appear 
to much more straightforward relative to that for neutral state (Fig. 3). 
The lowest-energy cation (denoted C1) is a straightforward low-spin Co 
(II) species with a dz2

1 electronic configuration, with a dπ
1 state only 

slightly higher in energy. Both functionals also indicate a relatively high 
adiabatic IP of ~5 eV for neutral Co[TDC] (Table 1), comparable to that 
of an electron-rich porphyrin, which explains the experimentally 
observed air-stability of the Co(I) state. 

For charge-neutral Ni[TDC], both functionals indicate a low-spin Ni 
(II) TDC•2– description, with the Ni(I) state about 1 eV higher in energy 
(Fig. 4). In this respect, Ni[TDC] does not mimic cofactor F430 [19,71,72] 
as well as ligands such as iaobacteriochlorin, [42,73–75] oxaporphyrin 
[76], and thiaporphyrin, [77–79] which stabilize the Ni(I) state. 
Remarkably, the B,C-tetradehydrocorrin ligand also appears to differ 
from Ni corrin [20,22] and other Ni dehydrocorrins, [80,81] which are 
thought stabilize an Ni(I) state. Our calculations also indicate unam-
biguous ligand-centered oxidation and reduction. Thus, the {Ni[TDC]}+

Fig. 1. B,C-tetradehydrocorrin and its relation to corrole and corrin. Bottom: 
Ball-and-stick diagram of the M[TDC] complex studied in this paper. 

Table 1 
OLYP-D3 and B3LYP*-D3 energetics (eV) of Co, Ni and K TDC complexes as a 
function of electron occupancy.  

Molecule, 
charge 

S Irrep (α//β) ΔE (eV) Description 

A B OLYP- 
D3 

B3LYP*- 
D3 

Co 
{Co 

[TDC]}0 
0 (closed- 
shell) 

92// 
92 

85// 
85 

0.00 0.00 CoI-TDC−

{Co 
[TDC]}0 

0 (BS1) 92// 
92 

85// 
85 

– 0.06 CoII(dz2
1 )- 

TDC•2– 

{Co 
[TDC]}0 

0 (BS2) 93// 
92 

84// 
85 

0.75 0.20 CoII(dxz
1 )- 

TDC•2– 

{Co 
[TDC]}0 

1 (T1) 93// 
91 

85// 
85 

0.35 − 0.02 CoII(dz2
1 )- 

TDC•2– 

(triplet) 
{Co 

[TDC]}−
1/2 93// 

92 
85// 
85 

− 1.60 − 1.96 CoII(dyz
1 )- 

TDC3−

{Co 
[TDC]}+

1/2 (C1) 92// 
91 

85// 
85 

5.18 4.92 CoII(dz2
1 )- 

TDC−

{Co 
[TDC]}+

1/2 (C2) 92// 
92 

85// 
84 

5.35 5.14 CoII(dxz
1 )- 

TDC−

Ni 
{Ni 

[TDC]}0 
1/2 93// 

92 
85// 
85 

0.00 0.00 NiII-TDC•2– 

{Ni 
[TDC]}0 

1/2 92// 
92 

86// 
85 

0.83 1.16 NiI-TDC−

{Ni 
[TDC]}−

0 (closed- 
shell) 

93// 
93 

85// 
85 

− 1.57 − 1.73 NiII-TDC3−

{Ni 
[TDC]}−

1 93// 
92 

86// 
85 

− 1.05 − 0.96 NiI-TDC•2– 

{Ni 
[TDC]}+

0 92// 
92 

85// 
85 

4.81 4.95 NiII-TDC−

K 
{K[TDC]}0 0 89// 

89 
84// 
84 

0.00 0.00 KI-TDC−

{K[TDC]}0 1 90// 
89 

84// 
83 

0.76 0.76 KI-TDC••– 

(triplet) 
{K[TDC]}− 1/2 90// 

89 
84// 
84 

− 1.79 − 1.88 KI-TDC•2– 

{K[TDC]}+ 1/2 89// 
89 

84// 
93 

5.62 5.74 KI-TDC•0  
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Fig. 2. B3LYP*-D3 results for selected low-energy states of charge-neutral Co[TDC]. Bond distances (Å) and Mulliken spin populations are indicated in black and 
blue, respectively; up- and down-spin densities are indicated in purple and ivory, respectively. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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Fig. 3. B3LYP*-D3 results for selected low-energy, ionized states of Co[TDC]. Bond distances (Å) and Mulliken spin populations are indicated in black and blue, 
respectively; up- and down-spin densities are indicated in purple and ivory, respectively. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

A. Ghosh and J. Conradie                                                                                                                                                                                                                    



Journal of Inorganic Biochemistry 243 (2023) 112199

5

cation is a straightforward, low-spin Ni(II) species, whereas the anion is 
clearly describable as NiII-L3− . For both ionized states, the triplet states 
are considerably higher in energy relative to the singlet ground states. 

In summary, high-quality DFT calculations and judicious use of 
group theory have led to significant insights into the question of metal- 
versus ligand-centered redox in Co and Ni tetradehydrocorrin com-
plexes. For the +1 states, both metals occur in their low-spin M(II) 
forms. In contrast, the charge-neutral states vary for the two metals: 
while Co(I) and CoII-TDC•2– state are comparable in energy for cobalt, a 
NiII-TDC•2– state is clearly preferred for nickel. The latter behavior may 
be contrasted with other corrinoids that reportedly do stabilize a Ni(I) 
center. 
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