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Insights into Dioxygen Binding on Metal Centers:cAn.ab.initio
Multireference Electronic Structure Analysis

Peng Zhang, >® Way-Zen Lee ¢? and Shengfa Ye *?

Why does binding of dioxygen (O,) to metal centers, the initial step of O, storage, transportation, and activation, almost
inevitably induce metal-to-O, single-electron transfer and generate superoxo (02') species, instead of genuine 0,° adducts?
To address this question, this study describes highly correlated wavefunction based ab initio calculations using
CASSCF/NEVPT2 (CASSCF = complete active space self-consistent field, and NEVPT2 = N-electron valence state second-order
perturbation theory) approaches to explore the electronic-structure evolution of O, binding on Fe(Il)(BDPP) (H,BDPP = 2,6-
bis((2-(S)-diphenylhydroxylmethyl-1-pyrrolidinyl)methyl)pyridine) and Co(Il)(BDPP) to produce S = 3 Fe(Ill)(BDPP)(02) (1)
andS= % Co(I)(BDPP)(02") (2). CASSCF/NEVPT2 calculations suggest that the O, binding processes furnishing 1 and 2 feature
an avoided crossing resulting from interactions of two diabatic curves, of which one is characterized as Co(ll) and Fe(ll)
centers interacting with a triplet O, ligand and the other as Co(lll) and Fe(lll) centers bound to a superoxo ligand. In both
cases, the avoided crossing induces a one-electron transfer from the divalent metal center to the incoming O, ligand and
leads to formation of trivalent metal-02  complexes. To facilitate interpretation of complicated multireference
wavefunctions, we formulated two-fragment spin eigenfunctions utilizing Clebsch-Gordan coefficients (CGCs) to rationalize
computed spin populations on metal centers and O, ligand and compared it with usual valence bonding (VB) analyses. It
turns out that both methods give the same results and are complementary to each other. Finally, the limitation of DFT
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approaches in describing complex electronic structures involving metal-ligand magnetic coupling is delineated.

Introduction

Binding of dioxygen (O,) on metal cofactors of metalloproteins initiates a
diverse array of physiologically pivotal processes, including O, storage,
transportation, and activation for substrate functionalization.*® Myoglobin, a
heme enzyme containing a high spin ferrous center, reacts with O, yielding a
singlet Fe-02" complex,”® while for nonheme enzymes isopenicillin N
synthase (IPNS)%12 and homoprotocatechuate 2,3-dioxygenase (Fe-HPCD),*>

15 0, addition results in a quintet Fe-O2" adduct that is best described as a
high spin ferric center (Sre = —) antiferromagnetically coupled to a superoxo

ligand (02) (So; = E) yielding an overall St = 2 ground state. To mimic
enzymatic O, binding, numerous model complexes have been synthesized
and characterized.%28 The reactions of O, with a range of ferrous complexes,
Fe(11)(BNPAMe2S)(Br) (BNPAMe2SH = bis((6-
(neopentylamino)pyridinyl)methyl)amino)-2-methylpropane-2-thiol),*®

(LA9H)Fe (LAYH = tris(phosphinimine) ligand),® Fe(S,M2N;(Pr,Pr))? and
Fe(ttppc) (ttppc3- =5, 10, 15-tris((2,4,6-triphenyl)phenyl)corrolate)?? all yield
similar quintet Fe-O, adducts. In contrast to examples discussed above,
treatment of O, with a high spin Fe(ll) precursor (Sre = 2), Fe(ll)(BDPP)
(H,BDPP = 2,6-bis((2-(S)-diphenylhydroxylmethyl-1-
pyrrolidinyl)methyl)pyridine) at 193 K generates St = 3, instead of St = 2,

such as

Fe(I11)(BDPP)(02") (1) attained by ferromagnetic coupling of a high spin Fe(lll)
center (SFe = g) and a 03" ligand (So; = %).23 While the corresponding reaction
with high spin Co(I1)(BDPP)?* (Sco = %) at 193 K furnishes a doublet Co(1l1)-02
species, Co(Ill)(BDPP)(02) (2), which has been characterized as consisting of

a low spin Co(lll) center (Sco = 0) interacting with a 02" ligand (So;" = %).25

Furthermore, the same product was also found for O, addition to Co-HPCD,?

aState Key Laboratory of Catalysis, Dalian Institute of Chemical Physics, Chinese
Academy of Sciences, Dalian 116023, China.

b-University of Chinese Academy of Sciences, Beijing 100049, China.

< Department of Chemistry, National Taiwan Normal University, Taipei 11677,
Taiwan.

4 Department of Medicinal and Applied Chemistry, Kaohsiung Medical University,
Kaohsiung 807, Taiwan

Please do not adjust margins

the Co derivative of Fe-HPCD, and a plethora of high spin or low spin Co(ll)

complexes, including Co-TPP (TPP> = tetraphenylporphyrinate),?’
Co(Me;TACN)(S,SiMe,) (Me;TACN = 1,4,7-trimethyl-1,4,7-
triazacyclononane),?® Co(TpMe?)(tBu2APH) (TpMe2 = hydrotris(3,5-
dimethylpyrazolyl)borate,?® ®“2APH = 2-amino-4,6-di-tert-butylphenol),

and Co(Por) (Por = intensive
investigations revealed that O, association on divalent nonheme metal

centers almost inevitably entails a metal-to-O, electron transfer and thus

Co(salen)3® porphyrin).3* Over-decade

produces a trivalent metal-02" complex.323 To the best of our knowledge,
there is only one exception; O, binding on a variant of Fe-HPCD labelled as
Y257F-HPCA, was proposed to form a Fe(Il)-O, intermediate, instead of Fe(lll)-
03273438 An intriguing question thus arises about whether it is viable to
engender such authenticated O, adducts from O, association on metal
centers.

In parallel to intensive experimental research, a great deal of computational
studies have been devoted to probing electronic structures of O, adducts and
evaluating electronic-structure evolution over the course of O, binding
processes.3**7 In this regard, density functional theory (DFT) calculations
usually cannot yield satisfactory results, especially for those systems featuring
antiferromagnetic coupling of two fragments. In principle, such a complicated
electronic structure cannot be appropriately described by a single Slater
determinant. Consequently, broken symmetry formalism has to be invoked,
because of the inherent single determinant restriction of DFT approaches.*®

The Kohn-Sham solution thus obtained is no longer the eigenfunction of gz;
consequently, the resulting spin density is not correct, and the following spin
population analysis are physically unjustified. To obtain more accurate
electronic structures, one has to resort to highly correlated wavefunction
based multireference approaches.3?40414547 To date, these methods have
been successfully applied to the O, adducts of heme systems, but hardly to
nonheme ones.?? To the best of our knowledge, only one ab initio study has
been reported thus far where potential energy curves of varying spin states
were computed for O, association on a heme center.*® This work does not
focus on elucidation of electronic-structure changes occurring during this
process but on the quintet-to-singlet spin crossover; hence, it does not
provide sufficient information to address the aforementioned question.

In the present work, we describe a detailed multireference analysis of the
electronic-structure evolution as O, steadily approaches the Fe(ll) and Co(ll)
centers in Fe(Il)(BDPP) and Co(ll)(BDPP) affording 1 and 2, respectively.
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Specifically, highly correlated wavefunction based complete active space self-
field (CASSCF)%°/N-electron
perturbation theory (NEVPT2)>152 computations were carried out on a series

consistent valence state second-order
of geometric structures on the reaction trajectory generated by DFT
computations. To interpret complicated multireference wavefunctions of O,
adducts, we constructed two-fragment spin eigenfunctions using Clebsch-
Gordan coefficients (CGCs)®® to rationalize computed spin populations.
CASSCF/NEVPT2 calculations suggest that the O, binding processes furnishing

1 and 2 feature an avoided crossing of two diabatic curves that represent

Fe(II)/Co(II)-O(z) and Fe(lll)/Co(111)-0Z" limiting valence structures each. Their
interaction induces a spontaneous single-electron transfer from the divalent
metal center to the incoming O, ligand, thereby leading to formation of
trivalent metal-02" complexes as the final product for the O, binding

processes.

Computation setup
To obtain the reaction trajectory for formation of complexes 1 and 2, the M-

0, distance was steadily varied from 1.75 to 4.50 AinanS=3and an S ==
state, respectively, in relaxed surface scans conducted by using the B3LYP
functional®*%> in conjunction with the def2-TZVP basis set>¢>8 for N, O, Fe, and
Co, and the def2-SVP basis set>* for other atoms (C and H atoms). Moreover,
RIJCOSX approximations®® were employed in combination with the def2/)
auxiliary basis set®2%3 to speed up DFT computations. To take solvation effects
into consideration, the CPCM model® with THF as the solvent was applied,
and D3BJ corrections®>% were used to account for dispersion corrections.
Frequency analysis on a given optimized geometry structure was performed
to computed its zero point energy (ZPE) and thermal correction. To compute
reliable electronic structures, CASSCF calculations with def2-TZVP basis set
for all atoms were carried out at each geometric structure of the reaction
trajectory. As verified below, the appropriate active space of complexes 1 and
2 is chosen to distribute 12 and 13 electrons, respectively, into 9 orbitals
including five metal 3d based orbitals (five spherical 3d orbitals are used here),
two O, 1t bonding (Tip and Top) and the corresponding n* antibonding (”?p
and T[(*)p) orbitals. For complex 1, CASSCF calculations average a triplet, a
quintet, and a septet state, and for complex 2, a doublet, a quartet, and a
sextet state were considered. Based on the converged state-average CASSCF
wavefunction, complete active space configuration interaction (CASCI)
calculations were employed to calculate spin density and spin populations of
a specific spin state. On top of CASSCF wavefunctions, NEVPT2 computations
were undertaken to obtain more precise electronic energies. To accelerate ab
initio computations, RIJK approximations®” in conjunction with the def2/JK
auxiliary basis set® were used. Thus, the final potential energy surface was
constructed by the electronic energy derived from CASSCF/NEVPT2
calculations combined with the ZPE contribution and thermal corrections. All
computations were performed with the ORCA-5.0.3 program package.®°

Results and discussion

Choice of active spaces

Unlike DFT, CASSCF is not a black box method, because as the first step to
initiate CASSCF calculations users should prudently select a proper active
space, which requires users to have some preliminary understanding of the
electronic structure of the system under investigation. To ensure that the
chosen active space is sufficient to provide reliable electronic structures,
further calculations are often necessary with enlarged and/or truncated
active spaces. Critically, CASSCF computations with suitable active spaces not
only yield precise electronic structures, but also result in fast convergence.
Usually, because d and f orbitals of transition metal compounds are nearly
degenerate which leads to strong multiconfiguration character, these orbitals

2 | J. Name., 2012, 00, 1-3
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should be included in the active space. Equally important is that, to properly
describe a metal-ligand covalent bond, the active space ought to contain its
bonding and antibonding molecular orbital (M%Optﬂfw M ¥ P@%’%&E
computation with an unbalanced active space would result in incorrect
electronic structure. Both criteria were used to choose a suitable active space
for our CASSCF calculations.

In the present case, in addition to 5 metal 3d based orbitals, two 1t bonding (
Tip and Top) and two n* antibonding (T[;p and T[Zp) orbitals of the O, ligand
should be included in the active space. It should be pointed out that, as
elaborated below, this active space can properly describe the metal-O,
covalent bonding built from the metal 3d and O, n* fragment orbitals of
appropriate symmetry. Therefore, the active spaces of complexes 1 and 2
were chosen to distribute 12 and 13 electrons, respectively, in 9 orbitals.
Depicted in Fig. 1 is the active space of complex 2 obtained by the
CASSCF(13,9) computation at the Co-O, bond length of 2.50 A. An analogous
active space was employed for complex 1.

2 AR A
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Fig. 1. Different choices of active spaces (m,n) (m electrons in n orbitals) for
complex 2 at the Co-0, bond length of 2.50 A. For clarity, hydrogen atoms are
omitted for clarity.

To test the appropriateness of the selected active space, we took complex 2
at the Co-O, bond length of 2.50 A as an example and performed a series of
CASSCF computations with different active spaces. First, we added BDPP?- O
and N 2p donor based Oeq into the active space that is the 0 bonding
counterpart with respect to dxz—yz. Accordingly, two more electrons ought to
be added into the active space, thereby resulting in an active space of
CAS(15,10). Second, we constructed an active space of CAS(15,11) by
including O, 0 and ¢ orbitals into the active space to take the entire 2p shells
of the O, moiety into consideration and. Third, an even larger active space of
CAS(17,12) was built up to consider all the aforementioned effects. As
summarized in Table 1, the occupation numbers of Teq are invariably 2 for all
key electron configurations of each spin state derived from CASSCF(15,10)
calculations. Similarly, those of O, o and ¢" are constants of 2 and 0,
respectively, for all important electron configurations predicted by
CASSCF(15,11) computations. The same holds true for CASSCF(17,12) results.
As such, for a given spin state all CASSCF computations give qualitatively the
same electronic structures as evidenced by almost identical percentage of
each dominant electron configuration and hence spin populations on the Co
center and the O, moiety. Moreover, we have also performed CASSCF
calculations with these three distinct active spaces on complex 2 at a longer
(4.50 A) and a shorter (1.91 A) Co-0, bond length, and again the calculations
produced analogous results, see Fig. S1 and S2. In addition, we have also
carried out CASSCF(13,9) calculations with different basis sets, such as def2-
SV, def2-SVP, def2-TZVP and def2-TZVPP, and the same electronic structures
were obtained as listed in Tables S1 — S3. In summary, the active space of

This journal is © The Royal Society of Chemistry 20xx
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structures and bonding features for complex 2 at varying Co-O, bond
distances. Likewise, CASSCF(12,9) with the def2-TZVP basis set ought to
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produce satisfactory results for the O, association process affording complex

1 as well.
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Table 1. Spin populations on Co center and O, moiety and electron configurations for each spin state from CASSCF calculations with different choices of active

orbitals for complex 2 at the Co-O, bond length of 2.50 A.

configuration spin populations
sextet quartet doublet sextet quartet doublet
42% 221112211 21% 221112211 o o o
0, 0
CASSCF(13,9) 14% 221102212 21% 221102212 2.83(2.88) | 2.08(2.11) | 1.56(1.59)
dendy .z (.2 — TN (1 + . 2) 87% 221112211 10% 221122210 14% 221122210 o o o
MEEYERRy Ty et Rip RopTpTopAtp T e 9% 221012212 13% 221012212 2 2 ?
1.98 (2.00) | 0.79(0.80) | -0.65 (-0.66)
6% 221212210 9% 221212210
43% 2221112211 22% 2221112211 o o o
15% 2221102212 22% 2221102212
CASSCF(15,10) ’ > 2.83(2.88) | 2.08(2.11) | 1.56(1.59)
vantlagdyand. 2(d2 — o (1 + 2) 87% 2221112211 10% 2221122210 15% 2221122210 o o o
e ETyZTy Pty SN at - Tip/ROPTHpTopRTip T e 8% 2221012212 11% 2221012212 2 2 ’
1.98 (1.99) | 0.79(0.80) | -0.65 (-0.66)
5% 2221212210 8% 2221212210
46% 22111221120 | 20% 22111221120 | - o o
19% 22110221220 | 30% 22110221220
CASSCF(15,11) ? ? 2.83(2.88) | 2.07(2.11) | 1.56(1.59)
sty 2 2(d 2 — T VTt (T + d2)00" 87%22111221120 | 13%22112221020 | 21% 22112221020 | o o
A N S e 3% 22101221220 5% 22101221220 2 2 g
1.98 (1.99) | 0.80(0.80) | -0.65 (-0.66)
2% 22121221020 4% 22121221020
47% 222111221120 | 21% 222111221120
19% 222110221220 | 31% 222110221220 | ° co co
3 5
CASSCF(17,11) 2.83(2.88) | 2.07(2.11) | 1.56(1.59)
vundydodes a(d s — o (1, + d Yoo | 876 222111221120 | 13% 222112221020 | 21% 222112221020 | o o
eqmETyz Ty Bty et Tap/ T opTpTopATip T e 3% 222101221220 5% 222101221220 2 2 ’
1.98 (1.99) | 0.80(0.80) | -0.65 (-0.66)
2% 222121221020 | 3% 222121221020
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0, binding on Fe(ll)(BDPP) affording complex 1

Depicted in Fig. 2 is the St = 3 potential energy surface of the O, bonding to
the high spin Fe(l1)(BDPP) calculated by CASSCF(12,9) /NEVPT2 computations.
As expect, starting point A with a Fe-O, bond length of 4.00 A is best
interpreted as a high spin Fe(ll) ion (Sre = 2) ferromagnetically coupled with a
triplet O, ligand (So, = 1) yielding an overall septet state. Consistent with this
assignment, ab initio calculations suggested that this state is distinguished by
a leading electron configuration of dxzzdyzldxyldxzfyz1dzzlnip2n0p2nrpl
T[(*)pl (95%). As shown in Fig. 2, the computed spin density and spin
populations (Lowdin analysis, 3.86 for Fe and 2.00 for O,; Mulliken analysis,
3.91 for Fe and 2.00 for O,) further corroborate this electronic-structure
formulation. Of note, because spin populations estimated by Léwdin and
Mulliken analyses are essentially the same, in the following we only discuss
the former but list the latter in Fig. 2. As the O, ligand steadily approaches the
Fe center, the energy of this valence structure invariably rises as shown by
the corresponding diabatic potential curve (magenta line). During this
process, the nature of the Fe-O, bonding remains essentially the same as
indicated by the unchanged spin populations on the Fe(ll) center and the O,
ligand, for instance, complex ’B. However, starting from the Fe-O, distance of
2.30 A, CASSCF(12,9) calculations could converge to another solution as
exemplified by complex 1. It features a sole electron configuration of dy,!
(dy, + ”zp)ldxyldxz—yzl(dzz - T[;p)lﬂipzn'opz (”1‘*11 + dzz)z(”:;p - dyz)l
(100%) and is best described as a high spin Fe(lll) center (Sre = ;)

ferromagnetically coupled with a superoxo ligand (So;" = %) as suggested by
the computed spin density and spin populations (4.74 for Fe and 1.03 for O,).
Its energy first descends for the Fe-O, distance ranging from 2.30 A to 2.06 A
and then ascends as the Fe-O, distance further decreases; thus, its diabatic
potential curve (crimson curve) displays a local minimal (1) at the Fe-O,
distance of ~2.00 A.

The interaction of the aforementioned two diabatic potential curves results
in an avoided crossing near the Fe-O, bond length of 2.30 A and a barrier of
13.6 kcal/mol. Moreover, the entire process is moderately endothermic with
a driving force of 8.0 kcal/mol. Given the unfavorable entropy contribution

for combination reactions, this value should be somewhat overestimated by
our computations, because experimentally 71 is stable at low temperatures (<
193 K) but releases O, affording Fe(ll)(BDPP) upon raising temperature. The
overestimation of the binding barrier can be ascribed to the fact that the
active space employed does not suffice to capture escalating electron
correlations at the transition state where two diabatic surfaces strongly
interact. Nevertheless, the entire process can be interpreted as shifting one B
electron from the Fe dxz orbital to the O, ”?p orbital, thus leading to the
formation of 71. As indicated by the septet potential surface, because in the
avoided crossing region an energetically favorable electron transfer from the
Fe(ll) center to the O, ligand takes place, which allows the system to
ultimately convert into ’1, it is unlikely to trap the proposed Fe(ll)-O, complex
during this O, binding process. In line with this prediction, UV-vis
measurements at 193 K showed that no intervening intermediate could be
detected en route to 71.23

Experimentally, the O, adducts of IPNS¥? and Fe-HPCD'*!> have been
spectroscopically identified to be quintet Fe(lll)-superoxo species. However,
our CASSCF(12,9)/NEVPT2 computations could not allow to determine the
exact ground state of complex 1, because the estimated septet-quintet
energy gap of 2.4 kcal/mol falls within the range of uncertainty for ab initio
calculations. Thus, we also investigated the reaction of Fe(lI)(BDPP) with O, in
an St = 2 state. As shown in Fig. 2, the quintet potential energy surface
computed for the O, binding process is essentially parallel to the septet one
in the sense that there exists an analogous avoided crossing around the Fe-
0, distance of 2.30 A derived from interactions of two diabatic potential
curves, yielding a barrier of 11.3 kcal/mol. Furthermore, the quintet reaction
also entails a comparable driving force of 5.6 kcal/mol. As elaborated below,
the diabatic potential curve starting with complex °A describes the energy
variation of an St = 2 state attained by magnetic coupling of a high spin Fe(ll)
center (Sre = 2) and a triplet O, ligand (So, = 1) as a function of the Fe-0,
distance; the other one represents that consisting of a high spin Fe(lll) center

5
(SFe = E) that is antiferromagnetically coupled with a doublet superoxo ligand

(Soy =3).

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3
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Fig. 2 Active spaces of complexes A (a) and 1 (b); septet potential energy surface for the reaction of Fe(ll)(BDPP) with O, as a function of the Fe-O, bond

distance obtained by CASSCF(12,9)/NEVPT2 computations; dot lines denote diabatic potential curves (magenta line denotes an St = 3 Fe'-0, complex consisting

_ 5
of as an SFe = 2 Fe' center ferromagnetically coupled (FC) with an So, = 1 0, ligand; crimson line denotes an St = 3 Fe-03" complex consisting of an Sre =3 Fe"

1 A—
center ferromagnetically coupled (FC) with an So;" = 3 03" ligand) and black line denotes adiabatic curve for reaction on S = 3 potential surface; spin density

and Lowdin and Mulliken (in parentheses) spin populations on the Fe center and the O, unit calculated for complexes A (Fe(Il)(BDPP) + O,), ’B, and 71 on the

reaction trajectory are shown at the bottom, yellow and red denote negative and positive spin density, respectively, and local spin populations were also listed

in the Supporting Information (c); quintet potential energy surface for the reaction of Fe(ll)(BDPP) with O, as a function of the Fe-0O, bond distance obtained

by CASSCF(12,9)/NEVPT2 computations; dot lines denote diabatic potential curves (violet line denotes a quintet state Fe!-O, complex, interpreted as an Sre =

_. 5
2 Fe' compound magnetically coupled with an So, = 1 0, ligand; blue line denotes a quintet state Fe'-O3" complex, interpreted as an Sre = 3 Fe'" center

antiferromagnetically coupled (AFC) with an So;~ 02 ligand) and black line denotes adiabatic curve for reaction on § = 3 potential surface; spin density and

Loéwdin and Mulliken (in parentheses) spin populations on Fe center and O, unit calculated for complexes >A (Fe(Il)(BDPP) + O,), °B, and °1 on the reaction

trajectory are shown at the bottom, yellow and red denote negative and positive spin density, respectively, and local spin populations were also listed in the

Supporting Information (d);ligand atoms are omitted for clarity.

Ab initio calculations reveal that complex °A is isoenergetic to ’A and,
importantly, the leading electron configuration dxzzdyzldxyldxzfyz1dzzlnipz
”upznfplﬁzpl (94%) of the former species is also the same as that of the latter.
This can be traced back the large Fe-O, separation that prevents any

nonnegligible metal-ligand interactions from occurring. Following this line of

reasoning, 5A should contain a quintet Fe(ll) center (Sre = 2) that is exchange
coupled to a triplet O, ligand (So, = 1). However, the spin populations
calculated for the Fe center (3.21) and the O, ligand (0.67) are far from those
one would expected for non-interacting Sre = 2 Fe(ll) and So, = 1 O,
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fragments. To solve this problem, the vector coupling model was invoked to
construct the spin eigenfunction with a well-defined total spin S of the
resulting state derived from the magnetic coupling of a high spin Fe(ll) center
and a triplet O, ligand using CGCs. In the present case, the former entity can
be characterized by spin eigenfunction |S1,M1) = |2,M;) (M1 =12, £1,0),
and the latter by |S,,M5) = |1,M,) (M2 =% 1, 0). The quintet state originating
from the magnetic coupling of these two fragments should be distinguished
by spin eigenfunction |S,M)=|2,M) (M =2, £1,0), and its standard

component reads |2,2) = \/§|2,2|1,0) —\E|2,1|1,1), where for brevity the
functions on the right hand of the equal sign are abbreviated as

|S1,M1|S2,M3). This spin eigenfunction features S, expectation values (the

5 1
spin projection along the z axis) ofg and §f0r the Fe(ll) center and the O, unit,

respectively. Indeed, both values are in line with the computed spin
populations (3.21 for Fe and 0.67 for O,), because, ideally spin populations

are twice the §Z expectation values, thus affirming the proposed electronic-
structure assignment.

Regarding the O, binding process furnishing °1, as the Fe-O, distance
decreases from 4.00 A to 2.30 A (violet curve), the wavefunction steadily
acquires multireference character
configurations of dxzzdyzldxyldxz—yzl(dzz - ”?p)lﬂipzﬂapz(”?p + dz2)1”2p1
| Aty tdytde_ 2t (d2 —

dxyldxz—yzl(dzz - n;fp)znipzﬂopz(n?p + dzz)onz,,l. These three electron

having three dominant electron

x2—y n?p)oﬂipzﬂapz(n;p + dzz)zn':;pl, and dxzzdyzl
configurations differ in their varying occupation number in T[;(p +d,2and d,2
- T[;(p orbitals, both of which, in fact, describe the covalent interaction
between Fe(ll) center and O, ligand (Fig. 1). During this process, the weight of
the first one plummets from 94% to 57%, while those of the last two rise from
0% to 21% and 12%, respectively, suggesting the progressively strengthened
covalent Fe-O, interaction. However, the spin density and spin populations
computed for °B are analogous to those for A. This finding demonstrates that
the electronic structure of °B is nearly the same as that of A, indicative of
weak covalent Fe-O, interaction of °B. As the Fe-O, bond length further
declines, one electron is shifted from the Fe(ll) center to the O, ligand near
the avoided crossing region accompanied by a rapid adjustment of the
electronic structure of the nascent Fe(lll) center to afford °1 in the end.

CASSCF(12,9) calculations reveal that the quintet state of complex °1 features
strong multireference character and consists of three key electron
configurations of dle(dyz + T[:;p)ldxyldxz—yzl(dzz —mip) lﬂipzﬂnpz
(”;p + dzz)z(T[;p - dyz)l (38%), dle(dyz + 7'[:;17)deyldxz—yz1(dz2 - nfp)l
7'L'ipz7'[opz(nzkp + dzz)z(”;p - dyz)z (36%), and dle(dyz + T[;p)zdxyldxz—yzl
(dyz— n?p)ln—ipznopz(”;p + dzz)z(n;;p - dyz)o (25%). this
wavefunction is too complex to extract any chemically sensible bonding

Apparently,

information from its predominant electron configurations. Specifically, the
5
first one could be interpreted as a high spin Fe(lll) center (SFe = E)

antiferromagnetically coupled to a doublet superoxo ligand (So; = %), the
second one as a quintet Fe(IV) center (SFe = 2) bound to a singlet peroxo
ligand (502- = 0), and the last one as a high spin Fe(ll) center (Sre = 2)
coordinated by a singlet O, ligand (So, = 0). However, as demonstrated in Fig.
2, the spin density calculated for complex >1 exhibits a spherical shape for the
Fe center, reminiscent of the high spin Fe(lll) center (SFe = ;) in complexes 'B
and 71, but different from the high spin Fe(ll) center (SFe = 2) in complexes 7A
and 5A. Moreover, the spin density reveals substantial negative spin primarily
populating O, ﬂZp orbital, thereby signaling that the O, ligand is best
described as a doublet superoxo ligand (Soz = %). Based on these findings, we

surmised that complex 51 is best described as a high spin Fe(lll) center (Sre =
1

5
E) antiferromagnetically coupled with a superoxo ligand (So;" = E) affording an

overall St = 2 state. Following the route used to interpret the electronic

Physical Chemistry Chemical Physics

ARTICLE
structure of °A, such a bonding situation should be described by |2,2) = Z
5 5|1 1 s 31 1 Vigw Article Online
5,5t -3) - \E|§'E|E'E)' This spin eigenfunctiohTurkisHEsS DegRARIAIBA

values of % and —%for the Fe center and the O, ligand, respectively,
congruent with the computed spin populations (4.41 for Fe and —0.61 for O,),
affirming the bonding interpretation.

Alternatively, to interpret the multireference wavefunction computed for
complex °1, valence bonding (VB) reading was also employed as exemplified
by VB analysis of the electronic structure of the myoglobin O, adduct reported
by Sason and coworkers.” As shown in Fig. 3, upon localization of dyz + T[Z)p
and T[;p — dy;, representing bonding and antibonding interactions of dyz and
T[Zp, the ground state wavefunction re-expressed in the basis of the localized
orbitals (dyz and ”f;p) contains merely one electron configuration of dledyzl

Zﬂzpl (99%), whereas the original one in the

dxyldxz,yzldzzln'l-pznopzn'?p
basis of natural orbitals exhibits strong multireference character having three
dominant electron configurations as discussed above. It should be pointed
out that both wavefunctions are equivalent, because they are related by a
unitary transformation of orbitals in the active space. Moreover, the
computed spin density and spin populations reveal that the majority spin is
located on the Fe center and the minority one of the opposite sign on the O,
ligand. As such, two electrons, which are spin paired, are located on dyz and
T[(*)p MOs, respectively. Both findings therefore approve of the electronic-
structure assignment put forward above.

25%

Fel-0]

Felv-02-

Fig. 3 dyz and Tf:;p MOs in natural and localized forms with the electron
configurations and their weights for 51 complex; Fe'-02" denotes the electron
configuration of oz (dyz + Top) eyt o2 (d,2 — W) 2 T2
(mip + dzz)z(n:;p - dyz)l, Fe'V-O%_ represents the electron configuration of
dle(dyz + ﬂ;p)odxyld 21(dz2 - n?p)lnipzﬂopz(”?p + dzz)z(ﬂ;p - dyz)z,
and Fe'-O, indicates the electron configuration of dle(dyz + 7'52;;)2dxy1
dy_y2 N (d2 — mip) i o (i + d,2)% (T — )%, ligand  atoms  are
omitted for clarity.

x2—y

Clearly, in the case of complex °1, VB analyses is as efficient as constructing

two-fragment spin  eigenfunction to multireference

wavefunction. However, this approach is not applicable to complex °A where

interpret its

the absence of covalent interactions between the Fe center and the O, ligand
renders localization fruitless. It follows that VB analyses cannot be used to
characterize multireference wavefunctions without strong electron
correlations. In this respect, our simple approach does not have such a
limitation.

The reaction of Fe(ll)(BDPP) with O, in an St = 1 state also features two

diabatic potential curves; one denotes a high spin Fe(ll) center (Sre = 2)

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5
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antiferromagnetically coupled with a triplet O, ligand (So, = 1), and the other

3
describes an intermediate spin Fe(lll) center (Ske = 5) antiferromagnetically

coupled with a doublet superoxo ligand (So; = %). Although the triplet
transformation is barrierless, it is highly endothermic by 30.2 kcal/mol. (See
Supporting Information for more details) and cannot contribute to the actual
reaction. Taken together, O, association on a high spin ferrous center
proceeds either on a septet or on a quintet surface, in line with
experimentally findings.??

0, binding Co(11)(BDPP) affording complex 2

As shown in Fig. 4, starting from 2C at a Co-0, distance of 4.50 A, the diabatic
potential curve (magenta line) of the doublet state arising from the

3
antiferromagnetic coupling of a high spin Co(ll) center (Sco = 5) and a triplet

0, ligand (So, = 1) is constantly uphill as the Co-O, bond length decreases.

C)

AH (kcal/mol)

Furthermore, starting from the Co-O, distance of 2.50 A, we could locate

another diabatic potential curve (crimson line) that is best described as a low
View Article,Onling
spin Co(lll) ion (Sco = 0) interacting with a doublet gmen@;i@)ggadiap@lp(%@gﬁg

). Its energy first decreases for the Co-0, distance ranging from 2.50 A to 1.90
A and then increases for the even shorter Co-0, distances; hence, a local
minimal (22) is located at the Co-0, length of ~1.90 A. Two diabatic potential
curves interact in the vicinity of the Co-O, distance being 2.40 A and generate
an avoided crossing with a barrier of 24.7 kcal/mol for the O, binding reaction
affording complex 2. Moreover, the entire process is slightly endothermic by
8.4 kcal/mol. In analogy to the O, association yielding 71, our ab initio
computations likely overestimate the barrier and the driving force, because
experimentally complex 22 is persistent at low temperatures (< 193 K) but
releases O, upon elevating temperature.?

°
(c) 304 i
:“?:f. ............... S, = %; CoM(S¢, = 0)-03 (So; = %)
25 -
g §=3: CoM(Sc, = 2)-OulSo, = 1) AFC
20 -
15 -
10
5
o4 TV
T 1 T T T T
20 25 3.0 3.5 4.0 4.5
Co-0, (A)

spin density and spin populations

D G2
..@..

2 4
060.
L]

Co: 0.01 (0.00)
0,: 0.98 (0.99)

Co: 1.56 (1.59)
0,: -0.65 (-0.66)

Co: 1.58 (1.61)
0,: -0.66 (-0.66)

Fig. 4 Active spaces of complexes C (a) and 2 (b); doublet potential energy surface for the reaction of Co(ll)(BDPP) with O, as a function of the Co-0, bond
distance obtained by CASSCF(13,9)/NEVPT2 computations. Dot lines denote diabatic potential curves, namely, magenta line a doublet Co"-O, complex,

3 _.
interpreted as an Sco = 3 Co' center antiferromagnetically coupled (FC) with a triplet O, ligand (So, = 1); crimson line a doublet Co™-02" complex, interpreted

as an Sco = 0 Co" ion interacting with a doublet 02 ligand (So;" = %); black line St = % adiabatic curve ; spin density and Lowdin and Mulliken (in parentheses)

spin populations on the Co center and the O, ligand calculated for complexes 2C (Co(ll)(BDPP) + O,), 2D and 22 on the reaction trajectory are shown at the

bottom, yellow and red denote negative and positive spin density, respectively, and local spin populations were also listed in the Supporting Information (c);

ligand atoms are omitted for clarity.

CASSCF(13,9) calculations of complex 2C produces a predominant electron
configuration of dx2dy,*dxytd_ 2 d o ey w3, " accounting for
80% of the wavefunction. As demonstrated in Fig. 4, the computed spin
density plot exhibits a double-layer donut shape of the O, ligand, which

implies that unpaired electrons equally populate its T[;p and ni‘,,, orbitals.
Therefore, both findings suggest that complex 2C is best interpreted as a high

3
spin Co(ll) center (Sco = E) antiferromagnetically coupled to a triplet O, ligand

1
(So, = 1) yielding an overall St = 3 ground state. Again, we constituted two-
fragment spin eigenfunctions using CGCs to interpret this wavefunction and

6 | J. Name., 2012, 00, 1-3

it reads |%%) = é|§§|1 - 1) - % g,%|1,0) + %EE - %|1,1). This spin
eigenfunction gives §Z expectation values of% and —% for the Co(ll) center
and the O, ligand, respectively. Indeed, both values are in line with the
computed spin populations which confirms the proposed electronic-structure
assignment.

On the other hand, ab initio calculations suggest that complex 22 features a
dxzzdyzzdxyzdxz—yzo(dz2 - T[:"p)onipzﬂopz

leading  configuration of

*

(mip + dZZ)ZTTopl (95%). Clearly, its electronic structure is best described as a
low spin Co(lll) center (Sco = 0) magnetically coupled with a doublet superoxo

This journal is © The Royal Society of Chemistry 20xx
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1
ligand (So;" = ), congruent with the computed spin density and spin

2

populations of 0.01 for the Co center and of 0.98 for the O, moiety as
demonstrated in Fig. 4.

Regarding the O, binding process furnishing 22, as the Co-O, distance
decreases from 4.50 A to 2.30 A (magenta curve), the wavefunction steadily
acquires multireference character with three dominant electron
configurations of dxzzdyzzdxyldxtyzl(dzz - nrp)lﬂipznopz(n;p + dzz)lﬂzpl
, dxzzdyzzdxyldxz_yzl(dzz — 105,) T2 oy ® (T + d2)? 15y, and dar?dys?
dxyldxz—yzl(dzz - ”;Fp)znipzﬂopz(n';p + dZZ)OTFZpl. These three electron
configurations differ in their varying occupation number in ﬂ?p +d,2and d2
- ﬂfp orbitals that describe the covalent interaction between Co(ll) center
and O, ligand as depicted in Fig. 1. During this process, the weights of the last
two terms rise from 0% to 34% and 17%, respectively, which comes at the
price of the percentage of the first one that lowers from 80% to 22%, signaling
the increased Co-O, bonding strength. However, the electronic structure of
2D is similar to that of 2C as evidenced by the comparable spin density and
spin populations computed for both species, which suggests that the Co-0,
covalent interaction is rather weak. As the Co-0, distance further declines, an
one-electron transfer from the Co(ll) center to the O, ligand occurs around
the avoided crossing region concurrent with a rapid adjustment of the
electronic structure of the Co(lll) center furnishing complex 22.

The doublet potential energy surface of the O, association process yielding 22

is also constructed by two diabatic potential curves; one represents the
reactant complex containing a high spin Co(ll) center (Sco = %)
antiferromagnetically coupled to a triplet O, ligand (So, = 1) yielding an
overall St = % ground state, and the other describes the product complex
consisting of as a low spin Co(lll) ion (Sco = 0) interacting with a doublet

superoxide radical (So; = %). For the reaction of Co(ll)(BDPP) with O,, the
emergence of the avoided crossing region suggests that no intermediate
other than 22 can be observed and that the Co(ll)-O, adduct does not exist,
consistent with experimental findings.?®

For O, binding on Fe(Il)(BDPP) and Co(ll)(BDPP), our ab initio calculations
show that the former process entails a lower barrier of 13.6 kcal/mol to 71
than the latter (24.7 kcal/mol) to 22. This theoretical prediction is congruent
with the experimental observation that generation of 71 is much faster than
that of 22.2325 Furthermore, both transformations feature an avoided crossing
that realizes one-electron transfer from a divalent metal center to O, and
furnishes a trivalent metal center and a superoxo ligand as the final product;
consequently, the divalent-O, adduct cannot be formed.

As elaborated in the section of Introduction, except one case, reactions of O,
with a wide variety of Fe(ll) and Co(ll) precursors reported thus far all
generate Fe(lll) or Co(lll) superoxo products, which intimates that the avoided
crossing found for the O, addition processes on Fe(ll)(BDPP) and Co(ll)(BDPP)
occurs in those transformations as well. In fact, association of O, to related
Mn(I1)(BDPP) complex also produces a Mn(I11)-02” complex, instead of Mn(ll)-
0,.32 Likewise, treatment of a series of Cu(l) species including [Cu(NH,-
TMPA)]* (TMPA = tris-methyl pyridine amine)’?, [Cu(TMGstren)]* (TMGstren =
tris(tetramethylguanidino)tren)’? and [Cu(Ars-TMPA)]* (Ar = tpb, dpb and
dtbpb)” with O, invariably afford Cu(l1)-02", whereas the authenticated O,
adduct, Cu(l)-O,, has yet to be disclosed. More reactions of O, and metal
complexes affording superoxo adducts were summarized in the review
articles.”*7® However, the reaction of O, with Y257F-HPCA was proposed to
furnish Fe(l1)-0, rather than Fe(1l1)-Oz". This proposition was solely based on
5’Fe Mossbauer spectroscopic measurements that give an unambiguous
assignment of the Fe oxidation state, but the detailed information about the
exact valence state of the O, ligand remains lacking. Further thorough
experimental research is required to verify the advocated electronic-
structure assignment, and disprove and/or substantiate our theoretical
prediction.

Physical Chemistry Chemical Physics

ARTICLE
Comments on DFT Computations

For a given state distinguished by a total spin of S, its spin projection along

the z axis of Ms features 25+1 values (-S, -5+1, =", %@S}léﬁ%g}/‘gey%ﬁ}@gé;%gi

microstate labelled as |S,Ms). Among them, only |S,S) and |S, — S) could be

represented by a single Slater determinant and are the eigenfunction of §2
and §Z, whereas others have to be constructed as a linear combination of a
series of Slater determinants, all having the eigenvalue of §Z of Ms, in order
to be the eigenfunctions of 3'2. Therefore, single-Slater-determinant
approaches such as DFT could only deal with |S,S) and |S, — S). Both are

equivalent except for the eigenvalue of 3‘2; hence, typically merely |S,S) called
standard component is computed. For example, complex 22 in Fig. 5, where
the spin populations of Co and O, are calculated to be —0.02 and 1.00 along
& Ll

272l

with <S > =0.76 is congruent with the anticipated spin eigenfunction of
For magnetic coupling of two fragments with total spins of S1 and S2, the

resulting state may possess a total spin St = S1— 352,51 —S2 +1,+-, 1+
52,(S1>S2) according the well-established rule of angular momentum
addition. As elaborated above, the spin wavefunction, |S,M), of a system
involving metal-ligand magnetic coupling could be built up by the spin
eigenfunctions of two constituent fragments, |S1,M1) and |S;,M;). Of note,
as required by the symmetry of CGCs, M= M1+ M3, Geometrically, this
means that the z component of the vector sum of two angular momenta is
equal to the algebraic sum of their zcomponents. For ferromagnetic coupling
with St = S1+ 52, the spin eigenfunction,|S; + S,,51 + S3), of its standard
component could also be represented by a single Slater determinant
constructed by combination of two single Slater determinants distinguished
by |5§1,51) and |S2,S;) for the two constituent fragments into one. Thus, such
systems can be properly treated with DFT, for instance, the septet reaction of
0, with Fe(ll)(BDPP). As demonstrated in Fig. 5, the spin populations on Fe
center and O, ligand estimated by B3LYP computations for 7A (3.62 for Fe(ll)
and 1.99 for 0,) and 71 (4.10 for Fe(lll) and 1.20 for 0%) are all in line with

those (3.86 for Fe(ll) and 2.00 for O, in A, 4.74 for Fe(lll) and 1.03 for 02" in
A2
71) derived from CASSCF(12,9) calculations. Moreover, the computed S

a2 A2
expectation values of <S > =12.00 for ’A and (S ) =12.00 for 71 indicate that

both B3LYP solutions are devoid of considerable spin contamination and are

eigenfunctions of 32 having well-defined energies.

The situation is distinctly different for antiferromagnetic coupling where the
resulting state has a total spin of St < S1+S2, the wavefunction of its
standard component, |S;,S; ), cannot be represented as a single determinant,
but has to be constructed as a linear combination of a range of Slater

determinants with the eigenvalue of §z of St to fulfill the requirement of spin
symmetry. Therefore, in principle, DFT cannot be used to computed
electronic structures of such systems.

For one particular case with St = S1—S2, its standard component

|S1— 52,51 —S2) again should be built up as a linear combination of
151,511S2, — S2), 1S1,S1 — 1|S2, — Sz + 1), =, all featuring the same the §Z
eigenvalue of S1 — S2. Importantly, the first one could be described as a single
Slater determinant through combination of two single Slater determinant
characterized by |S1,51) and |S;, — S;) for the two constituent fragments into
one. Broken symmetry formalism exploits this feature, and approximate
|S1— 52,51 —S2) as |§1,51|S2, — S2), which means just choosing the first
component from the above series. Consequently, the resulting solution is no

longer the eigenfunction of §2 and spin density and spin populations derived
from broken symmetry calculations are not correct. Generally speaking, large
spin contamination should be regarded as a characteristics of broken
symmetry solutions that can be used to differentiate it from usual “spin-pure”
solution discussed above. A case in point is complex 2C where spin
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populations of 2.59 for Co(ll) and -1.99 for O, provided by broken symmetry

B3LYP calculations are in line with the expected values for E,% |1, — 1> (Fig.

5). These erroneous values that are far from those (1.58 for Co(lIl) and -0.66

for 0,) derived from CASCSF(13,9) calculations nevertheless indicate that the
3

local spins of the Co(ll) center and the O, ligand are; and 1, respectively, thus

yielding a correct bonding description of complex 2C. However, this DFT

A2
solution suffers from unacceptable spin contamination with (S ) =2.77.Asa

consequence, its energy is not reliable, because it is not the eigenfunction of
the Hamiltonian operator, 1:1, either. As shown in Fig. 5, complex °1 also
belongs to this category.

While for other resulting state of St where S1-S2 < St < S1+52, its standard
component cannot be approximately by a single Slater determinant any
more. For example, St = S1 +S2 — 1, its standard component characterized
by |S1 + S2 — 1,51 + S2 — 1) should be constructed as a linear combination
of the wavefunction distinguished by [S1,S1 — 1|52,52) and |51,51]S2,S2 — 1).
As elaborated above, both [S1,S; — 1) and |S,,S; — 1) cannot be represented
by a single Slater determinant; hence, neither can |§1,51 — 1|5,S,) nor
151,51152,S2 — 1). Thus, DFT completely fails for this kind of system as
exemplified by complex >A. As depicted in Fig. 5, spin populations on Fe(ll) of

1.90 and O, of 1.99 for O, erroneously predicted by DFT calculations indicate
A2
that the converged B3LYP solution with <S > = 6.55 is best interpreted as a

triplet Fe(ll) center (Sre = 1) ferromagnetically coupled to a triplet O, ligand (

S0, = 1); therefore, the local spins of Fe and 0, are qualitatively wrong.

W @0
a °@° a " ®°

9 - ]
Fe: 3.62 (3.71)

0,: 2.00 (2.00)

o
oo
®

Y
c Y@°

Fe: 1.91 (1.95)
0,: 1.99 (1.99)

Co: 2.59 (2.62)
0,:-1.99 (-1.99)

C 4

g0

4| 2 o

® o
oo
5 ?

Fe: 4.10 (4.16)
0,: 1.20 (1.20)

Fe: 4.09 (4.15)
0,: -0.78 (-0.79)

Co: -0.02 (-0.03)
0,: 1.00 (1.01)

Fig. 5 Spin density and Léwdin and Mulliken (in parentheses) spin populations
for meter center and the O, ligand from DFT calculations; ligand atoms are
omitted for clarity.

In summary, only systems possessing two ferromagnetically coupled
fragments, DFT calculations can be used to compute their electronic
structures and spin density and spin populations and give reliable energies;
otherwise, DFT computations in principle produce incorrect electronic
structures and spin density and spin populations. For states with St = S1 — S,
the electronic structure can be approximately computed by invoking broken
symmetry formalism in the framework of DFT calculations. But interpreting
the resulting spin density and populations need particular caution. In
particular, for open-shell singlets the artificial spin density delivered by
broken symmetry calculations is qualitatively incorrect, because there does
not exist any spin density everywhere for diamagnetic systems irrespective of
being closed-shell or open-shell singlets. For comparison, DFT computed
potential energy surfaces are summarized in the Supporting Information.

Conclusions

CASSCF/NEVPT2 calculations were employed to explore the electronic-
structure evolution over the course of O, binding on Co(ll) and Fe(ll)
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precursors affording Fe(ll1)-02°(1) and Co(l1)-02 (2) complexes. For the

former reaction on the septet and quintet potential surfaces, starting
View Artigle Online

complex 7°A is best formulated as a high spincfe{lh)1centen i 2)
ferromagnetically or magnetically coupled with a triplet O, ligand (So, = 1),

5
while product 751 consists of a high spin Fe(lll) center (Sre = E)

1

ferromagnetically or antiferromagnetically coupled a superoxo ligand (So;" = 3
1

). Regarding the latter reaction inan S = 5 state, initial complex 2C could be

best characterized as a high spin Co(ll) center (Sco = %) antiferromagnetically
coupled to a triplet O, ligand (S0, = 1). While O, adduct 22 contains a low spin
Co(lll) center (Sco = 0) interacting with a superoxo ligand (So;" = %). As O,
steadily approaches the divalent metal center, the diabatic energy curve of
M(I1)-0, constantly rises in energy and interacts with that of M(I11)-02" at the
M-O, distance around ~2.40 A. This interaction generates an avoided crossing
that effects a spontaneous single-electron transfer from the divalent metal
center to the incoming O, ligand, thereby leading to M(II1)-02" as the final
product and ruling out the possibility of formation of an bona fide M(ll)-O,.
This view has been used to explain reaction outcomes of related O,
association processes.

To extract electronic-structure information from complicated multireference
wavefunctions, we constructed two-fragment spin eigenfunctions with CGCs
to rationalize computed spin density and fragment spin populations on metal
centers and O, moieties and deduced corrected electronic-structure
formulations. This approach is complementary to usual VB analyses as
demonstrated by applications of both methods to analyze the electronic-

structure of O, adduct >1. This species features antiferromagnetic coupling of
a high spin Fe(lll) center (SFe = g) and a superoxo ligand (So;" = %); however,
directly reading out electron configurations of the resulting authenticated
multireference wavefunctions hardly gains any chemically sensible bonding
information.

For antiferromagnetically coupled systems with St = S1—S2, DFT
calculations, despite giving a right electronic structure, invariably come at the
price of spin contamination, and completely fails for systems with St<S1 — S2
in predicting qualitatively correct electronic structures. Only for
ferromagnetically coupled systems with St = S1 + S2, DFT is able to give exact
electronic structures and energies.
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