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Density Functional Theory Studies of the Binding of Molecular Oxygen with Schiff's Base
Complexes of Cobalt
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Gradient-corrected density functional theory calculations using the B3LYP hybrid functional have been performed
on Co(acacen)(pyridine) and Co(salen)(pyridine) complexes and their adducts with molecular oxygen=facacen
2,11-dihydroxy-4,9-dimethyl-5,8-diaza-2,4,8,10-dodecatetraene, sale-bis(2-hydroxyphenyl)-2,5-diaza-1,5-
hexadiene). Calculated optimized geometries and dioxygen binding energies show good agreement with experiment.
The binding energy for Co(acacen)(pyridine) is calculated to be 53.5 kd'rtmtperiment= 63.1 kJ mot?),

and the binding energy for Co(salen)(pyridine) is calculated to be 46.8 kJ'if@lperiment= 51.8 kJ mot?).

The calculated ©0 distances are in the range 1-2B29 A, which compares to 1.26 A from crystal structure

data for Co(acacen)(pyridine)f® Model complexes for Co(acacen)(pyridine) are also examined, and ligand
substitution effects correlated with the computed-@bdistance. The calculated—€D vibrational frequency

(1243 cmY) is slightly higher than typical experimental frequencies while the calculatee@ioequency is 439

cm L. The effect of basis set variation on the computed binding energy in the model complexes was also examined,
and it was found that a more flexible basis set was required when using standard effective core potentials for
cobalt. In addition, the inclusion of basis set superposition error and the zero point correction were found to
severely reduce the magnitude of the calculated binding energy.

Introduction stable than linear and perpendicular models and that the
calculated spin (doublet) and charge distribution were consistent
with experiment. Fantucci and Valektiperformed semiem-
pirical INDO calculations on Co(acacen) models with and
without ammonia and dioxygen. They found that on binding
the ammonia base the spin density shifts from a predominantly
dy, to a d2 orbital, which is the correct orientation for binding
dioxygen. The oxygenated complex is found to resemhle O
rather than @ . More recently, Valko and co-workégsper-
formed a combined ESR, magnetic susceptibility, and quantum
chemical study on copper and cobalt salen adducts with di-
oxygen. They found a large metal-to-ligand charge transfer
combined with a spirrspin pairing process and a large spin
density on dioxygen. The INDO/2 method is found to give a
description which is consistent with previous studies whereas
the QR-INDO/1 method fails to represent the spin pairing
process correctly.

To investigate the electronic structure of substituted Co(ll)-
(acacen) complexes and the Co(ll)(salen) complexes, this paper
pses hybrid density functional methods, an approach which has
been found to provide surprisingly good descriptions of the

The discovery of cobalt-containing coordination complexes
that are able to bind molecular oxygen reversibly was made by
Werner over a century agoSince that time a wide range of
other complexes have been found to have similar behavior. In
particular, the study of Schiff's base compounds has been
particularly popular due to the structural similarity of such
compounds to biological systems. A Schiff's base can be thought
of as the imine product of the condensation reaction of a primary
amine with an aldehyde or ketone. For example, early work by
Tsukam? showed that a color change is observed when oxygen
is bubbled through a solution of Co(ll)(salen) (sater,6-bis-
(2-hydroxyphenyl)-2,5-diaza-1,5-hexadiene, Figure 1a), which
is indicative of oxygen binding to cobalt. The salen molecule
is a quadridentate ligand coordinating to the central metal cation
through the OH and N groups. A base frequently occupies one
axial coordination site, and the dioxygen binds to the other.
Chelating ligands of this class have been studied extensively to
further understand the thermodynamics and kinetics of oxygen
binding in these model systems. There have been a number o
excellent reviews® in this area which address such issues as
thermodynamic aspectstheoretical studie$® and catalytic (3) Basolo, F.; Hoffmann, B. M.; Ibers, J. Acc. Chem. Red.975 8,
activity.g'lo 384.

: . (4) Smith, T. D.; Pilorow, J. RCoord. Chem. Re 1981, 39, 295.
There have been several notable theoretical studies on cobalt s5) martell, A. E., Sawyer, D. T., Edxygen complexes and oxygen

Schiff's base complexes and their interaction with dioxygen. activation by transition metalsPlenum: New York and London, 1988.
Veillard and co-workefd performed single-point ab inito ~ (6) g‘z'leclig;hf’ﬁef' E. C.; Timmons, J. H.; Martell, A. Ehem. Re. 1984
Hartree-Fock calculations on a variety of model .cobalt COM-  (7y Bota, R.Coord. Chem. Re 1983 50, 1.

plexes based on the acacen ligand (acaeeh11-dihydroxy- (8) Bytheway, I.; Hall, M. B.Chem. Re. 1994 94, 639.

4,9-dimethyl-5,8-diaza-2,4,8,10-dodecatetraene, Figure 1b). They( {g)) B_ragoﬁ,R_- %Cozordl-I Chea-mdlg?z 117,C1hSS. 1997 44 263
H H lancnini, C.; Zoeliner, R. ACv. Inorg. em. A . .
found that the bent dioxygen geometry was considerably more (11) Dedieu, A Rohmer, M.-M.. Veillard, AJ. Am. Chem. Sod 976

98, 5789.
TLA-UR 98-5035. (12) Fantucci, P.; Valenti, VJ. Am. Chem. Sod.976 98, 3832.
(1) Werner, A.; Mylius, A. Z.Z. Anorg. Allg. Chem1898 16, 245. (13) Valko, M.; Klement, R.; Pelika, P.; Bo@, R.; Dlhan, L.; Béttcher,
(2) Tsumaki, T.Bull. Chem. Soc. Jprl938 13, 252. A.; Elias, H.; Muler, L. J. Phys. Chem1995 99, 137.
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structural and thermochemical properties of transition metal
compounds as compared to Hartréeck-based methods. Full / \

geometry optimization was employed, and the optimized

N
geometries were compared to experiment. The dioxygen binding )
energies are calculated for each model, and these values are
correlated with the nature of the substituents on the ligand and
with thermochemical data.
OH HO
Theoretical Background

Calculations using density functional theory (DFT) are a (@ salen ligand
rapidly growing choice for the study of many systems using

first-principles approaches. They include electron correlation
effects which are important for many chemical processes at a / \
similar computational cost to calculations at the HartrEeck

level of theory. Although the reliability of these methods for N
small organic molecules has been well established, studies of
transition metal containing compounds are less well developed.
In particular calculations on paramagnetic systems where a
number of spin states are possible provide a particular challenge
to the approach. A gradient-corrected density functional method
was recently used in a study of structure and spectra of cyto-
chrome P450 and its adducts with dioxygén. _ _ _
This work uses the B3LYP hybrid functional, which is a Figure 1. Schiff's base ligands.
three-parameter hybrid functional which combines the gradient-
corrected exchange functional of Becke and the correlation
functional of Lee, Yang, and PaPr® with Hartree-Fock

N
OH HO
(b} acacen ligand

substituents are added to the ethylene bridge, this is sufficient
to form exclusively the 1:1 comple®. It has recently been

. - shown that one method that appears to be successful in
exchange. This relatively new method has recently shown suppressing 2:1 complex formation is to use a pentadentate

promising results, suggestin_g that it may be prefe_ra_ble to OtherSchiff’s base type liganét In these studies we focus on models
commonly employed functional. Geometry optimizations for the 1:1 adduct

were performed with the Berny analytical gradient metHod.
Al calculations were performed with th@aussian9% software.

As will be discussed in greater detail later, most of the
calculations are of the all-electron type with the 6-311G all-
electron basis set of Wachters and FPa} for cobalt with

The Co(acacen) complex shows roughly four times the
affinity for oxygen as Co(salen) complékThis is thought to
be due to the aromatic ligand reducing the charge density on
cobalt available for donation to oxygen.
There have been a number of crystallographic studies on

va_nc;t;s a;)ddl_tmnst. Ihg_ 6’31? baj's _tr);]plcally llf[orms_; a S]Efartltr)g cobalt Schiff's base complexes that provide useful data which
point for basis set studies of ligands. The results using effective ., "y <04 to construct starting models.

core.poten'tial's are also presented.for model Iig.a.nds where the It is often difficult to crystallize samples of sufficient qualit
starting point is the LANL2DZ basis set. In addition, selgcted for high-resolution X-rayydiffraction stﬂdies. This is freguent)I/y
results are presente_d at the Hartréeck Iev_el of thec_>ry with due to the low thermal stability of the complexes formed.
Iocall exchange using the S\./WN density fun.ctlonal,. and However, it has been found that it is easier to make more stable
gradient-corrected exchange with the BLYP density functional. complexes if bulky substituents are incorporated in the ligand
structure, which increases their solubility. The additional
problem of disorder in the structure has also made structure
The Schiff's base cobalt complexes are able to form both geterminations difficult.
1:1 and 2:1 adducts with diOXygen. Itis pOSSibIe to influence Briickner and co-workers performed a Sing|e_crysta| X-ray
which of these species form by varying such parameters as thestydy of Co(acacen) with benzene. They determined the average
polarity of the solvent, the steric nature of ligand substituents, Co—0O and Ce-N bond distances to be 1.85(1) and 1.87(1) A,
and temperature. Although early work suggested that the Co-respectively, and located all the heavy atoms in the condlex.
(salen) complex formed a 1:1 addd&tnore recent work has  calligaris and co-workers attempted to solve the structure of
suggested that a 2:1 complex is more lik&yf four methyl the same complex with pyridine replacing benzene and with
molecular oxygen coordinatéfl. However, due to the poor
quality of the single crystals in the study, only a limited set of

Experimental Structural Background

(14) Harris, D.; Loew, G.; Waskell, L1. Am. Chem. S0d998 120, 4308.
(15) Becke, A. D.J. Chem. Physl993 98, 5648.

(16) Perdew, J. FPhys. Re. B 1986 33, 8822. structural parameters were obtained. The important results of
(17) Zygmunt, S. A.; Mueller, R. M.; Curtiss, L. A.; Iton, L. B. Mol. this study are that the pyridine molecule is found to be oriented
Struct. (THEOCHEM)L99§ 430, 9. such that the plane of the ring bisects the Go—O angle in

(18) Schlegel, H. BJ. Comput. Chenl982 3, 214. . .
(19) Frisch, M. J.; Trucks, G. W.; Schlegel. H. B.; Gill, P. M. W.; Johnson, the plane of the ligand and that the oxygen molecule is
B. G.; Robb, M. A.; Cheesman, J. R.; Keith, T.; Peterson, G. A;
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, (22) Tauzher, G.; Amiconi, G.; Antonini, E.; Brunori, M.; Costa,&ature
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; 1973 241, 222.
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, (23) Chen, D.; Martell, A. Elnorg. Chem.1987, 26, 1026.
W.; Wong. M. W.; Andreas, J. L.; Replogle, E. S.; Gomperts, R.; (24) Rybak-Akimova, E. V.; Otto, W.; Deardorf, P.; Roesnet, R.; Busch,

Martin, R. L.; Fox, D. J.; Binkley, J. S.; DeFrees, D. J.; Baker, J.; D. H. Inorg. Chem.1997, 36, 2746.
Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, Gaussian (25) Brickner, S.; Calligaris, M.; Nardin, G.; Randaccio,lborg. Chim.
94, Revision E.2; Gaussian Inc.: Pittsburgh, PA, 1995. Acta 1968 2, 386.

(20) Wachters, A. J. HJ. Chem. Phys197Q 52, 1033. (26) Calligaris, M.; Nardin, G.; Randaccio, L.; Tauzher, I8org. Nucl.

(21) Hay, P. JJ. Chem. Physl977, 66, 4377. Chem. Lett1973 9, 419.
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approximately parallel to the normal to the pyridine ring. They
also give the Ce-O, bond length to be 1.95(5) A and the €0
N(pyridine) distance to be 2.15(4) A. One further crystal- =
lographic study has also been performed on the related ..
compound N,N'-ethylenebis(benzoylacetoniminato)cobalt(ll)-
(pyridine)Q, by Rodley and Robinsoff.This complex replaces

two of the methyl groups of the acacen ligand with phenyl
groups. This earlier study shows the same relative orientation
for pyridine and oxygen with respect to the chelating ligand
and also gives several useful structural paramef&@s:-Co—O

= 126(2F, O—0 = 1.26(4) A, ON(pyridine)-Co—0O =
177(3f, Co—0 = 1.86 A, Co-N(pyridine) = 2.02 A.

Calligaris and co-worke?8 solved the structure of Co(ll)-
(salen) with pyridine coordinated. Surprisingly, in the light of
adsorption measurements, the crystal structure features a 1:1
complex with the following structural data: €iN(pyridine) =
2.10(2) A, Co-O(salen)= 1.90(1) A, Co-N(salen)= 1.90(1) (@) model for Cofacacen)(pyridine)  (b) model for
A. The ethylene bridge is eclipsed due to symmetry. In an earlier ~ complex Co(acacen)(pyridine)(O;) adduct
study?® the same workers determined the structure of the dioxy- o o
gen addition product of the same ligand with dimethylformamide Figure 2. Models for Co(acacen)(pyridine) and Co(acacen)(pyridine)-
replacing pyridine. In this case, the 2:1 complex is found. "

A large number of other crystallographic studies have also Taple 1. Summary of Optimized Geometries (Bond Lengths and
been performed with more bulky substituents on the basic salenAngles) for the Simple Model for Co(acacen)(pyridine) and
core structure and also changes in the axial B&s€.The Co(acacen)(pyridine)(9
structures are qualitatively similar to those detailed aboveOO Co-0a Co—Na CO—Np¢ Co-O, O-O Co-0-0
distances in the range 1.25¢2).35(1) A are observed. Surpris-

. complex 1.91 1.92 2.17

ingly these values do not appear to be correlated to the natureg,pg 1.85(1) 1.87(1)

of the substituents on the conjugated ring system. However, adduct  1.91 1.92 2.08 1.92 1.28 117

the base strength of the molecule bound axially opposite to expe 2.15(4y 1.95(5%

dioxygen does appear to have a more direct influence on the agy.q lengths in angstroms, bond angles in degressibscript ac

dioxygen bond length® refers to an atom which is part of the acacen liggrBubscript pyr
. . refers to an atom which is part of the pyridine molecdl&aken from

Results and Discussion the crystal structure of Co(acacen)(benzehe)Taken from the crystal

Calculations on Simple Models for Co(acacen) and Co-  Structure of Co(acacen)(pyr)g>®
(acacen)(Q). A. Geometries.Although it is known that Schiff's
base ligands have a strong tendency to form 2:1 adducts with
dioxygen, our calculations will focus on the much simpler 1:1
adducts.

{4
3|
&)

above. Pyridine was added as the axial base with the initial Co
N(pyridine) distance set to 2.1 A. For the dioxygen adduct, the
Co—0O and G-O bond lengths were set to 1.90 and 1.30 A,
respectively. The ©Co—0 bond angle was set to 120The

sir:gl?fi2gs:ni%te?i]tncvilk::izlha?k?;?ngteklryf/?;Tc?l?pgvg:g rt;%?aegegzvittme relative orientation of the ligands was chosen such that the
hydrogens and second the ethylene bridge between the 'twopyrldlne bisected the SCo-N angle, whereas the dioxygen

’ . . : . orientation bisected the NCo—N angle. The two models are
nitrogens is removed (Figure 2). This model was previously illustrated in Eiqure 2
used in the semiempirical calculations of Fantucci and Valénti. Convergencg of tHe SCF wave function initially proved
t'olr:;:l g:?emeet?f/o?r%tgg%i“t%?muzl(;]g LhitiiLYihhéer%tggc- difficult, so the following procedure was adopted. The SCF wave
Idd w nd \F/)vith £ O (denoteccompl Y whil V\;' i (inin th function was first converged using a minimal basis set (STO-
adduc) a ou .( enotedcompley. /e retaining the 3G) at the (unrestricted) Hartre&ock level of theory. This
symmetry of theCs point group. The following basis sets were

S . wave function was then used as a guess for an analogous
chosen for the calculat|o_ns_. 6-311G (Co), 6+33* (dioxygen), calculation at the B3LYP level of theory. The basis set was
and 6-31G on the remaining atoms.

The initial geometry of the acacen ligand was taken from then progressively advanced from STO-3G to 3-21G to the final

. full basis set projecting the previous solution onto the larger
the crystal structure of Bakner and co-worke?8 as detailed basis set to form the guess.

For the Co(acacen)(pyridine), both the doublet and quartet

(27) Rodley, G. A.; Robinson, W. TNature 1972 235, 438.

(28) Calligaris, M.; Minichelli, D.; Nardin, G.; Randaccio, L. Chem. spin states were ConSidered-_ o
Soc. A197Q 2411. _ _ . A summary of the geometric data for the optimized complex
(29) Calligaris, M.; Nardin, G.; Randaccio, L.; Ripamonti, A.Chem.  and adduct in the doublet spin state is given in Table 1. It can
Soc. A197Q 1069.
(30) Avdeef, A.; Schaefer, W. Pnorg. Chem 1976 15, 1432. be seen from the table that the calculated cebattacen bond
(31) Avdeef, A.; Schaefer, W. B. Am. Chem. S0d.976 98, 5153. lengths are overestimated compared to the crystal structure. In
(32) Gall, R. S.; Schaefer, W. fhorg. Chem.1976 15, 2758. the case of the adduct, the cobaflyridine bond distance is

(33) gﬁg;ﬁg&gggﬁgg 53'13':5'; Schaefer, W. P.; Christoph, GI.@m. underestimated by our calculations. However, the-Odbond

(34) Jameson, G. B.; Robinson, W. T.; Rodley, GJAChem. Soc., Dalton length and Ce-O—0O bond angle are within the range expected

1978 191. for other coordination compounds of this class.
(39) rzusle' B. T, Leyden, R. M.; Schaefer, W. Rorg. Chem 1979 18, Comparing the energies of the two optimized complexes, the
(36) Schaefer, W. P.; Huie, B. T.; Kurilla, M. G.; Ealick, S.IGorg. Chem. ~ doublet was found to be lie slightly lower in energy (ca. 5.4 kJ

198Q 19, 340. mol~1) than the quartet. This result is in agreement with ESR
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Figure 3. Quantitative molecular orbital diagram for the Co(acacen)-
(pyridine) model in the doublet and quartet states.

Figure 4. Schematic energy level diagram for Coftiioxygen
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Table 2. Fitted Charges and Calculated Spin Densities for the
Optimized Geometries of the Simple Model for
Co(acacen)(pyridine) and Co(acacen)(pyriding)(O

q(Co) d(Nag a(Oad a(Npy) a(0n)* (02
complex 125 -091 -0.67 -0.38
adduct 185 -101 -0.76 -052 -0.26 -—0.26
ps(C0)  ps(Nag ps(Oad  ps(Npyr)  p(O1)  ps(O2)*
complex 1.02 -0.01 0.00 0.06
adduct —0.21 0.00 0.01 -0.01 0.66 0.54

a8 The numbering is such that €®,—0; is the bonding sequence.

energyo andsr bonding orbitals on oxygen can also lead to a
rehybridization. The other possibility is that the-©0, o orbital
has significant contributions from both cobalt atomic orbitals
and oxygenr orbitals, in which case a €o—0, bond is formed.
If the interaction between the orbitals is strong, a true covalent
bond is formed, whereas if it is weaker the bond can be
described as spin coupled. The use of configuration interaction
calculations has been used to distinguish between these various
possibilities for a simple porphyrin model.

Charges were fit to the calculated electrostatic potential of
the optimized geometries using the CHelpG schéhferadius
of 1.90 A is used for cobalt, which is the approximate value
for the Co-O covalent bond length in this system. A similar
method for deriving CHelpG charges was used recently for a
study on iron complexe¥.The results are given in Table 2. It
can be seen that the introduction of dioxygen to the complex
causes a shift in negative charge primarily from the transition
metal center to the oxygen molecule which is consistent with
previous models. The charge on each oxygen is approximately
the same and represents a total charge transfer of one half-unit
from the complex to dioxygen. It is interesting to note that if a

Schiff's base complexes based on an analysis of the orbital energiesmych smaller value for the Co radius is used (such as the cobalt-

from density functional theory calculations.

measurements which have shown the ground state to be

doublet state. For the adduct, the quartet state was dissociative
A quantitative molecular orbital diagram for the doublet and
quartet states is given in Figure 3. Only the highest energy

molecular orbitals containing metal characteroofnd 3 spin

for the unrestricted B3LYP calculation are shown; other orbitals
are omitted for clarity. The single unpaired electron in the

complex resides in a molecular orbital of primarily character,

which is consistent with ESR measurements. The quartet stat

is formed from the doublet from the excitatiog, &~ dyy. An

analysis of the electron density plot for this orbital shows that
the pyridine nitrogen polarizes the d orbital such that there is
an increased electron density in the direction of the vacant

coordination site of the cobalt ion.
A qualitative molecular orbital diagram for the adduct is
shown in Figure 4.

o bonding and antibonding orbitals are formed from the

combination of the cobalt 3dorbital and one set of oxygen
ar* antibonding orbitals, whereas-bonding and antibonding
orbitals arise from overlap of the Co 3arbital and the other
set of oxygent* antibonding orbitals. The orbital ordering is

(S

(1) ionic radius, 0.65 A), then no change in cobalt charge is
observed on dioxygen binding. This is the same result obtained
y Veillard and co-workers using a Mulliken population

analysist!

The calculated spin densities for complex and adduct are
given in Table 2. The unpaired spin is entirely confined to the
cobalt atom in the case of the complex in an orbital of
approximately g character. With the formation of the adduct,
the unpaired spin is transferred to the dioxygen moiety with
only a small residual spin remaining on cobalt. This is consistent
with the molecular orbital diagram in Figure 3. The small
residual spin is similar to, though not as dramatic as, that
observed by Valko and co-workéfsn their semiempirical QR-
INDO/1 calculations.

B. Dioxygen Binding Energies. The binding energy of
dioxygen on the Co(acacen)(pyridine) complex can be calculated
from the relation

opt _ opt __ popt _ popt
AEbind — adduct Ecomplex EO2 (1)
where Egfy,e Eghmpiex aNAEQ are the energies of the geom-

etry optimized structures of 2Co(acacen)(pyr?))((]I:o(acacen)-

such that the unpaired electron resides in an orbital of 5y and molecular oxygen, respectively. Using this expression,

predominantly oxygemr* character. This result is consistent

with ESR studies on these systems that show the unpaired

electron to be on the oxygénThe nature of thes bonding

orbital provides information on the extent of charge transfer in

the compleXé3” If the ¢ orbital has predominantly oxygemn

character and little Co character, then the complex can be viewed(

as CG+—0,~ with a dative bond. Contributions from the lower

a binding energy of 49.1 kJ midl is calculated for the model

(37) Hall, M. B. Bonding of dioxygen to transition metals. @xygen
complexes and oxygen agition by transition metaldMartell, A. E.,
Sawyer, D. T., Eds.; Plenum: New York and London, 1988.

(38) Breneman, C. M.; Wilberg, K. Bl. Comput. Cheml99Q 11, 361.

39) Martin, R. L.; Hay, P. J.; Pratt, L. Rl. Phys. Chem. A998 102,
3565.
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system compared with the experimental value as measured byTable 3. Results of Calculations on Oxygen Species

Amiconi and co-worker¥ of 63.1 kJ mot™. N method  Hartree-Fock SVWN  BLYP  B3LYP
. The bl?)d":f? energy cqrrected for basis set superposition error 0, Bond Length (A
IS given Dy Ihe expression 6-31G* 1.168 1.214 1.240 1.215
A ' ' . ) A 6-314+-G* 1.169 1.214 1.241 1.215
Sse__ —opi _ op _ popt sse SS _
AEbind - Eadduct complex EO2 (AEcompIex+ AEO2 3 expt=1.208 A
2) O, Electron Affinity (kJ mol?)c
6-31G* -141.7 —-18.4 -76.1 —52.5
bsse bsse . 6-31+G* -735 99.7 55.1 55.1
whereAE ;. and AE; " are defined as expt= 42.5 kJ mot™
O, Vibrational Frequency (crt)
bsse  _ adduct adduct 2
AEcompIex_ Ecomli)lex,bsse_ Ecoml:JIex (3) 6-31+G* 1647
expt= 1550 cnt?t
bsse__ adduct __ adduct
AEOz - Eoz,bsse EOz (4) O, Bond Length (A}
6-31G* 1.296 1.343 1.386 1.353
where Eﬁgfn‘;,ﬁéx is the energy of the complex at the optimized ~ 6-31+G* 1.298 1't3—32:31 s A 1.385 1.351
geometry of the adduct with the dioxygen atoms removed, o expt= L.
Eoomt bssdS the energy of the same system but with orbitals 631G Oz Vibrational Frequency (crr) 1175
centered on the position of the dioxygen atoms, B *and expt= 1130 cnr?
adduct . .
Eo, psse@le th_e analogous quantities for d|(_)>_<ygen. _ 0 Bond Length (A}
The inclusion of the basis set superposition error (BSSE) is 6-31G* 1.529 1576 1.683 1.618
found to decrease the binding energy by approximately 33 kJ 6-31+G* 1.497 1.528 1.621 1.569
mol~1. This BSSE correction represents an upper bound to the (expt=1.49 Ay

effects of basis set limitations. Nevertheless in the following  apethod of calculation: Density functional theory calculations
sections we investigate the effects of basis set and of more(svwN = Slater exchange with VWN correlation functiod8BLYP
realistic models for the Schiff's base ligands. = Becke88 functional with Lee, Yang, and Parr correlation func-

Additionally, calculations were performed to assess the tional/’#® B3LYP as detailed earlig¥'9, all calculations are unre-
contribution of zero-point energy and basis set superposition stricted.biTrJe optimized G-O bond length? Positive values indicate
energy to the binding energy. The addition of the zero-point SKta(‘?'e.Ql'ngg %:Sg)ha?\le dgta.avfigbf' F‘I’.rdcci”}par's‘}ﬁm“
correction is found to reduce the binding energy to 39.5 kJ [O:] s 1. ' in Na{O] s 1. (solid state).

mol2. -
C. Basis Set Variation and the Use of Effective Core oxylgian decregseshthe C"Imp”tfei blgdlng energy bg |10.9IkJ
Potentials. To further assess the effect of basis set choice on 0. Increa;mg the quality of the basis set on cobalt only
) has a small influence on the binding energy. In all cases,

the calculations, the ba}S|s sets on the acacen ligand and themcreasing the basis set on cobalt stabilizes the complex more
dioxygen were also varied.

O . than the adduct, and consequently the binding energy is reduced.
To assess the variation of basis set and level of theory for Calculations were also performed using effective core po-
the dioxygen ligand, calculations o, @, and G2~ were tentials (ECPs) on cobaltp hich re Iacegthe inner electrc?ns
carried out at the Hartreg~ock level of theory and also using ials ( ) , Wi P : '

three levels of density functionals (Table 3). Moving from the and compared with the all-electron results from the previous

6-31G* to the 6-3%G* basis, which includes diffuse functions section.- Since ECPS. are W‘d?'y used .in trapsition metal
to describe negative ions, results in very little difference in calculations, we were interested in comparing their performance

geometry for the neutral species and monoanion, but theWith various basis sets using density functional theory. The basis

calculated electron affinity increases markedly, in the latter basis set on dioxygen and Ilgqnds_remams unchanged in this study,
by 70-130 kJ mot?. While at the Hartree Fock level of theory and the geometry remains fixed at the a]l-electron geometry.
the @~ anion is predicted to be unbound in both basis sets, all The starting p%mt was the I.‘ANLZDZ hasis set, as deglgnated
DFT methods predict the anion to be bound in agreement with In Ga!JSSIaHQé}' which COPS'StS of 3s, 3p, and 2d functions to

experiment. The best agreement is achieved with thed6c31 describe the “outer core” 3s and 3p electrons as well as the
basis set and the B3LYP functional (55 compared to 42.5 kJ valence 3d, 4s, and 4p electrons. For all of these studies the

mol~! experimentally). Using this combination of basis set and same ligand basis sets were used, i.e., ﬁGl on the O an(_:i .
level of theory, the vibrational frequencies of @nd G- were 6-31G on the other atoms in the acacen ligand and on pyridine.

computed. As can be seen in the table, the vibrational frequen-l"A"\"‘ZDZ (unc. sp) consists of the same basis but uncontracting

cies are slightly overestimated but are nonetheless reproduce hﬁg'gﬁ;giﬁ:g” dtt))aasslz ‘Bs f'\sl.e;]s tirr]éjeﬂg()entpr;c?zcistjl;nﬁgggis
to within 100 cnt? of experiment. 9 IS by using unctions,

Now basis set variations on the adduct will be considered. oggll';“im trhc? ?I:;e:iecrfron ﬁzlcutlago;lslolf Wa(r:ht@?;ﬁ:ed db
As in the previous section, all the calculations are single- aadds another d function, contracte , as recommended by

point computations performed on the geometry-optimized Hay?! to describe EiconfigL_Jrations. The 3116_ valence basis

structures as obtained in section A. The following basis sets should corrgspond approxma_mte_ly o the previous 6-311G all-
were tried: Co (6-311G, 6-3#1G, 6-311G*, and 6-312G¥) electron basis for cobalt, and similarly for 3t® and 6-31%G.

and O (6-31G* and 6-3%G*), the remaining atoms being kept Using the LANL2DZ standard basis set for cobalt in the DFT

at the 6-31G level. It is found that the largest binding energy calc_ullation gives only a slight £oinding energy of-5.9 kJ
corresponds to the basis set initially chosen (that is, 6-311G on mol™, W_h'le using the saTe basis W'th more flexibility in Fhe
cobalt and 6-31G* on O;). Omitting the diffuse function on S,p set glves—12.6 kJ mof ._Compgrlng the ECP resuits W'th
the corresponding calculation using an all-electron basis set
(40) Amiconi, G.; Brunori, M.; Antonini, E.; Tauzher, G.; Costa, Mature (given in parentheses), the binding energies&5&.7 (—49.1)
197Q 228 549. kJ molt and—38.1 (—20.5) kJ mot?, respectively, indicating
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(c) new orientation from more substituted models
Figure 5. Different relative orientations for Co(acacen)(pyridine)(O
Table 4. Summary of Calculations on Relative Ligand Orientations
in Co(acacen)(pyridine)(¥p Models

Erel(adduct} Epind Co—O0 O-0 Co-0-0
orientation (kJmolY)  (kImold)  (A) A (deg)

a +1.7 —49.1 192 1.28 117
b —47.6 190 1.29 116
c +18.0 —41.4 192 1.28 118

aWhereE. is the energy of the adduct relative to the most stable
of the three orientations.

a 5-18 kJ mott effect introduced by the ECP. One conclusion
that emerges from this is that the original ECP basis sets
developed for HartreeFock calculations require more flexibility
to describe the cobalt s and p orbitals when doing DFT
calculationst! The other result is that increasing the d basis set
actually gives a smaller Obinding energy. This can be
explained by noting that the extra functions in the larger basis
set help the @state of the Co(ll) in the complex as compared
to the & state of the Co(lll) in the @adduct. (8) siepped conformer

The remain Qer of th? Calculat|0n§ n t.h IS WOI’.k were performed Figure 6. Different conformers for Schiff's base ligands after Calligaris
using the original basis sets detailed in section A. et al%s

D. Vibrational Frequencies. The vibrational frequencies of
dioxygen molecule adducts have been found to fall into three Table 5. Summary of Geometrical and Thermochemical Data for
classes: 11601100 cnt!, which are similar to those for Ca}lculations on Co(acacen)(pyridine}yModels with an Ethylene
superoxides; 740880 cnil, which correspond to those for ~ Bridge Added

peroxides; and an intermediate range, 94010 cntl5 For Evnd@dduct} Co—O O-O Co-0-O

example, oxyhemoglobin (1132 c®)4? and oxymyoglobin model (kdmoty) A A (deg)

(1103 cnTY)* have frequencies in the superoxide class. Their orientation a

cobalt analogues also fall into the same range (1144t without bridge —13.8 192 128 117

The vibrational spectra of our Co(acacen)(pyridine)@iduct r_Wr']tth tk_’”r?%e: gauche  —10.7 192 129 118

model was calculated and the-@ frequency found to be 1243 ° I\?Vitf?oll?t bridae 114 190 129 116

1, which is slightly higher than the range expected, but still b o OS ) ' '

cm-=, which Is shightly hig ge expected, with bridge: cis -12.2 1.90 1.28 118

between the values for the;@olecule and the © ion in Table with bridge: gauche  —11.5 191 1.29 121

3. Since, in the calculations on the dioxygen molecule and its orientation ¢

corresponding anion, the vibrational frequencies are slightly ~ Without bridge —9.9 192 128 118
with bridge: gauche —115 192 129 119

overestimated, it is not surprising that a similar result is found
here for the adduct. In contrast, the computed frequency for 2WhereEinq is defined as in eq 1.
the Co-O bond stretch is 439 cm, which is slightly lower

than expected for cobalt in these class of compléxes. Influences on & Binding Energy to Co(ll) Complexes.

A. Relative Ligand Orientation. There are a number of
§4lg Rlubsso, TV, rl\]/lartin, F;. L.; Hay, P. J. Phys. Chen995 99, 17085. possibilities regarding the relative orientation of the axial base,
42) Alben, J. OThe Porphyrinsl978 3, 334. ; ; ]
(43) Maxwell, J. C.; Volpe, J. A.; Barlow, C. H.; Caughey, W Bsochem. the Co(acacen) |Ig§nd system, and m.0|eCUIa.r oxygen In S.Chlﬁs

Biophys. Res. Commuti974 58, 166. base complexes in crystallographic studies in the litera-

(44) Proniewicz, L. M.; Kincald, J. Rl. Am. Chem. S0d.99Q 112, 675. ture26:27.30.3236 |n glmost all cases, the axial base is found to
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Table 6. Conformational Data from Calculations for Models of Co(acacen)(pyriding)g@mplexes and Their Comparison with Experiment

structure yi(deg) d(A)  conformer a(deg) p(deg) y(deg) di(A) d (A) 2 (deg)

acacen-model adduct

ligand orientation a: gauche 44.1 0.0 umbrella 2.2 17.9 19.9 —-0.23 0.37 2.0

ligand orientation b: gauche 41.5 0.0 stepped 6.2 14.5 8.8 —0.34 0.23 0.9

ligand orientation b: cis 0.0 0.0 umbrella 7.0 7.0 14.1 0.26 0.26 0.0

ligand orientation c: gauche 46.4 0.0 stepped 2.7 16.4 145 -0.31 0.33 2.1
CH;O-Co(salen)(pyr): expt 43.0 0.0 umbrella 4.0 155 170 -0.40 0.27 3.2
Cu(salen)CHGt expt 41.3 0.1 stepped 6.5 16.9 121 —0.44 0.12 2.7

aReference 49 Reference 50.

Table 7. Summary of Optimized Geometry and Binding Energy for
Substituted Co(acacen)(pyridine})Models

Eping (kJ mofY) Co—0 (A) 0—0 (A) Co—0O-0 (deg)

H adduct —49.1 1.92 1.28 117
Me adduct —59.4 191 1.29 117
F adduct —29.7 1.98 1.26 118

Table 8. Summary of Calculated Charges for the Optimized
Geometry of Substituted Co(acacen)(pyridine)(®odels

q(CoP d(Na) q(Oad d(Npy) q(O1)° q(Oy)°

H complex 125 -091 -0.67 —0.38
H adduct 185 —-101 -0.76 -0.52 -0.26 -0.26
Me complex 1.14 -0.93 -0.68 —0.38
Me adduct 1.64 -1.03 -0.76 -0.44 -0.27 -0.28
F complex 1.17 -0.99 -0.67 -0.39
F adduct 136 -1.04 -0.70 -0.37 -0.16 -—0.15

aCharges calculated using CHelpG schéfé.The numbering is
such that Ce-O,—0; is the bonding sequence.

approximately bisect the NCo—O bond angle. One of the few
exceptions is the structure of Co(salpeen)((@alpeer~ 1,6-
bis(2-hydroxyphenyl)-2,5-diaza-3-[2-(2-pyridyl)ethyl]-1,5-hexa-
diene), where the use of a five-coordinate Schiff's base imposes
the constraint that the pyridyl group lie on the bisector of the
N—Co—N bond anglé* However, the dioxygen orientation has
often been difficult to determine due to disorder in the crystal
structure. For example, Calligaris and co-workéould not
distinguish between the C&—O0 plane bisecting the NCo—N
angle or the ©-Co—0 angle in Co(acacen)(pyridine). Although :
the structure of Co(bzacen)(benzene)(@zacen= 1,10- (b) Co(salen)(pyridine)(O2)
dihydroxy-1,10-diphenyl-3,8-dimethyl-4,7-diaza-1,3,7,9-decatet- figyre 7. Calculated optimized structures for cobalt Schiff's base
raene) shows the dioxygen bisecting the Gb—N angle?’ the complexes.
majority of other crystal structures have the dioxygen lying in
the same plane as the axial base and bisecting th€dN-O energy, but it can be noted that it does have a lower binding
angle. Since either of the two possible-80—0 orientations energy for dioxygen than orientation a. Presumably the extra
allows good overlap between the* orbitals of molecular effects of intermolecular interactions in the solid state dis-
oxygen and the d orbitals on cobalt, it has been postulated thatfavor b over a. Orientation c is the least favorable of the set.
the driving force for the observed orientation is controlled by It is likely that the additional steric effects that are present in
steric interactions either between thgahd atoms in the same  the more substituted system favor this configuration in those
molecule (for example, methyl substitution on the ethylene cases.
bridge®) or by intermolecular interactions in the crystal. As was seen in Figure 1, the actual structure of the acacen
To investigate the relative energetics of the various orienta- ligand has an ethylene bridge between the two nitrogen atoms.
tions, two further calculations corresponding to different orienta- The conformation of the bridge is closely linked to the relative
tions were performed on our simple Co(acacen) models. Figureconformation of the two arms of the acacen ligand. Calligaris
5 illustrates the orientations that were considered. Figure 5aand co-worker have quantified the various possible conforma-
represents the original orientation from the previous calculations. tions. Two possible ligand conformations are identified for
In the absence of other effects, it might be expected that thepenta- and hexacoordinate complexes: the “umbrella” and
configuration with the least steric hindrance would be that with “stepped” conformers as illustrated in Figure 6. The conformers
both the pyridine and dioxygen lying between the two halves can be described in terms of three angéeand are the angles
of the acacen ligand as in Figure 5b. Finally we also consider between the two arms and the cobalt coordination planeyand
the orientation obtained from crystal structures involving
substituted salen ligands (Figure 5c). (45) Calligaris, M.; Nardin, G.; Randaccio, Coord. Chem. Re 1972
The results of full geometry optimization calculations with 46) Z/'o?;?(i" S. H.: Wilk, L.: Nusair, MCan. J. Phys198Q 58, 1200.
these three cases are summarized in Table 4. As can be seefy7) gecke, A. D.Phys. Re. A 1988 38, 3096.
from the table, orientation b is calculated to have the lowest (48) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.
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Table 9. Summary of Calculations (Bond Lengths and Anglem Co(acacen)(pyr) and Co(salen)(pyr) and Their Adducts with Dioxygen

Co—Ox Co—Ngc Co—Npyr Co-0, 0-0 Co-0-0 Ebina
Co(acacen)(pyr) 1.91 1.93 2.17
Co(salen)(pyr) 1.91 1.92 2.08
expt 1.85(1) 1.87(1)
expP 1.90(1) 1.90(1) 1.90(1)
Co(acacen)(pyn) (9 1.92 1.93 2.07 1.91 1.29 118 53.5
Co(salen)(pyr)(Q 1.91 1.92 2.08 1.91 1.28 119 46.8
expt 2.15(4y 1.95(5%
expt 2.02 1.86 1.26(4) 126(2)
expt 63.1
exp® 51.8

aDistance in angstroms, angles in degrees, binding endfgy)(in kJ mol .. ® Data taken from crystal structure of Co(acacen)(benz€ne).
¢ Data taken from crystal structure of Co(salen)(pyriditfe}.Data taken from crystal structure of Co(acacen)(pyriding){® ¢ Data taken from
crystal structure of Co(bzacen)(pyridine}j&’ ' Data for Co(acacen)(pyr O, from Amiconi and co-worker&? 9 Data for Co(salen)(pyr} O
from Amiconi and co-worker&?

Table 10. Conformational Data from Calculations for Models of Co(acacen)(pyriding)}@d Co(salen)(pyridine)(#p Complexes and Their
Comparison with Experiment

structure w1(deg)  d(A) conformer o (deg) pB(deg) y(deg) di(A) d> (A) 2 (deg)

Co(acacen)

complex 45.0 -0.2 umbrella 3.0 12.1 131 -0.24 0.37 3.4

adduct 32.6 0.0 umbrella 7.4 15.1 224 -0.07 0.37 0.8
Co(salen)

complex 45.7 -0.2 umbrella 3.2 15.2 16.8 —0.28 0.36 3.8

complex: expt 0.0 -0.2 umbrella 14.4 14.4 28.8 0.05 0.05 0.0

adduct 46.1 0.0 umbrella 3.1 23.9 26.8 -0.19 0.41 1.8
CHzO-Co(salen)(pyr): expt 43.0 0.0 umbrella 4.0 155 17.0 -0.40 0.27 3.2
Cu(salen)CHGt expt 41.3 0.1 stepped 6.5 16.9 121 —-0.44 0.12 2.7

aReference 49 Reference 50.

is the book angle between arms. In addition, the ethylene bridge The book angles and other structural data related to the
can be described in terms of two distancksand d, of the relative conformation of the arms of the acacen ligand were
carbon atoms from the coordination plane and the-©EH, calculated for the minimized structure, and the results are
torsion anglegy;. In addition, the dihedral angle between the summarized in Table 6.

N—O—O-N series of atomsf;) measures the degree of  As has been noted previously, the lack of structural data
distortion of the cobalt coordination plane from planarity. One makes a direct comparison with experiment difficult. Data are

additional distancead, measures the distance of cobalt from the
central plane. This work found that a symmetrical umbrella
structure (that isp. = ) leads to a cis conformation for the

presented for two salen-type structures without dioxygen
coordinated. The range of our calculated structural values is
similar in magnitude to that observed in the experimental studies.

ethylene bridge, whereas a stepped conformation favors thewe can note that the conformer with a cis conformation for the

“half-chair” gauche conformation (a symmetrical displacement ethylene bridge produces a symmetrical umbrella structure. The

of carbon atoms above and below the coordination plane). Any most energetically stable structure prefers to adopt the stepped

distortion from the symmetrical structure causes the gauche conformation however, although the reasons for this preference

conformer to be observed. are not obvious on steric grounds. More book angle data will
It might be expected that the presence of the ethylene bridgebe examined later in this paper.

in the acacen ligand would destabilize any structure with dioxy-  B. Substituent Effects.It has been postulated that the affinity
gen in an orientation bisecting thefCo—N bond angle due  that a given Schiff's base complex has for dioxygen is dependent
to steric repulstion between the bridge and dioxygen. To exam- on the available charge density on cobalt. For example, the Co-
ine this possibility, the basic acacen models were modified to (acacen) complex has an oxygen affinity roughly four times
include the ethylene bridge and the calculations repeated. Calcugreater than the analogous Co(salen) complex, the common
lations were performed with the bridge in the gauche conforma- explanation for which is that the presence of the extended
tion on ligand orientations-ec as defined in Figure 5; this  conjugation system in the salen ligand reduces the charge density
necessarily requires breaking of tg space group symmetry  at oxygen and reduces the binding energy.

used in the previous calculations. For comparison, a calculation T test this hypothesis within our simple acacen model, two
was performed on the model with ligand conformation b and @ frther calculations were performed with substituents placed at
cis bridge. A summary of the geometrical and thermochemical the carbons adjacent to N and O on the acacen ligand. We chose
data for these calculations is given in Table 5. It can been that jpe electron-withdrawing substituent (F) and one electron-
the expected trend is observed for ligand orientation a, but in donating substituent (Me, as in the acacen ligand itself). The
the other two cases, a more favorable binding energy is geometry and binding energy are given in Table 7. The
observed. The most favorable change is for orientation ¢, where g|cylated partial charges are given in Table 8. As can be seen

dioxygen lies approximately parallel to the bridge. In addition, fom the results, the binding energies do indeed follow the
comparing the total energies rather than the binding energies

of the two ethylene bridge conformations for ligand orientation
b, the gauche conformer is found to be more stable by ca. 12.5
kJ mol ! as would be expected from steric arguments.

(49) Cesari, M.; Neri, C.; Pergo, G.; Perrotti, E.; ZazzettaJAChem.
Soc., Chem. Commui97Q 270.
(50) Gerloch, M.; Mabbs, F. El. Chem. Soc. A967, 1598.
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predicted trend, although the change in going from H to Me is structure incorporates both of these structural characteristics,
somewhat less than expected. The-@bond length appears  we would expect the computed binding energy to be a balance
to correlate quite well with the computed binding energy as of these two factors. The computed binding energy for the full
does the G-O bond length. However, the €®—0 bond angle acacen model is 53.5 kJ m@d] which is slightly greater than
appears to be less sensitive to the substituents. These resultfor the model structure (49.1 kJ mé). By comparison, the

are in contrast to a series of crystal structure determinationsbinding energy for the full salen model is 46.8 kJ miglwhich
based on the Co(salen) system with a variety of substituentsis consistent with the greater dioxygen affinity for the acacen
with differing electron-donating/withdrawing properties that complex.

failed to elucidate any obvious trends of the functional groups |t is interesting to note that both the minimized structures
on the Ce-O and G-O bond length§?3233353¢rom Table 8,  for the acacen and salen complexes are asymmetric (irathat

it can be seen that the replacement of H by Me results in a = ) umbrella structures; the source of this asymmetry is not
reduction in charge on cobalt and has relatively little effect on obvious from simple steric arguments, but it would be expected
the charges of the atoms of the acacen ligand. This trend is notthat the presence of the ethylene bridge would have some effect.
seen for the fluorinated ligand though. It would be expected |n both the acacen and salen systems, the book angles open
that the charge on cobalt would be increased by this substituent;significantly on binding of dioxygen.

it is slightly decreased compared to the parent complex. There

is a slight increase in the negative charge on the acacen ligandConclusion

however. In each of the cases, when dioxygen binds to the ) ] )

complex, the charge on cobalt is increased as electron density In this paper we have presented the first studies of cebalt
shifts to the dioxygen molecule. This charge transfer appearsdioxygen complexes of Schiff's base ligands in which the

to be greatest for H and least for F, due to the electron- molecular geometries were fully optimized using accurate
withdrawing properties of fluorine. electronic structure techniques. Both model complexes have

Results on More Realistic Complexes: Co(acacen) and been exam|ned Whel‘e the ef‘feCtS Of SUbStItuentS were SyStematI-
Co(salen).Although the use of model complexes allows more cally varied as well as realistic complexeSo(acacen) and Co-
rapid computation and can be used to elucidate many of the (Salenj-along with their dioxygen adducts. The B3LYP func-
structural trends in these complexes, the treatment of the full tional provides an accurate description of the geometries and
adducts and complexes for acacen and salen systems is nowlioxygen binding energies of these complexes. The subtlety of
well within the bounds of current computational resources. The conformational energetics is not well reproduced, however, with
final calculations presented here are performed on the full acacenthe current level of theory.
and salen complexes with no symmetry constraints imposed.
The optimized structures are shown in Figure 7. A summary of
the structural data is given in Tables 9 and 10. From the results
presented in previous sections for acacen complexes, we recal
that the introduction of an ethylene bridge reduces the dioxygen Elart_ of ltrliebUCDRD Lﬁ%é%lggogrsograms at Los Alamos
binding energy, whereas the addition of methyl substituents ational Laboratory (LA- ) ):
increases the binding energy. Since the full acacen ligand1C9813056

Acknowledgment. The authors would like to thank Richard
Martin for useful discussion. The work in this paper was carried
Put under the auspices of the U.S. Department of Energy as



