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Frontier molecular orbital analysis of Cu –O reactivityn 2
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Abstract

Frontier molecular orbital (FMO) theory coupled with density functional calculations has been applied to investigate the chemical
2 2 22reactivity of three key bioinorganic Cu –O complexes, the mononuclear end-on hydroperoxo-Cu(II), the side-on bridged m–h :h –On 2 2

Cu(II) dimer and the bis-m-oxo Cu(III) dimer. Two acceptor orbitals (s* and p*) of each complex and two types of donating substrates2 2

(s-substrate, phosphine; p-substrate, alkylbenzene) are considered in the electrophilic attack mechanism. The angular dependences of
different reaction pathways are determined using FMO theory and the angular overlap model. Including steric effects, the s*/s and p*/p

pathways are found more reactive than the corresponding cross s*/p and p*/s pathways which have poor donor–acceptor orbital
overlaps in the sterically constrained substrate access region.  2002 Elsevier Science Inc. All rights reserved.
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1. Introduction [7]. In copper bioinorganic model chemistry, the side-on
complex can be in rapid equilibrium with the bis-m-oxo

Cu –O reactivity is one of the dominant areas in Cu(III) isomer (referred to as bis-m-oxo) which hasn 2 2

biological oxygen chemistry [1]. Oxygen reduction and dominant H-atom abstraction chemistry [8]. All three
activation by copper sites are ubiquitous in both homogen- complexes have been studied extensively in model chemis-
ous [2] and heterogeneous catalysis [3]. Dioxygen reduc- try, where electrophilic attack of p-electron density of
tion to peroxide coupled to oxidation of substrate and aromatic rings (p-substrates) [9], oxo-transfer to PPh [10]3

activation for hydroxylation are observed in copper pro- and H-atom abstraction from aliphatic C–H bonds [11,12]
teins which have mononuclear (amine oxidase and galac- (s-substrates) have been observed. Three representative
tose oxidase) [4], non-coupled binuclear (dopamine b- model complexes with the aforementioned Cu –O coren 2

monooxygenase and peptidylglycine a-hydroxylating structures (hydroperoxo [13], side-on [14], bis-m-oxo [15])
monooxygenase) [4], coupled binuclear (tyrosinase and are shown in Scheme 1.
catechol oxidase) [5], and perhaps multinuclear (particu- In frontier molecular orbital (FMO) theory [16–18], the
late-methane monooxygenase [6]) copper active sites. energies, atomic orbital coefficients, net atomic charges
Three key complexes have been identified/proposed as and orbital overlaps of FMOs can be used to estimate
intermediates in the catalytic mechanisms. A mononuclear relative chemical reactivity. The perturbation theory de-
end-on hydroperoxo-Cu(II) (referred to as hydroperoxo) rived expression for the energy change (DE) upon overlap
complex is believed to be the catalytic intermediate in of two FMOs from two reactants is
H-atom abstraction from substrate in the non-coupled

2Q Q 2(O c c b )k l ab ra sb abbinuclear copper enzymes [4]. A side-on bridged binuclear
]] ]]]]]DE 5 2O(q 1 q )b S 1 1 occ. unocc.2 2 22 a b ab ab ´R E 2 Em–h :h –O Cu(II) (referred to as side-on) complex is klab r s2 2

present in the coupled binuclear copper enzyme tyrosinase (1)
which catalyzes the electrophilic hydroxylation of phenol

where q and q are the electron populations in the atomica b

orbitals a and b, b and S are the resonance and overlap
integrals, Q and Q are the total charges on atom k and l,k l*Corresponding author. Tel.: 11-650-8513-607; fax: 11-650-7250-
´ is the local dielectric constant, R is the distance2599. kl
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Scheme 1.

orbital a in molecular orbital r (r refers to the molecular copically calibrated density function theory (DFT) calcula-
orbital on one molecule and s refers to that on the other), tions, which give detailed information about the FMOs of
E is the energy of molecular orbital r (occ., occupied; the reactants, to obtain insight into biological Cu –Or n 2

unocc., unoccupied). The first term is the first order close- chemistry [13,20,23,24]. Aromatic hydroxylation through
shell repulsion term and is similar for different reaction electrophilic attack by the side-on complex at the benzene
pathways of similar reactants. This is normally neglected HOMO p-electron density has been shown to involve the
in the consideration of differential reactivity. The second p-overlap of the side-on LUMO, which contains a signifi-
term is the charge term-Coulombic repulsion or attraction. cant contribution of the peroxide p* orbital, with the ps p

The third term is the FMO term, which represents the orbital of the carbon atom on the ring [23]. The studies
interaction of the occupied orbital on the electron donor have been further extended to the bis-m-oxo [20] and
with the unoccupied /partially occupied orbital on the hydroperoxo complexes [13]. Two dominant reaction
electron acceptor, where the energy separation of interact- pathways have been identified [24]. The p*/p pathway
ing FMOs, atomic orbital coefficients and orbital overlap involves the peroxide p* orbital component in the LUMOs

2 2(b ~S , which is angle dependent) play important roles. of Cu –O complexes (LUMO11 in the bis-m-oxo) andn 2

The electronic structures and thus the FMOs of the three p-electrons of aromatic substrates. The side-on complex is
Cu –O complexes in Scheme 1 have been extensively found most reactive toward aromatic hydroxylation. Then 2

studied [13,19,20]. The singly occupied molecular orbital s*/s pathway involves the peroxide s* orbital, which is
(SOMO) of the hydroperoxo complex is the antibonding activated in the Cu –O complexes, and the s-donorn 2

Cu d orbital with significant contribution from the out orbitals of substrates (e.g. PPh and aliphatic C–H bond).2 2x 2y 3

of plane (the Cu–O–O plane) peroxide p* orbital (desig- In this case, the bis-m-oxo complex is found most efficient
nated p* ) [13]. The side-on complex LUMO is the in oxo-transfer and H-atom abstraction, dependent onv

antibonding combination of the in-plane (the Cu O plane) steric effects in the former. In this study we determine the2 2

peroxide p* orbital (designated p* ) with the two Cu(II) angular dependence of these different reaction pathways,s

d orbitals [19]. In these two complexes, the peroxide evaluate the possibilities of cross reaction pathways (p*/s2 2x 2y

s* orbitals are higher in energy but activated by the and s*/p) and show how steric effects limit these cross
protonation in the hydroperoxo complex or the strong pathways.
s-donation to the coppers in the side-on complex. The
bis-m-oxo complex is isoelectronic with the side-on com-
plex. However, the cleaved O–O bond strongly stabilizes
the peroxide s* orbital which now makes a large contribu-
tion to the LUMO of the bis-m-oxo complex, while the
antibonding component of the peroxide p* orbital is ins

the LUMO11 [20]. These are illustrated in Scheme 2. The
HOMOs of the s-substrate PPh and p-substrate alkyl-3

benzene are well understood [21,22]. The phosphine
HOMO is the lone pair s-donor orbital on the phosphorus
while the alkylbenzene HOMO is a p-type molecular
orbital perpendicular to the plane of the ring. The substrate
orbital in the H-atom abstraction reaction is an aliphatic
C–H bond, which is a s-type orbital similar to the
phosphine HOMO.

Recently, FMO theory has been coupled with spectros- Scheme 2.
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2. Calculation details tions using oxygen 2p, carbon 2p, and phosphorus 3p
˚ ˚orbitals in STO-3G basis set at R 51.4 A, R 51.2 AOP OC

Density functional calculations were performed on a where the s radial overlaps are at the maximum (Fig. S1).
SGI Origin 2000 workstation, using Gaussian 98 [25]. Molecular orbital energies, coefficients and atomic charges
Becke’s three-parameter hybrid functional with the correla- were taken from DFT calculations. Steric effects were
tion functional of Lee, Yang and Parr (B3LYP) [26] was obtained using the space-filling model in the program
used for all DFT calculations. A general basis set (6- RasMol [30] where complete molecular structures were
311G* for Cu and 6-31G* for all other atoms) was used. used (Scheme 1).
Convergence was reached when the relative change in the
density matrix between subsequent iterations was less than

241310 . Wavefunctions were plotted with the visualiza-
tion program Molden [27]. Calculated molecular orbital 3. Results and analysis
energies were referenced to the carbon 1s electron binding
energy. 3.1. DFT calculated FMOs

The hydroperoxo model was taken from a previous
study [13]. The crystal structures of the [Cu(HB(3,5-i- Fig. 1 shows the 3-D contours of the FMOs for the three

21Pr Pz) )] (O ) [14] and [(L ) Cu (m -O) ] [15] com- Cu –O complexes (hydroperoxo, side-on and bis-m-oxo),2 3 2 2 ME 2 2 2 2 n 2

plexes were used for the side-on and bis-m-oxo models. a s-type substrate phosphine and a p-type substrate
Side chains were truncated to simplify the calculations. alkylbenzene from spin-unrestricted DFT calculations.
Geometry optimized PEt and ethylbenzene are used to Two unoccupied /singly occupied Cu-peroxide antibonding3

model PPh and alkylbenzene, respectively. FMOs with significant peroxide contributions are shown3

The angular overlap model (AOM) was used to calculate for each Cu –O complex, labeled s* and p* (p* forn 2 s v
2the angular dependence of orbital overlaps (S and S ) [28]. hydroperoxo) according to the nature of the peroxide

Standard AOM transformation matrices were used [29]. orbital component. The s* orbitals are s-acceptors in the
Resonance integrals were calculated using Wolfsberg–Hel- FMO considerations with the s* orbital of the bis-m-oxo
mholz approximation b ¯k[(H 1H ) /2]S where k¯ much lower in energy than the other two complexes due toab aa bb ab

2. Atomic overlap integrals were taken from DFT calcula- the cleavage of O–O bond. The p* /p* orbitals can be ps v

Fig. 1. 3-D contours of the relevant DFT calculated FMOs for the hydroperoxo, side-on, bis-m-oxo Cu –O complexes, and the phosphine andn 2

alkylbenzene substrates (upper and middle rows). Orbital coefficients are labeled next to the contours. MO energies are labeled below. The relevant atomic
charges are labeled on the core structures (bottom row).
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or s-acceptors depending on the orientation of substrate
attack. The p* orbital of the hydroperoxo has a veryv

small coefficient on the distal oxygen atom due to the bond
polarization by protonation.

The HOMO of the phosphine substrate is the lone pair
orbital (Fig. 1j), which is a s-donor. The substrate
alkylbenzene HOMO is a p-type orbital, which can be a
p-donor or a pseudo s-donor if attacked from the side
(Fig. 1k). Relevant molecular orbital coefficients, MO
energies and atomic charges are given. The calculated
electronic structures are consistent with previous spectro-
scopic and theoretical studies [13,19,20], which justifies
their use in the FMO analysis of the angular dependence of
the reactivities in the different reaction pathways.

Fig. 2. u angular dependence of the chemical reactivity FMO term (DE)
of the hydroperoxo (left), side-on (middle) and bis-m-oxo (right) com-

3.2. Angular dependence of the FMO term plexes with the s-substrate phosphine. Dashed line, the s*/s pathway;
solid line, the p*/s pathway. Shaded areas in the plots indicate
inaccessible regions limited by steric effects.Scheme 3A defines the polar angles u and f of attack

when the substrates approach the peroxide moiety of the
Cu –O complexes in a general coordinate system, where bis-m-oxo complex with the s-substrate phosphine at f 50n 2

u is the angle between the attack direction and the z-axis, in Scheme 3. The relative reactivities of the different
and f is the angle between the projected attack direction complexes are not considered due to the additional contri-
onto the xy plane and the x-axis. For the hydroperoxo bution of the first term in the FMO analysis (Eq. (1)).
complex, the z-axis is placed along the O–O bond and the Sinusoidal dependence is found for both s*/s and p*/s

x-axis is perpendicular to the Cu–O–O plane pointing out pathways, where the former pathway involves the s*
of the paper (Scheme 3B). A common coordinate system is orbitals of the Cu –O complexes as the electron acceptorsn 2

used for both the side-on and bis-m-oxo complexes. The and the latter, the p* (p* /p* ) orbitals of the Cu –Os v n 2

z-axis is placed along the O–O bond, the x-axis is along complexes as the acceptor (Fig. 1). (The relative difference
the Cu–Cu direction and y-axis is perpendicular to the of the s*/s and p*/s pathways in each complex results
Cu O plane (Scheme 3C). Two substrates are considered from the different orbital coefficients and MO energies.)2 2

here, the s-substrate phosphine and the p-substrate alkyl- The donor is the s-HOMO of the phosphine (Fig. 1j). The
benzene. Scheme 3 illustrates the substrate orientations for s*/s pathways for all three complexes are more reactive
attack of the Cu –O complexes. The alkylbenzene has an (more negative DE⇒more reactive) in the small u valuen 2

additional torsion angle c (Scheme 3C), which is set at 08 region of the plots in Fig. 2 than the p*/s pathways and
when the benzene ring is in the yz plane. For all angles, the the DE’s go from most negative at u 508 to zero at u 5908.
smallest repeat is 0 to 908 which is the range considered The p*/s pathways have the opposite angular dependence
here. and are more reactive in the large u value region. The

FMO term angular dependence of the s*/s pathways
3.2.1. s-substrates (phosphine) comes from the obvious angular dependence of the orbital

Fig. 2 shows the u dependence of the FMO term for the overlap between the acceptor orbital s* of the three
chemical reactivity (DE) of the hydroperoxo, side-on and complexes and the s donor phosphine HOMO. In contrast,

Scheme 3.
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for the p*/s pathways, the p atomic components of the value region. These angular dependences come from thep

acceptor p* orbitals on the oxygen atoms are oriented donor–acceptor orbital overlaps, similar to those discussed
perpendicular to the s* orbitals (Fig. 1), which leads to the above. Increasing the f angle decreases the donor–accep-
opposite trend in the angular dependence of the donor– tor overlap for the p*/p pathways without affecting the
acceptor overlap with increasing u. s*/p pathways, while increasing the c angle lowers the

Varying the f angle does not change the donor–accep- donor–acceptor overlap for both pathways.
tor overlap for the s*/s pathways due to the s-symmetry Space-filling molecular modeling gives cutoff values for
(Fig. 1). However, increasing the f angle will further the u angle due to the steric effects of the Cu –On 2

decease the donor–acceptor overlap for the p*/s path- complexes and the alkylbenzene substrate. The shaded
ways since the oxygen p components of the p* orbitals areas in Fig. 3 show the sterically inaccessible regions.p

lie along the x-axis and the donor–acceptor overlap will be Thus, including steric effects, the p*/p pathway is more
zero when f 5908 even if u is 908. reactive than the cross s*/p pathway for all three com-

It is important to note that not all values of the u angle plexes.
are allowed when the reactants are brought together due to
steric effects. Space-filling molecular modeling shows that
the allowed u angle is no larger than 408 when PPh 4. Discussion3

approaches the hydroperoxo complex due to the steric
limits of the bulky side chains on the trispyrazolylborate This study has determined the angular dependence of the
ligand and the three phenyl groups of PPh . The analogous chemical reactivities of different reaction pathways in-3

u cutoff values for the side-on and bis-m-oxo complexes volved in three Cu –O complexes, the hydroperoxo, side-n 2

are 308 and 108, respectively. The shaded areas in Fig. 2 on and bis-m-oxo models. Two substrates are considered:
show the sterically inaccessible regions for the three Cu – the s-substrate phosphine and the p-substrate alkylben-n

O complexes. Thus, when the steric effects are included, zene. The cross p*/s and s*/p pathways are found less2

the s*/s pathway is more reactive than the cross p*/s reactive than the s*/s and p*/p pathways which have
pathway for all three Cu –O complexes. better donor–acceptor orbital overlaps in the stericallyn 2

allowed angle region of substrate attack.
3.2.2. p-substrates (alkylbenzene) For the hydroperoxo complex, the p*/s pathway re-

Fig. 3 gives the u dependence of the FMO term of quires that the phosphine substrate approaches the distal
chemical reactivity for all three complexes with the p- oxygen atom below the O–O–H plane in order for its s

substrate alkylbenzene at f,c 50. Sinusoidal dependence HOMO to have reasonable overlap with the hydroperoxo
is also observed for both s*/p and p*/p pathways, where p* orbital (Fig. 1b). The accessibility is limited by thev

the donor orbital is the p-type alkylbenzene HOMO (Fig. tert.-butyl side chains on the trispyrazolylborate ligand
1k). The p*/p pathways for all three complexes are more (Scheme 1, left). The sterically allowed u angle region is
reactive in the small u value region than the s*/p 0–408 where the overlap is poor and the s*/s pathway
pathways and the DE’s go from most negative at u 508 to dominates (Fig. 2, left). Similarly, the s*/p pathway
zero at u 5908. Again, the crossed s*/p pathways have requires tilting the aromatic ring of alkylbenzene substrate
the opposite trend and are more reactive in the larger u upon attack in order for its p-type HOMO to have good

overlap with the hydroperoxo s* orbital. The accessible u

angle region is only 0–458 where the reactivity is low and
the corresponding p*/p pathway dominates (Fig. 3, left).

The side-on and bis-m-oxo complexes have similar core
structures and FMOs, except that the bis-m-oxo core is
more compact than the side-on core [14,15]. For the
s-substrate phosphine, the s*/s pathway is more reactive
than the cross p*/s pathway in both complexes due to the
good donor–acceptor orbital overlaps at the least steric
substrate orientation (u 508). Fig. 4A schematically shows
this overlap for the bis-m-oxo s* with the phosphine
HOMO where the DFT calculated FMOs are used for
illustration. In contrast, in order for the p*/s pathway to
have a good donor–acceptor orbital overlap between the
side-on/bis-m-oxo p* and the phosphine HOMO, thes

Fig. 3. u angular dependence of the chemical reactivity FMO term (DE) phosphine substrate has to approach from the side, where
of the hydroperoxo (left), side-on (middle) and bis-m-oxo (right) com-

the Cu ligands interfere with phenyl rings of PPh . This3plexes with the p-substrate alkylbenzene. Dashed line, the s*/p path-
steric hindrance is schematically shown in Fig. 4B for theway; solid line, the p*/p pathway. Shaded areas in the plots indicate

inaccessible regions limited by steric effects. bis-m-oxo complex. The angle u can only be ,108 based
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Fig. 4. (A) Good donor–acceptor overlap for the s*/s pathway. (B) The sterically hindered p*/s pathway.

on molecular modeling. The less compact side-on complex donor–acceptor orbital overlap and eliminates the reactivi-
core allows more freedom in u attack angle (Fig. 2, ty. In contrast, a similar bis-m-oxo complex with less bulky
middle). ligands converts PPh to OPPh nearly quantitatively. In3 3

Due to the compactness of the bis-m-oxo core, the radial the case of the dimeric side-on [Cu(HB(3,5-iPr Pz) )](O )2 3 2

accessibility for the bulky PPh substrate to the peroxide complex [32], steric hindrance of the alkyltrispyrazolyl3

moiety is an additional factor that will limit the donor– ligand directs the bulky PPh substrate to attack the metal3

acceptor orbital overlap (Fig. S1). This steric factor is center rather than the peroxide and the deoxygenation–
likely the reason for the observed ineffectiveness of oxo- substitution reaction product is generated.
transfer to PPh of one bis-m-oxo complex [31], where For the p-substrate alkylbenzene, the p*/p pathway is3

limited radial accessibility results in significant separation more reactive than the cross s*/p pathway in both Cu O2 2

between the substrate and the reactant, which decreases the complexes. The orientation of benzene ring, which has the

Fig. 5. (A) The orientation of least steric repulsion for the p-substrate alkylbenzene attack on the bis-m-oxo complex (left), and the corresponding good
donor /acceptor orbital overlap of the p*/p pathway (right). (B) Space-filling model of the alkylbenzene orientation at the largest possible f value (358)
upon attack on the bis-m-oxo complex (left), and the corresponding donor–acceptor orbital overlap of the s*/p pathway (right).
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