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Does the Mode of Dioxygen Binding to Dinuclear Copper Complexes Depend on the
Spectator Nitrogen-Containing Ligands? An ab Initio Theoretical Study
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Ab initio two-determinants GVB computations (required to get the appropriate representation of the lowest singlet
states of such systems) have been carried out fot (@ts)n).— O (n = 0—3) and [Cu(u-pydzh(cnge}]?"—0s,.

Different dioxygen binding modes (ranging from perpendicular to parallel with respect to th€Cdirection)

on these complexes have been examined. The results obtained show unambiguously that the parallel arrangements
are always the less stable ones. In the especially important case @iNid1)s).—0O. complexes, both staggered

and eclipsed conformations have been considered. They are found almost isoenergetic, and the optimized
geometrical parameters are, for a perpendiculabi@ding onto a staggered complex, in fine agreement with
corresponding experimental data obtained from either oxyhemocyanin or its synthetic models. In the case of a
(Cut(NH3)4)2—0O, complex, taken as a model for Karlin'§(TMPA)Cu} ,—O,]%" complex, the computations

tend to show that the experimental end-on (trasis2) O, binding is due to the presence of four nitrogens in the
copper’s coordination shell. Regarding the complexes with@Gpydzy(cnge}]?, the results indicate that the
dioxygen binding mode remains perpendicular even if the fixation of a third pyridazine is known to occur in a
parallel manner on this complex.

roughly perpendicular to the GtCu direction. This statement

Reversible dioxygen binding to various classes of transition N0lds for the recently crystallizetimulus polyphemusxy-
hemocyanir?, as well as for oxygenated model comple&es.

metal complexes is at the origin of sustained attention because ! ) ; '
of its implications in metal-catalyzed oxidation chemistayd Theoretical studies have also led to the conclusion that the side-

. . . . . 172172 i i i i -
in industrial air separation and dioxygen-removal procedses. ON#:17°-7* peroxo binding is energetically favored over the end

Among those, several dicopper complexes are also of biological ©" is¢-1,2 peroxo in the case of (C)0," and [Cuf (NHg)z]o—
8 The [(TMPA)Cu},—0,]%" complex characterized by

relevance because of their relation with important non-heme Oz. , : ! :
proteins such as tyrosinase (widely spread phenols and catechol&arlin and colleaguésis somewhat different since the-@
oxidizer) or hemocyanin (Hc, dioxygen carrier in molluscs and Pond makes an angle of S3with respect to the CuCu
arthropods). The mild and efficient dioxygen activation per- direction, leading to an end-on transl,2 coordination. Such
formed by these systems has triggered off a sustained interesBn arrangement can stem either from-&u distances larger
for their oxygenated adducts, both on experimén@mhd  than 3.4 A, as shown by previous computations on-Gp,’
theoreticat grounds. or from the Iarger number of ligands involved in thls_ case (4
In most crystallographical studies of dicopper oxygenated coordinating nitrogens around each Cu). Interestingly, the

complexes available, the dioxygen molecule has been foundligands surrounding the copper cations adopt a staggered
arrangement in most of these species (Chart 1). By contrast,

Hubbersteyet all® have synthetized and characterized a bis-
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Scheme 1 Computational Procedures and Input

NH, <\ /> For all different (Cd(NHz3)n).—0O, complexes considered, the two-
4< N-N reference-determinants closed-shell SCF calculations (ROHF-GVB)
PN / \ have been carried out using Gaussiaff @d/or Hondo 95.6% This
N-C=N -C“\ /CU* N=C—N procedure was adopted because previous réstitts (Cu),—O; have
1 N-N \>»NH2 shown that, in the lowest singlet state, there is a large mixing of two
/N HN closed-shell determinants when the calculated complex corresponds to
— an energy minimum. The highest occupied orbital of these two
electronic configurations is either the symmetric or the antisymmetric
‘ combination of the two d atomic orbitals (see Chart 2 for definition
of the axes), a choice based on CASSCF results discussed below. Such
a large two-determinants mixing is constantly found in these complexes.
— All intermolecular parameters and the-@ bond length have been
NH, N 7/ optimized at the two-determinants GVB level. The geometrical
HzN‘<\ N-N arrangements used as starting points for the optimization of the parallel
and the perpendicular oxygen binding modes rely on data concerning
\}NH experimentally characterized related complexes. The optimization of
A 2 the bond lengths and bond angles within the model ligand tNéinot
0 \ N\ H)N appear necessary. Except when dealing with our model of Karlin's
[ \; complex? we will restrict our comments to the parallel and perpen-
dicular cases, since the optimization of all intermolecular parameters
has led to these two limit situations when starting from intermediate

> . ; _ arrangements. The 3-21G basis set was used for the copper'€ation
pydzp(cnge)*", 1) that presents a drastically different arrange with 3d, 4sp, and 43@xponents modified as in ref 7. For the oxygen,

ment of its bidentate rigid ligands but still reversibly binds e sed the 3-21G basis set plus a polarization function with exponent
dioxygen. Albeit no geometrical data on the O, complex is 0.8. Dunning’s diffuse p function was further added since superoxide/
available to our knowledge, it has been shown that the fixation peroxide anions are to be considered in the oxygenated complexes under
of a third pyridazine ligand orl leads to the formation of  study. A minimal basis was used for all the nitrogen-containing ligand’s
complex2 of which single-crystal X-ray analysis exhibits an atoms!® This set will hereafter be referred to as basis I. In addition,
eclipsed arrangement and an approxin@feymmetry (Scheme  the consistency of the computational procedure adopted here was
1). Other eclipsed situations have also been observed for aghec"fd bly ca_rtrr)l/irgg out IS(t))mte ?AS/QQSMF’E’CE"CE"?“IO“S O“t?if_ .
functional model of dopaming-hydroxylasé! as well as in 2 not only with basis 1 but also with a somewnat farger basis se
the active site of zuccf?ini as?:or)t/)ate gxidé%eLast but not (DzVP22° plus diffuse p on oxygen referred to as basis Il). In these

. computations, the active space is made of molecular orbitat383
least, extended Hikel Theory (EHT) results on a model have |- des dioxygen'sr (10ag),* (11ag), and the twar* (8bx, 2bry)

confirmed the absence of a significant energy gap between gpjtals plus the odd (5,) and even (4ig) combinations of the copper
eclipsed and staggered conformations of {NHz)3],—0,.2 dy, (and d.in the case of the parallel arrangement) orbitals at the origin
A somewhat larger difference has very recently been obtainedof the Cu— O charge transfer, that is those involved in the
from ab initio computations for the eclipsed and staggered two-determinants GVB treatment. The limitation to 6 active orbitals
(“anti”) conformations of the(-O), form of this complex? in the CAS/CASMP2 treatment, imposed by the software used, gets

: : : : : : support from previous more extended Cl computations (all single and
This Iar_ge _Valjlety of S|tuat|0n§ prompted us to investigate double excitations concerning orbitals-242) on this system.
the following: (i) the eventual influence of the number of . o
it i ds (taking N del di h The size of the [Cy(u-pydz)(cnge}]?—0O, system precludes the
Egi'cz)gneno;giﬂes é:olr:?atr wosfn:ﬁee();c?ﬁrersggnénr?geag ;z%‘;?;d use of the GVB level of calculation to perform the optimization of all
I y I Xy
complex (e t_he O_O_bond perp_endlcular or parallel to the (14) Gaussian 92: Frisch, M. B.; Trucks, G. W.; Head-Gordon, M.; Gill,
Cu—Cu direction, leading respectively to a trand ,2ju:n2-52 P. M. W.; Wong, M. W.; Foresman, J. B.; Johnson, B. G.; Schlegel,
or a cisu-1,2 situation); (i) the possibility of a relationship g- BH; RO?]bv ,MKA-lJB_Rﬁplogjest-GS-; G?npe(f:tsﬁthndF;eSLv J-F L.;
: ; H aghavachari, K.; binkley, J. o.; Gonzalez, C.; Martin, K. L.; FOX,
l:_)etween staggered/ec_llpsed anfqrmatlons Of the mt_mgen D. J.; Defrees, D. J.; Baker, J.; Stewart, J. J. P.; Pople, J. A. Gaussian,
ligands and this same dioxygen binding mode; (iii) the particular Inc., Pittsburgh PA, 1992.

case of complexd which could be a likely candidate to a cis  (15) Dupuis, M.; Johnston, F.; Marquez, ondo 8.5 from CHEM-Statign
IBM Corp.: Neighborough Rd, Kingston, NY 12401, 1994.
(16) (a) Bernardi, F.; Bottoni, A.; Casadio, R.; Fariselli, P.; Rigo,®&.

(u-pyridazine)bis(1-cyanoguanidine)dicopper(l) cation ¢@u

(11) Itoh, S.; Kondo, T.; Komatsu, M.; Ohshiro, Y., Li, C.; Kanehisa, N.; J. Quantum Chem1996 58, 109. (b) Bernardi, F.; Bottoni, A,;
Kai, Y.; Fukuzumi, SJ. Am. Chem. S0d.995 115 4714. Casadio, R.; Fariselli, P.; Rigo, Anorg. Chem.1996 35, 5207.
(12) Messerschmidt, A.; Rossi, A.; Ladenstein, R.; Huber, R.; Bolognesi, (17) Dobbs, K. D.; Hehre, W. d. Comput. Cheni987, 8, 861.
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Table 1. Variation of Energy (au), Geometrical Parameters (A), and Wave Function Characteristics,6fdzwith the Basis Set and
Computational Level

basis | basis I
O comput
bin dzing Ievgl E devcu dovo doo G coeff occupancy E dvc dovo doo o coeff occupancy
GVB —3410.0431 3.35 1.84 1.51-0.599 0.7672 -—0.6414 —3426.0220 3.45 1.88 1.48-0.630 0.7722 —0.6354
222200 222020 222200 222020
perp CAS —3410.0467 3.35 1.84 150-0.596 0.7774 —0.6276 —3426.0253 3.45 1.88 1.47-0.616 0.8131 —0.5800
222200 222020 222200 222020
CASMP2® —3410.8600 3.35 1.84 1.50-0.596 0.6903 —0.1503 —3426.5821 3.45 1.88 1.47-0.616 0.7069 —0.7069
222110 212120 222110 222110
—0.6903 0.1503
222110 212120
GVB —3409.9270 4.73 2.46 1.36-0.628 0.7335 —0.6797
222200 222020
par CAS —3409.9604 4.77 249 1.40-0.635 0.7298 —0.6339
222200 222020
CASMP2 —3410.8291 4.77 2.49 1.40-0.635 0.7032 0.7032
221210 221210

aMulliken net charges? The CASMP2 computations were carried out using the CAS geometries.

Table 2. Energy (au) and Geometrical Parameters (A) for(®lHs),).—0, (n = 0, 1, 2, 3) and (Cafu-pydzp(cnge)** —0,) Complexes with
the O-0O Bond Perpendicular or Parallel to the -©Qu Direction

perpendicular parallel
O, complex E Oou-cu doun?®  do—o dovo  X° E dev-cu doun®  doo dev-o X0
(Cu), —3409.7287 3.46 152 1.89 0.00-3409.6636 4.68 1.36 1.66/3.02 0.00
(Cut(NHa))2 —3522.0192 3.38 1.97 1.49 1.84 0.00-3521.9211 4.72 2.00 1.35 1.68/3.04 0.00
(Cut(NHa3)2)2 —3634.1863 3.42 2.07 148 1.86 0.00-3634.0856 4.59 2.06 1.37 1.71/3.03 0.58
(Cut(NHa)s)2 eclipsed —3746.2697 3.48 2.13/2.21 1.48 1.89 0.0#3746.1729 4.56 2.11/2.19 1.38 2.03/3.23 1.26
(Cut(NHas)s), staggered —3746.2702 3.48 2.13/2.21 1.48 1.89 0.003746.1675 4.87 2.11/2.20 1.38 1.74/3.12 0.00
Cw(u-pydzp(cnge)®t  —4522.6187 2.88 2.27/1.93 150 1.89 0.964522.5448 3.12 2.10/1.95 1.40 1.76/2.73 1.53

aWhen two values are given, the first corresponds to the two equivalent distai@iesit 2.

intermolecular parameters. We thus first run RHF optimizations on the CASMP2 level.
the (Cur(NH3)2)—0O. complex to check the reliability of the geometrical
parameters given by this computational level. The values obt&ined
differ from the GVB ones by less than 0.1 A or 8, Except for the
O—0 distance since this level of computation is unable to account for
the Cu— O electron transfet. Thus in the case of the [G{u-pydz)- -
(cnge))**—0, complexes, the calculations were carried in the following for the GVB singlet.

manner. Using the bond lengths and angles taken from the crystal- FOr the parallel arrangement of (Qu—O;, the results
lographic data, the intermolecular metric parameters around each coppebtained with basis | show that this situation is less favorable
center were optimized at the RHF level. Finally, dioxygen location than the perpendicular one, for every computational level.
and the G-O bond length were optimized at the GVB level. Since it Moreover the evolution of the calculated values with the degree
has been observed that the bond lengths and angles of the pyridazinef refinement of the method is totally similar to that found in
and cyanoguanidine ligands do not vary upon the fixation of a third the perpendicular case. With basis II, the optimization leads
pyridazinel® we can reasonably expect that a similar situation will be invariably, at the GVB and CAS computational levels, to
encountered upon dioxygen complexation. dissociation of the complex intoOF 2 Cu". These results,

When dynamic correlation is taken into
account we obtain, also with both basis sets, the open-shell
singlet instead of the GVB singlet as the lowest one. This result
is consistent with previous Cl calculationghich have shown
that the correlation contribution is larger for the open-shell than

Results and Discussion

(Cu™(NH3)n).—02 Complexes. The results obtained for the
perpendicular arrangement of (Qu—0O, with the two basis

which by themselves show the mediocre stability of the parallel
arrangement, can be used to indicate the preference for the
perpendicular arrangement. At this point it is worth noticing
that with basis I, the two binding modes give complexes more

sets and the different computational levels considered arestaple than the isolated species (which have a total energy of
reported in Table 1. The four geometry optimizations lead to _3409.8974 au at the SCF level). With basis II, the situation

the Cu-Cu direction, the four atoms being coplanar. Therefore g in this case. The perpendicular complex thus corresponds
the four Cu-O distances are equal. The tabulated values show gnly to a local minimum.

that the two-determinants GVB and CAS (8,6) optimizations

Before discussing the results concerning the systems including

give results which are quite similar and the total energy is the {ne pitrogen-containing ligands, we wish to point out that the 6
only quantity which varies significantly when going from basis - c4rtesjan d-orbitals have been used for the calculations reported

| to basis Il. In particular, it is clear that the lowest singlet

in Table 1, while for the forthcoming results we resorted to the

state of these systems cannot be accounted for by a single;ye spherical harmonic d-functions. This explains the numerical

determinant as also reported very recently by Bernerdil.1®
Moreover with both basis sets, the same molecular orbitals,
those built mainly from the copper d-orbitals, concerned by th

Cu— O charge transfer are found to be the most important at

(21) Data for perpendicular (Cu(Nj3).—O; at the RHF level: gy-cu=
331A cbun=197A tbo=135A, cby-0=1.73/1.85 A; see
Table 2 for corresponding GVB values.

differences between the values of Table 1 obtained with basis
I/GVB and the corresponding results in Table 2. This choice
in Table 1 has been made for the sake of consistency with our
own previous results.

Table 2 reports the results regarding (QNH3),),—O5 for n
= 0—3 while Figure 1 show the geometries of these complexes
for n=1—3. For each value afi, two coordination modes of

e
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experimental data on various complexes (£.4,412521.432
w W A9). This difference may be due to the lack of dynamic
correlation in the present computatictis.
A B The net positive charge on Cu cations, although still indicative

of a c® configuration, decreases with increasing number o NH

(which carry a global positive charge as can be seen from Table
3), while the oxygen negative charge increases with one
exception. For the perpendicular binding mode, when going
fromn = 1 ton = 2 the Cu— O charge tranfer decreases.

c D

However the difference between the €uO charge transfer
and the oxygen electronic population increases regularly for both

arrangements since it is of 0.000, 0.187, 0.276, and 0.325/0.328
in the perpendicular case and 0.000, 0.172, 0.289, and 0.350/
0.358 in the parallel case for= 0, 1, 2, and 3, respectively.
Thus the ligand also contributes to the anionic character of
complexed dioxygen and therefore to the weakening of th€©O

E F

bond?®> and Cu may be considered as a relay to transfer
electronic charges from the nitrogen-containing ligands to the
coordinated G-O unit. The results obtained by Mandalal 26

from diagrammatic valence bond studies on i and

[Cu02N4)2" do not indicate this feature. It has been verified

that the electronic density on the oxygen is very similar with

the larger basis set Il. Thus for a staggered*(®lH3)3)>—0-

the net charges are0.737, 0.993, 0.282, and 0.180 for O, Cu,
G H

and close and remote NHespectively. Interestingly, this same

trend is found for parallel dioxygen coordination. We can also
Figure 1. Theoretical optimized parallel an_d perpendicular arrange- notice that, for each individual |igand' thetCu— 0O Charge
ments for the (Ct(NHz))2—O, complexes witm = 1 (A, B), 2 (C, transfer decreases when the number of ligands increases. This
D), and 3 (E-H). Large circles= Cu, medium circles= N, and small 446515 that the ligand charge is function of the amount of

ircles= 0. .
cireles electrons which are transferred to the sdbstrate.
0, have been considered, the;?-72 (O, perpendicular to the In the case of the six coordinated hlliyands, both staggered
Cu—Cu direction) and the cis-1,2 (O, parallel to the Ct+Cu and eclipsed situations have been considered. The staggered
direction) ones. conformer is found to be about 0.3 kcal/mol more stable for

From the values of the first five entries in Table 2 it appears the perpendicular binding mode, in good agreement with
that the perpendicular dioxygen arrangement is in all cases morePrevious EHT result$? This indicates that both conformations
stable than the parallel one. The energy difference increasesre possible as indeed experimentally found in dicopper
with the number of NHin the complex from about 40(= 0) complexes.%%11 When considering the parallel,®inding
to 75 (1 = 3) kcal/mol. For Q perpendicular to the GtCu mode, the energy difference beween the two conformations is
axis andn = 1, the two NH ligands are in a cis relationship larger (11 kcal/mol). As expected, the €N distances increase
with respect to the GuCu axis, the N-Cu—Cu angle being with the number of NH ligands. Furthermore, with the
equal to 157 (Cz, symmetry). Fon = 2 and 3, the CuO and exception ofn = 1, going from the perpendicular to the parallel
CuN planes are found to be perpendicular (Figure 1 and Chartbinding mode somewhat decreases the-Sudistances. Fon

2). In these three cases, all €0 distances are found equal = 3. our findings are in good agreement with the experimental
as in the C—0, complex. For Qparallel to the Cu-Cu axis, data about the oxyhemocyanin active Sidd several model
there is a preference for the linear €0—O—Cu forn =0, 1, system@&.c24 since the &N bond length for the N

and 3 (with staggered ligands in this last case). In the other Perpendicular to the GtrO plane (Chart 2) increases (2.2
cases, the ©0 and Cu-Cu axes do not coincide and, @oves instead of 2.1 A). The results obtained for the staggered and

increasingly away from the GtCu axis (along, Chart 2) with ~ eclipsed conformations of (CNH3)3)o—O: differ significantly
increasing number of NHligands. In addition, for any value ~ from those very recently published by Mahapaital?’ using
of n, the Cu-Cu distance is shorter whern,@nd Cu-Cu are a smaller basis set and limited to a single determinant wave
perpendicu|ar: In the experimenta| cases—Qu is about 3.5 fUnCtiOFFs since the G-O bond is cleaved at this lower level of
A3 while for our model calculations CuCu varies between  computation. Furthermore optimizations (at the GVB level with
3.4and 3.5 A. Moreover, the-€D distance is more stretched  basis 1) of the (Cti(NH3)3)o—0;, staggered conformation, using
(1.48-1.50 A) in the perpendicular case than in the parallel as starting point their experimental data for the"gtO; core,
situation (135-139 A) In particu|ar, this distance is |arger lead to the structure reported in Table 2. This result, which
than in superoxide (1.347 &) and identical to that deduced
from Raman spectra for peroxide (1.49 A) in anhydrougy& (24) We thank a reviewer for suggesting this explanation.
while the oxygen net molecular charge is intermediate between (2%) f’é’é‘i"&”'g??l? Teczek, F.; Root, D. E.; Brown, C.@hem. Re.
the two si_tugtions (Table 3). This feature clearly indicates a (26) Mandal, P. K.; Manoharan, P. T.: Sinha, B.; Ramaseshah&or.
predissociative state for bonded,,Oas expected along a Chim. Acta1996 96, 1. N
tyrosinase mechanistic cycle. As mentioned eafleiculated  (27) g"_agiga‘[av JSr ?g‘l':ﬁgr’] JWAE]WK'%”SCOR&E 235555; Cfii?Cngg‘Sef' C.
do-o appears somewhat overstretched when compared to(28) When 6pti}niz}hg this s'yste.m ﬁsing the STO-3G basis éet, we find
geometrical parameters in agreement with these authors but the energy,
(22) Travers, M. J.; Cowles, D. C.; Ellison, G. Bhem. Phys. Letl989 calculated at the STO-3G* level, is considerably poore3724.0736/

164, 449. —3720.2796 au for theutO), and u-%n%-O, binding modes,
(23) Evans, J. CChem. Commurl969 682. respectively) than the corresponding one in Table 2.
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Table 3. Atomic Charges (Mulliken) on Cu, O, and the Ligands for {QUH3)n).—0. (n = 0, 1, 2, 3) and (Cy{u-pydzh(cnge}?—0,)

Complexes with the ©0 Bond Perpendicular or Parallel to the -©0u Direction
perpendicular parallel

0, complex Ocu Jdo q.? Ocu Jdo g2
(Cuh), 1.723 —0.724 1.688 —0.688
(Cut(NHa))2 1.593 —0.780 0.187 1.612 —0.784 0.172
(Cut(NHa)y), 1.456 —-0.732 0.138 1.496 —0.785 0.145
(Cut(NHa)s3)2 eclipsed 1.492 —0.817 0.113/0.098 1.472 —0.822 0.114/0.110
(Cu*(NHs)3), staggered 1.484 —0.812 0.113/0.101 1.477 —0.835 0.121/0.116
Cuy(u-pydzp(cnge)?™ 1.476 —0.623 0.00/0.147 1.402 —0.659 0.09/0.148

aWhen two values are given, the first one corresponds to the two equivalent ligands.

does not agree with the double minimum found by Craeter
al.?% at the RHF-STO-3G level, suggests that the exact structure
of the ligands should be taken into account in order to reproduce
the experimental data at all computational levels. Mahapatra
et all® have reached a similar conclusion.
[Cuz(u-pydz)x(cnge)]?™—0, Complexes. There are fun-
damental differences between complefCux(u-pydzh(cnged)

and the hemocyanin active site since the model complex contains

bidentate ligands restraining the €Gu distance. For this
reason, comparing CuCu distances could be hazardous.
However, because there is an identical number of Bionds

in 1 and the Hc active site, it was important to establish if, for
this last complex, the binding mode of dioxygen is similar to
that found for the models of oxyhemocyanin. Our calculations
indeed suggest that the trends are very similar, in particular the
perpendicular binding mode is more stable by 46 kcal/mol
(Table 2). The comparison of the optimized configurations
displayed in Figure 2 with the X-ray structure of [§{u-pydz)-
(cnge}]? shows that dioxygen binding displaces significantly
the bidentate pyridazines. This displacement is larger in the
perpendicular arrangement where it leads to an angle of 88
between the pyridazine planes (Figure 2). The data in Table 2
show also that the CtCu distance in the perpendicular case is
much shorter than il (2.88 A instead of 3.33 AY On the
other hand, both the CuCu distance and the angle between
the pyrazine planes are, in the Qarallel arrangement, very
close to those measured for compi2X3.12 vs 3.10 A and
116 vs 122, respectively}?

Switching from NH to pyridazine ligands gives rise to
significant changes in the GtCu distances which, in turns,
influence other structural parameters. Thus, thédistance
(Chart 2) is, as expectéd?dramatically increased in the pyez
cnge complexes. The GO distances are in both [Qix-
pydz)(cnge}]?t—O, species very similar to those obtained for
the (Cu(NH3),)2—0, cases. The electron density on O is
smaller in complext than in the (Ct(NH3),).—0, complex
while the electron populations of the coppers are very similar.
However the total ligand net charge is smaller than in the
ammonia case. Furthermore the ligand which is closer to the

Cu cation is more positive. These results are thus consistent

with a smaller L— Cu— O charge transfer in complek
Karlin’s [ {(TMPA)Cu},—0,]2" Complex. The dichotomy
between the perpendicular/parallel kinding modes obtained
from the present results seems in contradiction with Karlin's
experimental data for the{(TMPA)Cu},—0O;]>" complex
(TMPA = tris(2-pyridylmethyl)amine), which exhibits an end-
on (transy-1,2-Q,2~ coordinatior? In order to investigate the
origin of this discrepancy we undertook an optimization of the
intermolecular geometrical parameters of the {MH3)4)2—

(29) Cramer, C. J.; Smith, B. A., Tolman, W. B.Am. Chem. Sod.996
118 11283.

(30) Blackburn, N. J.; Strange, R. W.; Farooq, A.; Haka, M. S.; Karlin, K.
D. J. Am. Chem. S0d.988 110, 4263.
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Figure 2. Top parts of (A) and (B): Optimized geometries for the
[Cux(u-pydzk(cnge})>—0, complex (see Scheme 1). Bottom parts
of (A) and (B): Same as above but limited to the'Cepordination
sphere for sake of clarity. (A) Qperpendicular to the CuCu direction.
(B) O; parallel to the Cu-Cu direction.

O, system. We took, as starting point, the values measured for
the Cyp—O; core of the aforementioned complex and four equal
Cu-N distances. Two of the eight ammonia ligands have been
placed, as in Karlin’s complex, collinear to the-©Gu direction.

The optimal arrangement obtained, depicted on Figure 3A,
presents three striking differences with the experimental
arrangement: (i) The perpendicular binding mode is preferred
(by about 35 kcal/mol). (ii) The CuCu distance is noticeably
shortened (3.477 A). (i) Two ammonia molecules are expelled
from the complex dc,—n = 5.89 A). Since this last phenom-
enon cannot occur in TMPA because of the tethers linking the
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geometrical features. The €Dy central pattern reproduces well
the experimental data with a proper stretch of the@bond
}3 and a correct CuCu nonbonding distance. It is difficult to
SL, compare the Cu-N distance in the (GNH3)3),—O, case to
the experimental values since the experimental nitrogen-
containing ligands are significantly different. However the
A observed trend in the-EN distance for close and remote ligands
is correctly obtained from the calculations although the differ-
ence between these bonds is underestimated with respect to the
real systems. In the case of compléxwhen real ligands
instead of models are used for the calculations, Cu-N distances
are also reasonably close to experimental values. Because of
the way complexl coordinates a third pyridazine, it was
conceivable that @binds in a parallel manner onto this complex
which could have been a Hc model. Our study contradicts this
B expectation, and the greater stability of the perpendicular
Figure 3. Theoretical optimized arrangements of the staggered arrangement for the [G(u-pydzp(cnge}]?t—O, complex
conformation of the (Ct(NHs)a),—O, complex: (A) Cu-N distances  renders the existence of.al,2 dioxygen-dicopper complex
fi%tgggioﬁ = —3858.2935 au); (B) fixed CuN distances E = unlikely. It also suggests that the preference for a perpendicular
’ au). arrangement is due to the electronic affinity of the two half-
filled dioxygen z* molecular orbitals. Such a feature is
definitely not encountered in pyridazine. In addition, because
of its biological relevance, one specific aspect of our results
concerning the (Ct(NH3)3),—0, complex is worth emphasiz-
ing: The staggered and eclipsed conformations are found almost
isoenergetic, confirming previous EHT calculatiétasnd very
recent ab initio ones concerning th@-Q), form of this
complex!3 This indicates a versatility of the Cicoordination
sphere with respect to/inding, as found in zucchini ascorbate
oxidase (eclipsed) and hemocyanin (staggered). The particular
case of the side-o{ (TMPA)Cu},—0;]?>" complex appears to
be due to the tetradentate character of the ligand. The results
obtained for the (Cu(NJ4)—O, system also suggest that the
copper coordination sphere is saturated with five ligands, a
feature implying that the oxytyrosinase active site will rapidly
undergo major dioxygen binding alterations upon Cu docking
of an incoming phenolic substrate. This hypothesis is in
Concluding Remarks agreement with previously proposed mechanidns.

nitrogens, the optimization was rerun keeping the—Gu
distances fixed to 2.1 A, a value close to those measured in the
complex. In this case, and as can be seen from Figure 3B, the
transu-1,2 binding mode is preferred (the €Cu direction
making an angle of 56%4with the O-0 bond) altogether with

a longer Cu-Cu distance (4.30 A).

These results tend to show that the tramsl,2 G2
coordination is specific to the TMPA ligand structure and that
the copper coordination sphere is saturated with five ligands.
Therefore, the four nitrogens of TMPA prevent the side-on
binding of & which is energetically favoreéh fine. This
hypothesis gets support from Karlin’s very recent results
indicating that theu-1,2 side-on form is thermodynamically
preferred over the the kinetic trapsl1,2 “Init” species when
the ligand is tridentaté! a situation more similar to that found
in oxyhemocyanin and oxytyrosinade?®
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