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The electronic structures of oxo- and peroxo-bridged binuclear copper compounds analogous to the active site of
oxyhemocyanin are analyzed in terms of their framework electron counts with the help of density functional and
extended Hakel calculations. Through-ring bonding in the Cd framework is discussed by means of a topological
analysis of the electron density for the model compounds §dGHi(-17%7?-02)Cu(NHs)3]?", [(NH3)sCu(u-
0),Cu(NHz)3]2", and [(PH).Cu(u-H).Cu(PHs),;]. The existence of isomeric peroxo- and bis(oxo)-bridged Cu
complexes can be rationalized in light of the framework electron counting rules by taking into account that two
electrons can be localized in the metal 3d orbitals in the former but delocalized through framework bonding
molecular orbitals in the latter. An analysis of the theoretical and experimental structural data indicates that a
reorganization of the Cu coordination sphere that can be affected by the nature of the terminal ligands is important
for the relative stability of the two isomeric forms. In particular, the peroxo-bridged structure is favored by
tridentate ligands, whereas the oxo-bridged isomer is favored by bidentate ones. The stability of the two isomers
is also compared for analogous complexes with different metal or bridging atoms for which only one isomeric
form is known.

One of the most interesting results in the field of model structures as aufn?n?-peroxo)dicopper(ll) compound with a
compounds of bioinorganic interest is the recent discovery of strong antiferromagnetic couplingld) and a bisg¢-oxo)-
binuclear copper compounds with a side-grf:5?) bridging
peroxo group, obtained by reactingfIuL'] (L3 is a tridentate, L
N-donor ligand, and Lis a labile ligand such as acetonitrile)
with oxygen!~® closely related to the structure of the subunit L
Il of Limulus polyphemusxyhemocyanid?!! Not only the o
existence and reactivity of these compounds, but also the LyM@M"‘L 1a
discovery by Tolman and Que et al. that the oxygerygen %
bond can be reversibly cleaved while theX¥ framework is 141A \
kept intact is interesting2 All of the available experimental L
data points to a formal description of the two alternative
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Au(lll); X = CI, Br, S, Se, Téy-21 which crystallize in lone pairs pointing away from the ring, and six electrons are
structures of typéb but whoselaisomers are not known. In  left for the framework bonding (including the-@D and Cu-O
this contribution, we wish to take a qualitative, delocalized view bonds). In summaryla has a FEC of eight, and no through-
of the bonding and electronic structures of these compounds inring bonding should be expected. In the casdlyfformally
order to understand the existence of isomerism in the cepper a Cu(lll) oxo-bridged complex, the copper ions have no
oxygen compounds, the analogies and differences with otherelectrons available for the framework bonding, but the oxo ions
existing dichalcogenide-bridged compounds, and the influence provide four electrons each, since two lone pairs at each oxo
of several structural parameters on the isomerization procession are pointing away from the ring. Hence, regardless of the
In recent years, we have established simple rules to determineconvention adopted for the oxidation state of the copper and
whether a through-ring interactio?)(should be expected for  oxygen atoms in these compounds, they should be considered
as systems with eight framework electrons and no net through-
ring bonding should be expected, which is in clear disagreement
with the experimental structurga. All of this makes these

/ compounds worthy of a theoretical study to find out whether
they represent some special class of compounds that constitutes
an exception to the FEC rules. Alternatively, one should
\ / consider whether these rules should be modified to account for
the existence of a quite short-@ distance inla.

Several theoretical studies have been devoted to oxy-
R hemocyanin models and its synthetic analogée2® as well
y % X" as to the interconversion of the two isomeric compouhd%
R, In a previous work, Cramer, Smith, and Tolman have shown
/):(\ the existence of two minima in the potential energy suf@ce
; ML, LoM-======- ML, corresponding to the two experimentally characterized isomers
\ : / \ / via geometry optimizations at the RHF/STO-3G level. Single-
X point energy calculations at the CASPT2 level for the optimized
Ra X structures gave a small energy difference between the two
R, geometries (0.3 kcal/mol). The same authetsowed that the
anti configuration for the two apical ligands is more stable than
2a 2¢ the syn one in the oxo-bridged structdte On the other hand,
Bernardi et al. have shown that DFT calculations give a good
description of similar compounds when compared with CASPT2
calculationg’ There are, however, some interesting points to
0-3)22-24 |n essence, our approach consisted of considering be addressed: Is there some direct-€lu bonding in the:-0xo
the MpX, framework as a whole and studying its delocalized [°'M 1b? If there is no Cu-Cu bonding, how do the four
molecular orbitals in order to account for the possibility of Cu—0 bonds of isomefb develop into five bonds in isomer
squeezing the BX, core to get a short through-ring distance 1a? How can the _bondlng situation |r_1 .th's case (FE®) be
asin2aor2c. It was found that the number of valence electrons coMpared to that in the electron-deficient analogues (FEC
available for thes M—X bonds (i.e., theéramework electron 6)? Is such behavior specific of oxygen, or can it be expected
count abbreviated FEC from here on) determines the emstencefor other group 16 bridges? Is the presence of tridentate terminal
or not of a through-ring bonding interaction. In the case of a ligands an important factor to determine the stability of the
compound of 8 metal ions in square planar or of%dons in oxygenated dimeta and/or its easy mtercpnversmn W.IIHD?
tetrahedral kX, environments, the FEC is just the number of In th_'s paper we try to answer these_questlon_s t_)y looking at the
electrons donated by the two XRridges. We will show in qualitative delocalized molecular orbital description of thgXiyl

the next section that, for the vacant octahedral coordination of COT€S In the complexes of typesand 2 with the help of
Cu in the compounds of type one can apply the same FEC extended Haokel and density functional (DFT) calculations.
rules as for 8 metal ions in a square planar environment.
Hence, forla, which can be formally described as a peroxo
Cu(ll) complex, each YCu(ll) ion contributes one electron to Since the delocalized framework orbitals will be very useful
the FEC. The & bridge, with 14 valence electrons, has four for the discussion of the electronic structure and bonding in
the two isomers ofl, we present here a brief summary of the
17 éd|aLnS& R-lggngol%lT- A.; Eichhorn, B. W.; Haushalter, R. C.  topologies and bonding characteristics of such orbitals for the
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the MpX5 rings in bis(bridged) binuclear complexes of the late
transition-metal ions of the type jM(u-XR,)ML3] (n =

Framework Orbitals
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fragment orbitals to the framework, there are eight molecular the bonding characteristics of the two isomers and the transition

orbitals involved in framework bonding. For simplicity, we will
label these orbitals according to their symmetry inEhg point

group. Four of these orbitals have-M bonding character
(labeledg in what follows and sketched i8) and correspond-

#(byg) o(ag)
¢(bs,) ¢(by,)

3

ingly four are M—X antibonding (*, not shown in3). If the
four @ orbitals are occupied (i.e., FE€ 8), they account for
the four M—X bonds and a “regular” framework without
through-ring interaction2p) is expected, as in cyclobutane.
Although these orbitals also bear through-ring-M and X—X
bonding or antibonding characteristics (e.gisaX—X bonding,
by is X—X antibonding g is metat-metal bonding, andis
metal-metal antibonding, and similarly for thee characteris-
tics), the net M--M and X---X bond orders are 0 for a FEC of
8. However, for a FEC of 6 (or 4), one (or two) of theorbitals
is (are) empty, which is either %X or M---M antibonding,
resulting in a net through-ring bonding interaction, and anXX

state to check whether the relatively short-@Iu distance in
1b is indicative of a Cer-Cu bonding interaction. In a later
section we will go back to the general qualitative view of the
framework bonding and try to offer an explanation for the
noncompliance with the FEC rules.

Exploration of the Potential Energy Surface

Different from previous work by Cramer, Smith, and Tol-
man>28who evaluated the geometries and energetics of the oxo
and peroxo isomers df (by means of RHF calculations with a
single< basis set, complemented with a CASPT2 evaluation
of the energies of the two minima), we are more concerned
with the topological analysis of their electron densities and with
the changes in bonding along the core isomerization process.
Therefore, we have carried out density functional calculations
at the B3LYP level with a doublé-basis set (see Computational
Details for more information) to optimize the geometries of the
model compound [(NB)sCu(u-O),Cu(NHs)3]?". At the opti-
mized geometries, the relative energies were re-evaluated by
performing a calculation with a tripl&-basis set including
polarization functions at the Cu and O atoms. In a later section
we will present also a study of related compounds in which
either the bridging or the metal atoms are changed, using the
same level of theory.

The geometry optimization showed the presence of two
minima separated by a transition state. The geometry of one
of the minima is that represented g and was found to be
12.6 kcal/mol more stable than the minimum corresponding to
1b (cf. 0.3 kcal/mol in a previous woPk®). On the other hand,
the transition state connecting structuréa and 1b was
calculated to be 17.0 kcal/mol above the optimized structure
13, that is, within the range of thermal energies. These energy
values should be taken as orientative only, since they correspond

(2a) or M-+-M (20) short distance should be expected, as in the ©0 @ simplified model in which the donor atoms are much more
case of diborane. Only in the case of silylene-bridged Pt flexible than they are in the tridentate ligands of the experimental

compound®-3lcan one find a short X-X through-ring distance

compounds. Besides, calculations at a higher accuracy level

for a system with apparently a FEC of 8, a system that was the €& give different numerical values of the calculated energies.

subject of a cursory analysis in our previous wétkOne needs
to have two electrons less (FEEB6) in order to obtain TeTe
or As—As through-ring bonds2@) in Pd and Pt compounds of
the type [LLM(u-X)ML 5].20:32

In principle, one can consider the coordination sphere of the

copper ions in compoundsiandlb as derived from the square

In summary, the numerical values given here provide only a
qualitative idea of the energies of the two model isomers, in
the sense that their stabilities are not very different and that
they can be interconverted without a high-energy barrier.
Rather than analyzing the relative energies of the two isomeric
forms, we find it interesting to analyze their calculated structures

planar one by adding an extra axial ligand to each metal atom.in order to obtain some clues on which ligands should be
Such extra ligands affect neither the energy nor the occupation€xpected to favor a particular isomer. In Table 1 we present
of the acceptor orbitals of the metal atoms that participate in the structural data for the optimized geometries of 1hend

the framework bonding3). Therefore, the FEC rules for M,
rings with vacant octahedraPdlL; groups are the same as
for the square planar®eML,. Consequently, the fact that the
peroxo-bridged compounda with eight framework electrons
presents a through-ring oxygeonxygen bond calls for a revision

1bisomers, for the transition state connecting the two minima,
for a model of the initial stage of the reaction between two
[Cu(NH3)3]™ groups and @(with the O-0 distance frozen at
1.207 A), both in the triplet and singlet states, and for a
hypothetical oxo-bridged complex with only two terminal lNH

of the electron-counting rules. We devote the theoretical study ligands per copper atom. Available experimental data for related
in the next sections to that goal. First, we wish to obtain a compounds are presented in Table 2, together with those for
molecular wave function for the two isomers that correctly Cu(ll) alkoxo-bridged compounds with analogous structétes,
reproduce the geornetryl Stabmty, and ease of interconversionand will be discussed later on. The agreement of the calculated
by using DFT calculations. We will also explore the structure geometries for the two minima with the experimental data is
of the transition state for such processes. Then we will analyze 90od, except for slightly large through-ring distances. The
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Table 1. Main Structural Parameterd)(for the Theoretically Optimized Structures of CompoundsClil(u-1%3%-0;)Culs]?* (1a),
[L3Cu(u-O),CuLg]?" (1b), and [(NHs)Cu(u-O2)Cu(NHs),]?*, for the Transition State betwedm and 1b, and for the Adduct Formed by Two
Cu(NHs)s* Groups with an @ Molecule in Its Triplet and Singlet Stafes

compound o B y 0 0 00 Cu-Cu CuO Cu-Neg Cu—Ngx
ideal tetrahedron 109.5 19.5 70.5 0 d "=dd
{[(NH3)sCu]*} 2+ O2(S=1) 29 109 0 55 6 1207 4.634 2.395 2.066 2.091
(S=0 34 108 6 40 16 1.2047 3.948 2.064 2.059 2.167
[(NH3)sCu(u-7%7?-02)Cu(NHs)]?* (18)° 45 104 8 32 19 1515 3.668 1.985 2.055 2.220
(1) 1.324 3.758
transition staté 59 101 10 24 24 1.853 3.268 1.853 2.043 2.297
[(NH3)sCu(u-O),Cu(NHs)3]>* (1b)ye 77 99 9 17 29 2.288 2.869 1.835 2.003 2.381
(1b)e 80 2.281 2.734 1.780 1.996 2.207
ideal vacant octahedral 90 0o ~0 >35 d d>d
[(NH3),Cu(u-O),Cu(NHs);] 77 100 0 2.275 2.838 1.819 1979 ®
ideal square planar 90 0 90 00

2The expected parameters for several idealized structures are also given for compadised.distance kept constaritThis work. ¢ Reference
28. ¢ Reference 5.

Table 2. Main Structural Parameterd)(for the Experimentally Characterized Structures of Peroxo- and Bis(oxo)-Bridged Cu Compounds with
Structuresla and 1b and for Related Hydroxo-Bridged Cu(ll) Complexes

compound o o) y 6 o 0O---0 Cu--Cu Cu-0O Cu—Neqg  Cu—Ng
[(TPB)Cufu-7%7?-0,)Cu(TPB)R+ (1a)° 43 93 15 22 17 1.413 3.560 1.915 1.997 2.258
oxyhemocyanirfe 42 96 10 44 12 14 3.6 2.0 21 24
[(TIP)Cu(u-n%7?0,)Cu(TIP)R+ (18)¢ 52 1.72 3.48 1.94 2.05 2.30
[(TACN)Cu(u-O),Cu(TACN)J** (1b)e 79 89 17 14 27 2.287 2.794 1.803 1.986 2.297
[LsCu'(u-OH)CU'L] f 77-86 74-105 1115 9-23 15-41 2.39-2.68 2.87-3.02 1.93-1.96 2.32-2.45 1.96-2.01

aTPB = tris(3,5-diisopropylpyrazolyl)borate, TACK: 1,4,7-tribenzyl-1,4,7-triazacyclononane, T#Ptris(imidazolyl)phosphine® Reference
1. ¢ Reference 10¢ Reference 2¢ Reference 3 and %Data obtained from the Cambridge Structural Databése.

largest deviations correspond to those parameters that arghe terminal ligands that have not been previously noted and
constrained in the experimental structures due to the tridentatecan provide some hints to understand the different behavior of
nature of the terminal ligandsg( y, and 6, see 4) but the compounds with TACN or TPB ligands. The equatorial
donor atoms approach the plane of the;@Qucore on going
from lato 1b (i.e., a decrease il by 15°, Table 1), while the
axial ligand is much less affectegt & 8° for 1a, 9° for 1b).
Nevertheless, the position of the equatorial ligands is in some
way affected by the axial ligand, since optimization of the model
compound in the absence of axial ligands, [@M&u(u-O),Cu-
(NH3)2]2H, results in two perfectly planar isomers (i.e = 0°),
analogous tdaandi1b, with O—0 = 1.547 A and Cu-Cu =
2.850 A, respectively. To better calibrate the relative importance
of these two parameters, we have modified the structures of
the two optimized minima by independently replacing the axial

! and equatorial terminal ligands to the vacant octahedral posi-
4 tions, while keeping the rest of the structure untouched. The
results, schematically shown $(energy differences given in
kcal/mol), indicate that it is the joint motion of the three ligands
that stabilizes the molecule upon bending. Bending of the
equatorial ligands appears to be more important than that of
the axial ones, and the effect is much less important for the
oxo than for the peroxo isomer.

unconstrained in our model calculations, in which the chelating
ligands were substituted by ammonia molecules.

Let us discuss first our computational results for the isomers
1la and 1b of [(NH3)sCuQ,Cu(NH)3]2" and for the transition
state of the interconversion pathway. We wish to stress the
prediction of structural changes associated with the isomerization
process. Since the structural parameters for the transition state All of these results suggest that the isomerization process
are practically midway between those of the two minima, we cannot be correctly described by considering only the changes
limit the discussion to these two structurdsi@nd1b, Table in the CyO; core. To verify the importance of the structural
1). It is worthy of note that the G®, framework remains parameters asociated with the spectator ligands, we squeezed
planar throughout the isomerization process. The through-ring the optimized structurela along the Cer+Cu vector (by
Cu—Cu and G-0 distances change as expected for the different increasingx) while keeping the rest of the structure untouched.
degrees of ring squeezing (anglén 4). In contrast, the C4O In this process, the calculated energy increases and no minimum
bond distances undergo an important shortening when goingis found for largeroa values. A similar squeezing of the
from the peroxo- to the oxo-bridged form. As for the terminal optimized structurelb along the G--O vector (decreasing)
ligands, the CtrNeqdistances are practically unchanged whereas fails to yield the second minimum with a short-@ distance.

the Cu—Ngyy distances increase frota to 1b. Finally, both Hence, a reorganization of the metal coordination sphere is of
the Nog—Cu—Ngq (5, Table 1) and N—Cu—Neqangles decrease  the utmost importance for the interconversion of the two
from lato 1b. isomers. Comparison with the experimental data is presented

Other than differences in bond distances and angles betweerin a later section, and a simple qualitative model will be
laand1lb, there are important changes in spatial orientation of presented to account for the changes in the structural parameters.



1206 Inorganic Chemistry, Vol. 37, No. 6, 1998

L

Ll,,, I /O\ o el
S,

+39 / L \'11'8

L
\ g
" o} wlL | W
N g g s
L*M\O//M:\L LumlM\/o//\M)}_L
. \ i |
AN S "
-20.7 L -5.0
o Wl
meM\/o//\M\\\\ L
L \
L
5a
S N
Lﬂ,, ’ /O\ wl
M M\\\\ \
L/ \O/ | \L
+1.5/ L \.3,4
L '/"L
L%\’M/O\Mm\l ol Luunhllf/O\M&“\\“‘LL
K o \\L R \o/[
L I
-6.9\ L -2.0
\ oL
LmluM/O\M“\“;L
/ \ /
o\
L
5b

Topological Analysis of the Electron Density

One might be tempted to infer that some through-ring @u
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the Cu-O and Cu-N bonds, which is consistent with the
expectations for metalligand bonds. For the isomémg, there
is a clear correspondence between the bond critical pdajs (

HsN
0.054
O'Zlé 0075
HgN - o U
HaN=—"" \"OLQ/C” —NH3
0.074

6a

NH;3

the qualitative bonding description, and the structural data. It
is worth noting that there are two ring critical points consistent
with the Lewis structurda. In contrast, for thelb isomer, no
bond critical point and only one ring critical point appears in
the center of the X, framework @b), clearly confirming the

HaN
0.040

o 0.084
H3N'-n,., Cu/x \Cu"‘.ﬂ_.-NHa
HaN AN /./ \ NH; 6b

o) 0.113
NH,

nonexistence of GerCu bonding as suggested by our qualitative
discussion above. ltis also of interest that the electron density
in the Cu-0O bonds is much smaller iba than in1b, which is
in agreement with the electron-deficient nature of those bonds
in the former case.

A topological analysis of the electron density was also carried
out for the calculated transition state and the results are
schematically presented Bc. The most interesting result is

HaN
0.047
0'09(6) 0077
HaNewucl O @0 e
HaN/ \)(O',‘/./CU NH;
0.099

bonding interaction exists in the open forth, as found for
rings with FEC= 4 or 6, given the relatively short GuCu
distance (2.794 A, Table 1). However, since the--@Tu - NH;
bonding,¢(ag) andg*(ag), and antibonding orbitalg;(b,,) and transition state

@*(b1y), have the same overall occupation, no net-€tu
bonding interaction is expected. Hence, we would predict that
the short Cer-Cu distance is just the result of the geometrical
constraints in a ring system with short edges {Qu= 1.92

A). To verify the non existence of a bonding coppeopper
interaction, we have carried out a topological analysis of the
electron density oflb and related structuré8,and the results
are presented in this section.

The results of the Bader analysis of the electron density for
[(NH3)3Cu(u-0),Cu(NHs)3]?* in its two isomeric forms are
presented if. There, the bond critical points are indicated by
a black circle (only one bond of each type is marked for
simplicity) and the ring critical points by a cross. In both cases,
the numerical values of the electron density at the bond critica
points are indicative of a weak covalent or dative character for

that a weak oxygenoxygen bond is already present in the
transition state, as indicated by the bond critical point at the
center of the C40O, diamond and two ring critical points at the
center of the Cu@triangles. The electron densities calculated
for the different bond critical points are intermediate between
those calculated for the two end products.

To further verify that no Cu-Cu bonding should be ascribed
to structurelb, we have carried out a Bader analysis of the
similar compound [(PE)2Cu(u-H),Cu(PH)] for which Cu++Cu
bonding should be expected. In effect, it is sensible to consider
this compound as formed by Cu(l) ions and hydrido bridges,
with a tetrahedral coordination geometry around the copper
| atoms. For tetrahedral Mlfragments, the FEC rules consider
an sp hybridization, hence afl ion contributing with no
electrons to the framework bonding. One is left with the four
electrons provided by the hydrido bridges to fill two framework
bonding orbitals, that is, the FEC is four in this case. Hence,

(36) Bader, R. F. WAtoms In Molecules. A Quantum Thep@larendon
Press: Oxford, 1990.
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Table 3. Structural Data (seé for Definitions) for the [L.M(u-X).ML,] Complexes (X= H, S) at the Optimized Geometry and at an
Alternative Geometry with a Frozen-¥X Distance, Together with Experimental Data for Similar Compoénds

compound type « B y 0 o) XeeeX M:-M M—=X Erel ref
[(PH3)2Cu(u-H)2Cu(PH);] 1b 98 111 2.603 2.281 1.731
[Cux{ 72-MeC(CHPPR)s} 2(u-H),]® 1b 94 2.54 2.371 1.810, 1.661 37
[(NH3)sCu(u-7% %-S;)Cu(NHs)3] la 59 102 12 32 16 2.329 4.130 2.370 0
[(NH3)3Cu(u-S)Cu(NHz)3]¢ 1b 93 95 12 23 21 35 3.312 2.410 32.7
[(TPB)Cu(u-1%1n2S;)Cu(TPB)P la 54 90 20 20 19 2.072 4.027 2.265 16
[(PHa)2Pt(-S)Pt(PH:),] 1b 84 100 0 3.227 3.615 2.423 0
[(PHa)2Pt(u-1% 2-S5).Pt(PH)] ¢ la 48 118 0 2.1 4.755 2.599 52.9
[(PpyPh):Pt(u-S)yPt(PpyPh);]" 1b 80 103 4 3.004 2.326 38

2The energy of the two calculated isomeric structures is given in kcal/mol, relative to the minfiixperimental date£ Not a minimum;
X---X distance frozen.

a through-ring Cu-Cu bonding interaction should be expected

for this compound? Indeed, a similar compound, [Gu?> -
MeC(CHPPh)3} 2(u-H)2], with phosphine terminal ligands has -
been structurally characterized and found to have a short Cu _\_
* (b"}u)

Cu distance of 2.371 A7 The optimized structure (Table 3)

shows the expected trends: the copper ions are tetrahedrally N
coordinated, the GuCu distance is short (2.223 A), and the hrd

H—Cu—H bond angle is large enough (94to indicate the AN

tendency of the two copper ions to approach each other beyond

the geometrical constraints imposed by the short Bubridging -H-\ HOMO
distances. 5 _H_
¢ (bsy)

The results of the topological analysis of the electron density

of [(PH3)2Cu(u-H)Cu(PH);] are summarized i, where the (b3,

HaP

bond critical points are indicated by a black dot and the electron
density corresponding to each critical point is given. The most
relevant feature for the present discussion is that-Cu ¢ (ag)
bonding appears, in contrast with, for which no such bonding

interaction was found. 8

!

H3P\ PH;
0.071 H /
Cuﬁ)—s.s/xO—\Cu 7
SN \{%" 9 b1
PH3

Walsh Di for the | izati f
[(I\?l_iss)scll?(g(;irgu?&lH:);]somerlza on o participation of the copper 4p orbitals ¢ (bs,) at the shortest

O—0 distances.

. Tp of_fer a qualitative exp[anation for the structural reorgan- o important point is that, in thea— 1b transformation,
ization induced by the core isomerization procéas> 1band 4 electrons are transferred from localized metal 3d orbitals
for the apparent Inconsistencies in their ffameWQrk electron to delocalized framework orbitals, while simultaneously popu-
gpunt, we nfetd f'rfSt to ft_)”?ﬂy tclilscuss ad S|rg1pllf|etc)i_tvl\/alsh lating theo*(O—0O) orbital. Moreover, such localization of the
el i o s s S . b et 90 obialin 12 mples hat i s holoner  fameucrk

. o - - . onding orbital g, left); hence the framework electron count is
?) and Gk(g_(g.) combt_)lnlatlons pjrnct:)lpateHln the gck:)cu%ed reduced to six and the existence of a through-ring bond is in
ramework bonding orbitalg(ay) andq (bs,). Hencea 0 bon agreement with the simple electron-counting rules previously

order results for the ©0 bond in1b. This situation is in presented by U&23 The change in the ©0 bonding is clearly

agreement with the formal description of this ring as formed . ; ;
S . C illustrated by the changes in the population of #{©—0) and
by 0" bridges and Cu(lll) ions. When the ring is squeezed to 0*(0—0) fragment orbitals (EH calculations): the former has

obtain the peroxo-bridged structute, the HOMO should be . .
expected to increase its antibonding character with a subsequen%'OO electr(_)ns ilaand 1'92 inlb, whereas the Iat.ter changes
dramatic increase in energy. This does not happen; only a's occupation from O.21_(||1a) to_1.83 electrons ("1b.)' .A"
smooth increase in energy of this orbital results from our B3LYP of these results are consistent with the formal descriptiabeof
calculations. ¢(bs,) remains the HOMO by losing its*(O— as a Cu(ll) peroxo Species a“d“.‘ as a Cu(ii OX0 compound,
0) contribution and becomes practically a Cu-centered non- supported by a variety of experimental techniques. The small
: R ;

bonding orbital. This qualitative picture is consistent with the energy difference between th¢bs,) andg*(bs,) orb_ltals makes

it a symmetry-allowed process. At the same time, the small

results of Cramer, Smith, and Tolman, if one disregards the - ; . ; .
gap is associated with strong nondynamical correlation effects

(37) Goeden, G. V.; Juffman, J. C.; Caulton, K. @org. Chem.1986 which stabilize the structure of theoxo compound, as pointed
25, 2484, out by Cramer, Smith, and Tolma&h.
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Figure 1. Overlap integrals (EH) between Slater atomic orbitals of
Cu and O as a function af (seed). Points represented by open symbols
were calculated at CuO = 1.81 and those represented by closed
symbols at Ct-O = 1.92 A,

Since the localization of thesp orbitals in the squeezed
structurela is important for the determination of the formal
oxidation state of Cu and for the similar stability of the two
isomers, it is worth making a digression from our study of the
Walsh diagram to offer a simple explanation for such localiza-
tion effects. When the angteis varied, as happens when going
from lato 1b or vice versa, the overlap between thg orbital
of Cu and p of the oxygen-bridging atom9é) changes as

9b

9a

Liu et al.

pathwayla— 1b. Finally, the third framework orbital having
through-ringo characterg(ay), increases its energy along the
reaction path. This is due to the loss @fO—0O) bonding
interaction, compensated only in part by a gairo{Cu---Cu)
bonding, since the more diffuse Cu orbitals overlap less
efficiently than those of oxygen. In summary, it is the combined
effect of the B, by, and g orbitals that results in the double
minimum at the potential energy surface.

Given that the stabilization of the isomea is related to the
localization of the b, orbital discussed above, it is appealing
to try to extrapolate the overlap argument to otheXMrings.

In that way, one could eventually establish the geometric
requirement to reduce the FEC of a ring from 8 to 6 by
localizing two electrons at the metal atoms and favor the
formation of a through-ring bond. We assume that the crossover
point for the integral overlap appears roughly at the same value
of a for the different M/X pairs (this was in fact corroborated
by EH calculations on Cu/O, Cu/S, and Pt/S pairs). What
changes for the different combinations of M and X are the
bonding distances MX and X—X needed for a structure like
la. Through elementary trigonometry one can deduce that the
anglea, compatible with the simultaneous existence of- Xl
(framework) and X-X bonds, is related to the covalent radii
of M and X in the following way:

I'x
Iy + I'x
For instance, in the GO, rings, if we takero ~ 0.73 A and
rew ~ 1.10 A, the optimum value ak is 47, amazingly close
to that required for O overlap. An analysis of the atomic radii
for a variety of late transition metals and main group elements
of groups 15, 17, and 18 indicates that there are many
combinations which comply with eq 1 for angles close to the 0
overlap point. We will come back to this problem later and

try to explore the possibility for other complexes to present the
two isomers.

o2 arcsir( (1)

represented in Figure 1, a behavior that can be U”dersmOdReorganization of the Coordination Sphere of the Cu

considering that for the extreme case wf= 0 the overlap
integral is negative9b) whereas at larger values (e.g/2 ~
60°) it is positive. Hence, atx ~ 50° that overlap integral is
negligible, and there is no interaction between thadd g(O)
orbitals. Of course the participation of the oxygen 2s orbitals
in the xg orbitals can somewhat modify the angle at which the
minimum interaction (maximum localization) appears. In

Atom

We have seen above that the structural parameters that define
the position of the terminal ligands (ENay, 6, v, anda) in
the model compound vary along thhi@ — 1b transformation.
In the model compound, the independent monodentate terminal
ligands can easily adapt to the local stereochemistry required

summary, the & orbitals can no longer participate in the py the Cu atoms. However, in the experimental systems, with
framework (Cu-O) bonding, and they become therefore local- tridentate terminal ligands bearing bulky substituents, such
ized as in, trying to makeg*(bay) as antibonding as possible  geometrical parameters are constrained and the relative stability
andg(bsy) as stable as possible. Let us notice in passing that of the two isomeric forms can be significantly altered by the
the behavior of théd|p,Uoverlap integral in the G, cores nature of the ligand. Hence, it is important to discuss the
has also been blamed for the change in their magnetic propertiesorrelation found in our model calculations between the changes

from antiferro- to ferromagnetic as a function @f®
Continuing now with the analysis of the Walsh diagram,
another important orbital ig(by,), whose energy evolves in
the opposite way to that of the HOMO. A look at the topology
of that orbital @) indicates that, upon increasing (thus
approaching the two Cu atoms), its €0 overlap decreases
and a strong*(Cu---Cu) interaction develops. This orbital is

in the structural parameters of the Q4 core and those affecting
the terminal ligands.

In a simplified approach, we first discuss the structural
changes by just considering the orientation of each{adbnal
pyramid as a whole. Their orientation relative to the central
Cw0; core is thus defined by, the angle between the vector
from the Cu atom to the centroid of the three N atoms and the

therefore strongly destabilized along the core isomerization Cy---Cu vector #). We distinguish two ideal geometries: (a)

(38) Yam, V. W.-W.; Yeung, P. K.-Y.; Cheung, K.-K. Chem. Soc., Chem.
Communl1995 267.

(39) Hay, P. J.; Thibeault, J. C.; Hoffmann, R.Am. Chem. Sod.975
97, 4884.

that with the axis of the pyramid strictly perpendicular to the
O—0 bond ¢ = 0°), in which the metal ion is tetrahedrally

coordinated by three N atoms, with the centroid of the two
oxygen atoms occupying the fourth coordination site; (b) that
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corresponding to a vacant octahedron with two oxygen atoms
occupying cis basal sites, for whichis expected to be 35f

the three Cu-N distances are the same or to be larger if the
Cu—Nay distance is longer than the gones. The two ideal
geometries are schematically representetdin Thetetrahedral

s
W
"
W

r
|

o

10b

\

structure 103) is expected for a¥ion such as Cu(l) if the ©
molecule were acting as a two-electron donor. A square
pyramidal structure 10b) with two independent oxo ligands
would be consistent with the stereochemistry found in many
Cu(ll) complexes. For a Cu(lll) ion with a 8delectron
configuration, a square planar stereochemistry is expected, tha
is, geometrylOb with a very long Cu-Nax distance. This case
would be characterized hy~ 90° if one assumes that there is

a fifth ligand at a very long distance, or 8= 0°. In brief,

all possible combinations of the formal oxidation states for the
Cu atoms and the Qyroup, Cu(l)/Q, Cu(l1)/O,%2~, and Cu(Ill)/
(0?),, and intermediate situations can be associated with the
value of the parametey.

The analysis of the optimized value for the model
compound with different GO, core structures illustrates the
differences in their electronic structures. Hence, when the frozen
0O, molecule (i.e., G-O distance kept constant, triplet state) is
left to associate with the two [Cu(N##] T groups, the optimized
structure § = 6°) is close to that of the ideal tetrahedran=
0°). Once the G-O bond is relaxed, the minimum correspond-
ing to a peroxo-bridged structuréd) modifies the orientation
of the CuN pyramid, adopting & value (19) intermediate

{
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Figure 2. Evolution of the overlap integrals between thgupper
curves) and g (lower curves) acceptor orbitals of the Giftagments
and the donor orbitals of On the model compound [¥Cu(u-O,)-
CuHg]*~ as the terminal ligands are tilted from the vacant octahedral
geometry (sed for the definition of the angl®).

acceptor orbital oty type participating inp(ag) and ¢(byy) is

an sg hybrid directed along the trigonal axis of the group.
Hence, for the vacant octahedral geometry, this hybrid orbital
is not well-oriented toward the bridging oxygen donor orbitals,
and overlap can be improved upon bending. This is shown in
Figure 2, where we represent the overlap integrals between the
corresponding orbitals of the xGand Cule fragments (EH
calculations) as a function of the joint displacement of all
terminal ligands, measured By(takingy = 8). Opposing the
bending distortion are the framework orbitals with participation
of the copper g atomic orbital,g(byg) andg(bsy). In this case,

the acceptor orbital is coplanar with the equatorial terminal
ligands?® Hence, the overlap with the oxygen donor orbitals
is better in the vacant octahedral geometry, as seen in Figure 2.
The final geometry in the isomdib is a compromise between
the tendency to bend (i.e., smallvalues), favored by theya
and h, framework orbitals, and the preference for the vacant
octahedral geometry (largé values) dictated by 43 and Iy,
calculatedd = 29°). On the other hand, in the peroxo-bridged
isomerlathe by, orbital is no longer involved in CHO bonding

and an increased tendency for bending results, as seen in the
smaller values ob (Table 1).

The tridentate ligands in the structurally characterized syn-
thetic compounds with structures of typga and 1b should
have no problems in following the electronically driven position
of their donor N atoms, except for those derived from bulky
substituents. Interestingly, the experimentalalues (Table
2) are relatively small for the peroxo-bridged compounds® 12
and 17 for oxyhemocyanin and its synthetic model with a tris-
(pyrazolyl)borato (TPB) ligand, respectively, compared with a
calculated value of 19for the model compound. In contrast,
the oxo-bridged complex with a triazacyclononane (TACN)
ligand presents a largér value (27), in excellent agreement
with the calculated value of 29 The analysis of other

between those for tetrahedral and vacant octahedral conforma-structurally characterized compounds of first-row transition

tions. Thed value of 29 found for the bis(oxo)-bridged
minimum (Lb) practically corresponds to an ideal vacant
octahedral structure.

Before comparing the structural experimental data, we wish
to show that the different values 6ffound for the two model
isomers can be explained by a simple orbital model. In effect,
given the tridentate nature of the terminal ligands, the copper

metals with a framework of typga (Table 4) also shows that
the metal coordination spheres significantly deviate from the
idealized vacant octahedral geometry as reflected by the
relatively small values ob defined in4. These structural

(40) Albright, T. A.; Burdett, J. K.; Whangbo, W.-HDrbital Interactions
in Chemistry J. Wiley: New York, 1985; p 298.



1210 Inorganic Chemistry, Vol. 37, No. 6, 1998 Liu et al.

Table 4. Structural Data for Other Compounds of Type Similarities and Differences with Related Compounds

[LsCu(u-n%n?-X;)Culg] (1a), Ls Being a Tridentate Ligand . . .
v X ] 5 5 XX p We have seen ab_ove_ that a simple georr_]etrlcal analysis
s « B v re suggests other combinations of metal and bridging atoms as
Ni S TPPE 60 92 30 35 3 2209 14  candidates to give the two isomers of typ@andib. In fact
ﬁlu TSe PPTF',DS gg 3431 %g gg 13 g'ggg %g other structures of typgaor 1b are known. Several compounds
' of the general formula [IM(u-721?-X2)ML3] present short
*HTPB = hydrogen tris(3,5-diisopropyl-1-pyrazolyl)boratoT PPE through-ring distances between the bridging atoms (Table 4).
= 1,1,1-tris(diphenylphosphinomethyl)ethane. Two common features of these molecules and thegeroxo
] ] o complex are the presence of a tridentate ligapahd a large
effects, associated to the first coordination sphere of the Cu geviation from the vacant octahedral geometry, as reflected by
atoms, may be in part affected in the experimental systems bythe small angled (Tables 1-4). On the other hand, a few
the steric bulk of the substituents at the multidentate |igandS. It structures have been determined for analogous Sys’[qm‘[il._
is worth stressing that as a result of all these geometrical X),ML 5] with no through-ring interactions: FeTe = 3.258
changes, the ligands suffer important displacements from the A (M = Pt)17 Te:--Te = 3.066 A (M= Pd)18 Te---Te = 3.465
initial Cu(l) to the peroxo-bridged Cu(ll) and the oxo-bridged A (M = Pt)1° Te---Te = 3.263 A (M = Pt)2° and S-S =
Cu(lll) species, a result that might be of interest for the 3.004 A (M =Pt)38 In the latter case, 4 represents either a
understanding of the cooperative effect of oxygen uptake by bidentate diphosphine or two monodentate phosphines and the
hemocyanirf! whose exact mechanism is not well- coordination geometry of the metal atoms is square planar. There

understood? are a few other compounds with short-¥ through-ring
Not only the orientation of the Cuf\byramids but also their ~ distances, but these have a different electron count (FE&}
internal structure (i.e., CtN bond distances and -NCu—N and are not directly comparable to those under stdd%.What

bond angles) changes frobato 1b. The variations found for ~ @PPears to be unique for the compounds reported by Kitajima
these parameters in our calculations can also be associated witfd"d Tolman is that a slight modification of the tridentate ligand
the differences in electronic structuts. Thus, the calculated ~ '€Sults in important changes in reactivity which allowed Tolman
values off3 decrease on increasiyi.e., going down in Table _a”d co-wo_rkers to unarr_\b|guously identify either or both of the
1), as should be expected when moving from ahtepan sg isomers with the same ligand. One can reasonably ask whether
hy’bridization at the Cu atoms. The rigidity of the multidentate the noncharacterized isomers for the other compounds reported
ligand can in this case favo.r a differefit angle than that in the literature are attainable, and we explore such possibilities

preferred by the Cu atom. In this regard, the two ligands used in this section.

in the synthetic models of hemocyanin studied here are quite We focus on two examples to siudy this problem, one with
y y q a short and another one with a long through-ring-S

different, as revealed by a structural datlabaselanéfyﬂisheir distance: [(TPB)Clu-S,)Cu(TPB)], where TPB stands for the
Cu complexes. TPB seems to be a quite flexible ligand (80.4 tris(3,5-diisopropyl-1-pyrazolyl)borate anidhand [(dppe)Pt-

< N—Cu—N < 103.0 for 133 t_)ond angles from 48 struct_ures) (u-S)Pt(dppe)], where dppe stands for 1,1,2,2-bis(diphenylphos-
and should have no problems in adapting totle@gles required  phing)ethane}® We have carefully analyzed the potential
by the local stereochemistry of Cu in the two iSOMers. gnergy surface of the two model compounds [@¥Bu(-n2
Consequently, the energy order found in the calculations with ;2.5 \Cy(NH)] and [(PH)-Ptu-SkPt(PHy),]. In both cases,
monodentate ligands should prevail, and the peroxo isd@er  only one minimum could be found, with structures close to the
would be predicted to be more stable, in good agreement with experimental ones (see Table 3 for calculated and experimental
the experimental finding. In contrast, TACN is a much more stryctural data). It thus appears that theXylsystems are quite
rigid ligand (79.3 < N—Cu—N < 87.6 for 66 bond angles  capricious, and one can obtain either one of the two alternative
from 48 crystal structures). Itis thus clear that this ligand must structureslaor 1b or both by modifying the bridging atoms or

be highly strained to form a peroxo isomer, and the energy the metal atoms. Why does each one of the three compounds
difference between the two isomers should be smaller than thestudied behave in the way it does? A careful analysis of the
values calculated for the monodentateNigands, in agreement  wave functions (at both the EH and the DFT levels of theory)
with the experimental identification of the two isomers of obtained for the optimized and alternative structures (i.e., with
[(TACN)CuO,Cu(TACN)]. fixed S-S distances) allows us to obtain some hints to answer

To complete the picture of the ligand sphere reorganization, this question:

we optimized the structure of the peroxo complex in both its (1) First, there is a geometrical effect present when we
triplet and singlet states (Table 1), keeping the@distance ~ compare the isomers with short-XX distances 1a) in
frozen at its value in the free molecule in order to simulate an compounds with the same metal atom (Cu) and bridging atoms
early stage of the complex formation reaction (a discussion of Of different sizes (O or S). For the larger-bridging S, the two
the early stages of the reaction and of the tripiinglet metal' atoms are separated by a larger distance (4.03 A
intersystem crossing was presented by Bernardi &) allt is experimentally, 4.13 A computationally) than they are for the
interesting to note that the optimized GCu distance in the ~ Smaller bridging O (3.56 A experimentally, 3.67 A, computa-

triplet state of the incipient dioxygen complex is identical (4.6 :'r(])n?:"y)'s As ? result(,j t&eﬁ orl]?ltal é8) lljs more stab|llﬁed n
A) to that found between the two three-coordinate Cu atoms in € Lu > Systém and the conformea becomes much more

the structure of the deoxygenated active sit&.gbolyphemus stable than thdb one, which is no longer aminimum.
hemocyanirf2 (2) Because of the larger electronegativity of the O atom

compared to S, at large-%X distances thep(bs,) orbital (8,
right) appears at lower energy in the oxygen-bridged compound.
(41) ;"'2379”"5’ K. A.; Ton-That, H.; Carpenter, J.Ghem. Re. 1994 94, At short X-+-X distances, however, that orbital has essentially
(42) Hazes, B.; Magnus, K. A.; Bonaventura, J.; Dauter, Z.; Kalk, K. H.; CU-3d character and similar energies in compounds with X

Hol, W. G. J.Protein Sci.1993 2, 597. O and X='S. Consequentlyp(bsy) is much more stabilized
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at long X---X distances (from left to right i) in the oxygen- lawith a &® configuration and an XX bond. In contrast, the
bridged than in the sulfur-bridged complex, accounting for the presence of two terminal donors per metal atom and the smaller
appearance of the second minimubi), as recognized earlier  electronegative bridging oxygen atom favors structdite
by Cramer, Smith, and Tolma8. corresponding to a®dconfiguration of a copper atom and no
(3) The P+S system, with only two terminal ligands per X—X bond. In this regard it is interesting to notice that
metal atom, cannot undergo the ligand reorganization describedEisenstein et al. recently fouffdthat the presence of four
above for the Mk fragments that stabilizes tHe isomer. Let terminal nitrogen donors favors an end-on bis(monodentate)
us recall that for the CuO case we have found that ligand coordination of the @molecule, as experimentally found by
reorganization accounts for a stabilization of the fatmby Karlin and Zubieta et & Apparently, the combination of
some 17 kcal/mol. Hence, only one minimum corresponding bridging oxygen atoms with the rather rigid tridentate triaza-
to geometrylb appears in this case. In this regard it is pertinent cyclononane ligands results in the ability of theX4 core in
to note that the reaction of Qvith a Cu(l) complex having a  the compounds synthesized by Tolman and co-workers (and
coordinated bidentate amitiedirectly gives an oxo-bridged  possibly in the active site in oxyhemocyanin) to appear in the
trinuclear compound, in agreement with our conclusion that the two isomeric forms.
tricoordinate ligands contribute to the stability of the peroxo-
bridged structurda, although the steric bulk of the substituents

might also be important for the stabilization of such a structure.  All DFT calculations have been performed with the Gaussian94
program?®®> Local spin density calculations were carried out using the

Appendix: Computational Details

Concluding Remarks Slater exchang&and Vosko, Wilk, and Nusair correlatitifunctionals.
) Generalized gradient corrections have been introduced using the Lee,
The molecular structures of two isomers of [(NsCu(u- Yang, and Parr correlation pérand the adiabatic connection method

0),Cu(NHg)3]?" (1ab) and of the transition state for their with three parameters proposed by Becke (abbreviated B3LY®)
interconversion reaction have been optimized by means of incorporate the Hartreg=ock exchange contribution. A doublghasis
density functional calculations. The peroxo-bridged isofreer set with pseudopotentials for all but the outermost core orbitals proposed
is calculated to be slightly more stable than the bis(oxo)-bridged Py Hay and Wadt (LANL2DZ basis séf)was used for [(PtPt{u-
isomerlb (13 kcal/mol), and the barrier for the isomerization SkPU(PH),]. For ?" other compounds, the VDZ basis set of double-
process has been estimated to be 17 kcal/mol. The topologicalquallty was used: The character of minimum of all the optimized

vsi f th lculated el d . indi h structures was verified by performing frequency calculations. Similarly,
analysis of the calculated electron densities Indicates the , gequency calculation was carried out for the structure presented as

existence of OXygefoxygen t_)gndlng in the peroxo-brldggd the transition state, and the only negative frequency found was one

complex 1a and in the transition state but no through-ring connecting the two minima. A semiquantitative estimate of the relative

bonding in theu-oxo complex1b. In contrast, a Cu-Cu energies of the two minima and the transition state for [{¥Eu(u-

through-ring bond can be detected in the topological analysis 0).Cu(NH;s)s]?" was obtained by using a tripie-basis set including

of the electron density of [(PHLCu(u-H).Cu(PH),], 2 model polarization functions for the Cu and O atofdsAlthough it is not

for the experimentally characterized molecule [MeC(Ph)s- clea_r presently that a brol_<en-s_ymmetry treatment can be cc_)nsistgntly

Cu(u-H),CuMeC(CHPPh)], in which four electrons partici- gppl_led to study a system in Wh.ICh no broken-symmetry solution exists

pate in the CgH, framework bonding (FEG- 4). The existence in different parts of the potential energy sur_face, we have evaluated
. . . . the effect that a broken-symmet#y*(BS) solution would have on the

of a through-ring G-O bond inlais associated to the presence

. . . calculated energies by performing single-point doublealculations
of six C,O, framework electrons and & donfiguration of the at the optimized structures for the peroxo isomer and for the transition

Cu atoms. On the other hand, the absence of through-ringstate of [(NH):Cu(-O).Cu(NHs)s]2*. The BS energy of the peroxo
bonding inlb is associated with a coppet donfiguration and isomer is decreased by 12.6 kcal/mol, and that of the transition state is
a square pyramidal coordination sphere having eight framework lowered by only 0.8 kcal/mol. No BS solution could be found for the
electrons. oxo isomer, in keeping with its closed-shell nature. The topological
The interconversion of the peroxo- and bis(oxo)-bridged analysis of the B3LYP wave functions (doutiiéasis set) was carried
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The qualitative orbital analysis has been performed with the help of explained in the text for the study of the effect of angley, andé.
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