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together impact on the RCu initially formed from metathesis. The
precise nature of the reagent, which clearly must involve halide
ion (as in, e.g., 2) along with an assist from the Lewis acid, cannot,
however, be identified with certainty at this time.
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The active site of oxyhemocyanin (oxyHc) consists of two
tetragonal Cu(ll) ions separated by ~3.6 A and exhibits a unique
absorption spectrum with an intense band at 580 nm (¢ ~ 1000
M- cm™) and an extremely intense band at 345 nm (e ~ 20000
M cm™).! These bands have been interpreted as peroxide to
Cu(IT) charge-transfer transitions from the out-of-plane peroxide
I1*, and in-plane I1*, orbitals, respectively,2 where the 12 000-cm™
II*,~I1*, splitting is much larger than the 4000-cm™ splitting
observed for peroxide bound to a single Cu(II).> On the basis
of studies of oxyHc and the met azide derivative,* a spectro-
scapically effective model* of oxyHc has been developed in which
the two coppers are bridged by peroxide in an end-on cis-u-1,2
fashion and by a second endogenous ligand, likely hydroxide, 1
in Figure 1. However, the recent structural characterization of
the first side-on u-1%n? peroxide-bridged transition-metal dimer,$
2, provides an alternative possibility for the active site of oxyHc.
We report here the results of electronic structure calculations on
peroxide-bridged copper dimers with geometries 1 and 2. We have
found that the primary bonding interaction in both dimer systems
involves the peroxide II*, with the antisymmetric combination
of Cu d,, orbitals which form the LUMO. In addition, the
unoccupied peroxide o* orbital of 2 acts as a r acceptor influencing
the bonding properties of this complex.

Broken-symmetry, spin-unrestricted SCF-Xa-Scattered Wave
(SCF-Xa-SW) calculations’ were performed on 1 with an end-on
cis-p-1,2 bridging geometry® and an effective C,, symmetry and
2 with a side-on u-n%9? bridging geometry® and an effective Dy,
symmetry. The symmetries were lowered to C, and C,, by using
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Figure 1. Energy level diagrams of 1, end-on cis-u-1,2-peroxo (left), and
2, side-on p-n%:y?-peroxo (right). The energy scale has been linearly
shifted such that 0 eV is centered between the HOMO and LUMO and
energy levels have been labeled by using the full symmetry designations.

Fligure 2. Contour plots of the partially localized broken-symmetry wave
functions in the xy plane for (A) spin-up level 12b, (LUMO) of 1, (B)
spin-up level 14a; (HOMO) of 1, (C) spin-up level 5b,, (LUMO) of 2,
and (D) spin-up level 5b,, (HOMO) of 2. Contours located at £0.005,
+0.01, £0.02, +0.04, £0.08, and +0.16 (e/bohr®)/2,

the broken-symmetry formalism developed by Noodleman!® which
imposes a mirror up—down spin symmetry on opposite halves of
the dimer. As with previous calculations,!! the radii of the spheres
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surrounding the copper atoms were increased above the Norman
criteria!? to compensate for the tendency to overestimate covalency
effects. The —2J values of the ground-state exchange interaction
were calculated by using the strong valence bond coupling limit
with large overlap between metals. However, the end-on cis-g-1,2
dimer is probably closer to the weak coupling limit which would
give values twice as large as that calculated for the singlet-triplet
splitting,10-13

The orbital energy diagram of 1 is shown in Figure 1, left. The
dominant copper—peroxide bond stabilizes the peroxide IT*,
(relative to IT*,) while destabilizing the antisymmetric combination
of Cu d,, orbitals which form the LUMO (12b,) shown in Figure
2A. The HOMO (14a,) shown in Figure 2B is the symmetric
combination of Cu d,, orbitals and is also slightly destabilized
due to a weak antibonding interaction with the peroxide II°,
(11a,). The bridging hydroxide p, provides an additional sig-
nificant destabilizing interaction on the LUMO which combines
with the peroxide IT*, in Figure 2A to increase the HOMO-
LUMO splitting. This splitting results in a large calculated
ground-state exchange interaction of ~2J = 1850 cm™.14

Broken-symmetry SCF-Xa-SW calculations on 2 produce the
orbital energy diagram in Figure 1, right. The dominant cop-
per—peroxide bonding interaction again involves the Cu d,, and
peroxide II*, resulting in a large stabilization of the IT*, (3b;;)
while destabilizing the antisymmetric combination of Cu d,,
orbitals which form the LUMO (5b,;) shown in Figure 2C. Due
to the larger orbital overlap of both oxygens with the d,, orbitals
on each copper, this bonding interaction stabilizes the IT*, to a
much deeper energy than in the end-on case, 1. In addition, the
Cu d,, HOMO (5b,,) shown in Figure 2D is stabilized due to a
bonding interaction with the unoccupied peroxide s* (6b,,). To
our knowledge this is the first observation of the peroxide o*
acting as a w acceptor orbital. The IT1*, donor and ¢* acceptor
interactions both increase the HOMO-LUMO splitting which
is larger than in 1 and has a correspondingly larger ground-state
exchange interaction calculated to be ~2J = 5660 cm™..13

Comparison of the two structures indicates that the dominant
bonding interaction in both involves stabilization of the IT*_, with
the side-on dimer having a larger stabilization and an additional
7 accepting interaction with the ¢* orbital. This leads to a more
stable peroxide-copper bond and a larger HOMO-LUMO
splitting and thus a larger exchange interaction for the side-on
structure 2. The charge on the peroxide is found to be less negative
in 2 due to the stronger I1*, donor interaction;!s however, the
additional o* acceptor interaction in 2 shifts a small amount of
electron density into a strongly antibonding MO. This provides
a direct explanation for the low O-O stretching frequency observed
in the Raman spectrum of this model complex!® and possibly of
oxyHc.!” The IT*, of 1 is significantly stabilized with respect
to the IT*, by 16 500 cm™ and is consistent with the large observed
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IT* ~I1*, splitting of oxyHc. The side-on dimer, 2, has an even
larger I1*,-II*, splitting resulting in the IT1*, level being deeper
in energy, below the N,~Cu bonding levels.!® Significant mixing
between the peroxide IT*, (3b,;) and the N, (4by;) occurs, de-
stabilizing the N, level by ~9000 cm™, resulting in a I1*,~-N,-
(+11*,) splitting of 25000 cm™. This would lead to an alternative
possible assignment of the higher energy charge-transfer band in
oxyHc based on 2 as a N, — Cu charge transfer which has been
lowered in energy due to a large peroxide IT*, mixing. This
assignment would provide insight into the UV resonance Raman
excitation profiles of oxyHc which exhibit dominant enhancement
of Cu=N modes.!” However, we have found experimentally that
the IT*, transition in an end-on trans-u-1,2 bridging model com-
plex!? also exhibits this unusual resonance enhancement.”® These
calculations indicate that both structures are viable models for
oxyHc, with the side-on dimer providing insight into the vibrational
data and the end-on dimer a more direct assignment of the oxyHc
charge-transfer spectrum. Single-crystal absorption experiments
on oxyHc should distinguish between the two bridging geometries
based on the differences in D,, and C,, selection rules of the
peroxide charge-transfer transitions.
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Phosphorus has a broad role in living systems,! and the reactions
of phosphate esters in solution and in enzymes are of great interest.
Pentacovalent phosphorus intermediates or transition states that
are formed by nucleophilic attack on the tetracoordinated
phosphorus atom®? have been postulated in the nonenzymatic
hydrolysis of cyclic and open-chain phosphinates, phosphonates,
and phosphates,* as well as in the enzymatic hydrolysis of cyclic
phosphates.* Such intermediates have not been isolated, although
there is evidence for pentavalency from 3!'P chemical shift mea-
surements.5 A pentacovalent intermediate explains’ that the
acid-catalyzed hydrolysis of hydrogen or methyl ethylene phos-
phate in water enriched in !0 is accompanied by exchange of
130 into the unreacted ester.® This exocyclic cleavage with ring
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