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Density functional theory is used to probe the reaction of O, with the unsaturated transition-metal fragments
[M(bipy)zJ?*, M = Cr, Fe. In both cases, calculations indicate that the O, molecule is initially trapped as an 7>
bound superoxide ion, where the unpaired electron in the out-of-plane sz* orbital of O, is weakly coupled to those
on the trivalent metal ion. In the chromium case, a cis-dioxo Cr"' complex is found to be significantly more stable
than the superoxo species. The two minima are, however, separated by a large barrier, along with a change in
spin state. For the iron analogue, the relative energies of the two minima are reversed, the superoxo complex
being the global minimum. The energetics of the O, activation processes are consistent with previously reported
mass spectrometric experiments, where an adduct, [M(bipy)»(O,)]**, was detected only for chromium.

Introduction methane monooxygena$eytochromec oxidase’, tyrosi-
nase® galactose oxidaseand the oxygen-evolving comphs®
have all been described in some detail. This work has yielded
significant insight into these complex systems, largely
through the characterization of stationary points along reac-
tion pathways. However, the large number of atoms required
to build a realistic model of such systems precludes an
exhaustive survey of potential energy surfaces, particularly
when more than one electronic state is involved.

At the opposite end of the spectrum, numerous high-level

The activation of molecular oxygen has long been a field
of active research, primarily due to interest in the metabolism
of dioxygen in biological systems. From a simple electronic
perspective, the reaction of most organic substrates with O
is a spin-forbidden process, rendering them kinetically stable
under ambient condition'sAn important role for the met-
alloenzymes that mediate ;(oxidation chemistry must,
therefore, be to overcome the forbidden nature of the reaction
by converting the @molecule into a more active oxidizing - : =
specieg. Over the past decade, the development of density the_oretlcal studies of Qactwat}on by bare metal atoms and
functional theory has made it possible to explore the elec- Cations have also emerged in recent yédrs.contrast to
tronic structure of transition-metal systems, and therefore of € aforementioned metalloenzymes, the simple nature of
metalloenzymes, at a quantitative le¥@tudies of oxygen these gas-phase systems has permitted the characterization
metabolism have been featured prominently in the early work
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of complete potential energy surfaces in a number of different equivalent of dioxygen in the cases of chromium and
electronic states. Perhaps the most important result to emergeuthenium, but not osmium. The gas-phase reaction sequence
from this work is an appreciation of “state-specific reactiv- for the chromium case is summarized in eq 1. In the context
ity”, where rates and product distributions are determined,
at least in part, by the electronic state of the reactants. As : 2+ ; 2+
an illustrative example, Schder et al. have shown that the [Cr(bipy)d] [Cr(bipy)]
doublet ground state of the CyOcation, formed by electron [Cr(bipy)z(Oz)]2+
impact on CrQCl,, is an active oxidant toward simple
hydrocarbons. In contrast, chemical ionization of Cr(€0) of the preceding discussion of bare metal cations, the
in the presence of yields CrQ", but in a mixture of several  observation of [Cr(bipy)O,)]2*, but not its iron analogue,
electronic state¥: The authors showed that formation of the is particularly intriguing, as it provides a direct comparison,
doublet ground state of CgO from Cr" and Q in their at least conceptually, with previous studies on gr@nd
respective ground state®D( and 3%y") requires two inter- FeQ* ions?
system crossings, and postulated that the direct activation |t is important to emphasize that the simple detection of
of O results initially in the formation of an excited quartet an adduct with empirical formula [M(bipy(0,)]2* provides
state. In marked contrast, the ground state of Fedbes no structural information, and the connectivity and precise
correlate with ground-state Fet O, and as a result, a  oxidation state of the ©unit remain uncertain. Depending
mixture of the two forms an active oxidat¢ In a more on the extent of electron transfer between the metal and
general sense, the participation of more than one spin statdigand, the adduct may adopt any one of the redox isomeric
in a reaction has been developed into the concept of “two- forms M'(0,), M"(0?), MV(0,2), and M''(0?), corre-
state reactivity”, which has received much attention in the sponding to complexes of dioxygen, superoxide, peroxide,
recent literaturé® While the gas-phase chemistry of isolated and oxide, respectively. The redox noninnocence of the O
metal ions is clearly far removed from biological oxygen unit is well documented, and the relative importance of
activation, there seems no reason to suppose that statge!(0,), F€'(O,"), and F& (0,2) forms in hemoglobin, in
specificity should not play a role in larger systems. Indeed, particular, has been debated at lentAccurate quantum
Shaik and co-workers have already shown that the conceptschemical calculations provide a unique opportunity to probe
developed in the context of gas-phase metal oxo speciesquestions such as redox noninnocence. In addition to yielding
M=0O", can be extended into the oxidation chemistry of structural and spectroscopic parameters for direct comparison
cytochrome P450: with experiment, they provide an intimate picture of the
To make the transition from bare ions into the realm of distribution of the electrons. Spin-unrestricted theories are
coordination chemistry, an understanding of the way in which particularly powerful in this context, as they afford a
the ligand field influences reactivity by moderating the physically correct description of weak coupling between
energies of the different spin states is clearly essential. A metal and ligand-based electrons as well as conventional
recent study of the gas-phase chemistry of coordinatively covalent bonds. As a result, spin-unrestricted density func-
unsaturated 2;2ipyridine (bipy) complexes of a series of  tional theory has recently been used with some success to
divalent metal ions, [M(bipy]?", M = Cr, Mn, Fe, Co, Ni, explore complexes of redox noninnocent ligands such as the
Cu, Ru, Os? by one of us presents an ideal opportunity to quinone/semiquinonate/catecholate td4es well as dithio-
examine this issue. These ions are generated in the gas phadenés and nitrosyl*® In this paper, we use spin-unrestricted
from the solution-derived parent trisbipyridyl complexes by density functional theory to explore the potential energy
collision-activated dissociation (CAD) using Ar gas. Of the surface for Q activation on [Cr(bipy)]2*. Stationary points
complexes listed above, only those of Cr, Ru, and Os were are characterized for all possible electronic states, shedding
found to yield detectable concentrations of the oxygen adductlight on the intimate electronic processes involved in the reac-
[M(bipy)2(02)]?* in subsequent ioAamolecule reactions tion. The corresponding reaction with [Fe(bigly} is also
(IMRs) with molecular oxygen. Finally, further CAD of the  examined, to explore the electronic origins of the different
[M(bipy)2(02)]?* ions resulted in the loss of the mass reactivities of the two species. The lack of physical data
(structural, spectroscopic) available for the title compounds
above makes it difficult to validate the accuracy of the

CAD IMR, O,

CAD

[Cr(bipy),]*" (1)
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Chem. Soc1996 118 9941. (b) Schider, D.; Fiedler, A.; Schwarz,
J.; Schwarz, H.Inorg. Chem 1994 33, 5094. (c) Schider, D.;

Schwarz, H.Angew. Chem., Int. Ed. Engll993 32, 1420. (d) (13) (a) Momenteau, M.; Reed, C. hem. Re. 1994 94, 659. (b)
Chertihin, G. V.; Andrews, L.; Bauschlicher, C. W., JrPhys. Chem. Bytheway, |.; Hall, M. B.Chem. Re. 1994 94, 639. (c) Summerville,
A 1997 101, 4026. (e) Elliott, S. D.; Ahlrichs, RJ. Chem. Phys D. A.; Jones, R. D.; Hoffman, B. M.; Basolo, . Chem. Educl979
1998 109 4267. 56, 157.

(10) (a) Schrder, D.; Shaik, S.; Schwarz, HAcc. Chem. Re200Q 33, (14) (a) Adams, D. M.; Noodleman, L.; Hendrickson, D.INorg. Chem
139. (b) Shaik, S.; Filatov, M.; Schder, D. and Schwarz, FChem— 1997, 36, 3966. (b) Rodriguez, J. H.; Wheeler, D. E.; McCusker, J.
Eur. J. 1998 4, 193. K. J. Am. Chem. S0d 998,120, 12051. (c) Bachler, V.; Chaudhuri,

(11) (a) de Visser, S. P.; Ogliaro, F.; Harris, N.; ShaikJSAm. Chem. P.; Wieghardt, KChem—Eur. J. 2001, 7, 404. (d) Bencini, A.; Daul,
Soc 2001, 123 3037. (b) Ogliaro, F.; Harris, N.; Cohen, S.; Filatov, C. A.; Dei, A.; Mariotti, F.; Lee, H.; Shultz, D. A.; Sorace, Lnorg.
M.; de Visser, S. P.; Shaik,. 3. Am. Chem. So200Q 122, 8977. (c) Chem 2001 40, 1582.
Harris, N.; Cohen, S.; Filatov, M.; Ogliaro, F.; Shaik/gew. Chem., (15) Fomitchev, D. V.; Lim, B. S.; Holm, R. Hnorg. Chem 2001, 40,
Int. Ed 200Q 39, 2003. 645.

(12) Molinda-Svendsen, H.; Bojesen, G.; McKenzie, Clndrg. Chem (16) Rodriguez, J. H.; Xia, Y. M.; Debrunner P. G. Am. Chem. Soc
1998 37, 1981. 1991, 121, 7846.

Inorganic Chemistry, Vol. 41, No. 8, 2002 2027



Howe et al.

calculations. We note, however, that density functional theory
has been applied, with great success, in a wide range of prob-
lems concerned with oxygen activation. For example, the
groups of Andrews and Schwarz have shown that, with some
exceptions, DFT gives excellent insight into the energetics
and vibrational spectroscopy of bare metal adducts,6f

In more traditional coordination chemistry, particularly the
bioinorganic field, a number of DFT-based studies of oxygen-
activating enzymes have emerged in recent years. In these
much more complex systems, the agreement with known
structural and spectroscopic data is often remarkébie.

Computational Details

All calculations described in this work were performed using
the Amsterdam Density Functional (ADF) program developed by
Baerends et &P The local density approximation to the exchange
potential was uséf@lalong with the correlation potential of Vosko,
Wilk, and Nusair?® and gradient corrections to exchange (Begke)
and correlation (Perdew§.A double< Slater-type orbital basis set
extended with a single d-type polarization function was used to
describe main group elements, while all metals were modeled with
a triple< basis. Electrons in orbitals up to and including{ &5 C,

N} and 3p{Cr, F& were considered to be part of the core and
treated in accordance with the frozen core approximation. Geom- 0.0) (+0.20)

etries of stationary points were fully optimized using the algorithm Figure 1. Structures of ground and excited states of [M(bif/) Relative
of Versluis and Ziegle?? No attempt was made to verify that the  energies (eV) are shown in parentheses.

stationary points were true minima, due to the prohibitive cost of Vi . B i higher i
calculating numerical second derivatives. Such calculations were, IYiNg excited state;B, lies 0.73 eV higher in energy, an

however, performed for related ligands with the bipyridyl group indicat?on of the high cost of pair?n.g electrons in the compact
replaced by the much smaller diimineAGH.) (see the discussion  3d orbitals of chromium. The pairing of two electrons forces
of potential energy surfaces), and no imaginary frequencies werethe complex to adopt a less symmetric, sawhorse-type struc-

located. ture (point groupC,). For the iron complex @, the ground
) ) state is again a quintetA, but the occupation of all five d
Results and Discussion orbitals forces the complex to adopt a more symmetric, pseu-

[M(bipy) 22" Complexes.In the discussion of the binding ~ dotetrahedral structure. Pairing of two electrons to form the

of O,, the reference point for all energetic data will be the first excited state’B, again causes a distortion towar€a
combined energies of the reactantstO[M(bipy),]?* in their symmetric structure, but the energetic cost is much lower
respective ground states, optimized structures of which are(0.20 eV) than in the chromium case.

summarized in Figure 1. For [Cr(bip§}* (d%), the ground lon—Molecule Reactions with Q: [Cr(bipy) 2]*" + O..

state is a quinte£B,, with D, symmetry. On simple elec- A preliminary survey of the potential energy surface for [Cr-
tronic grounds, the “configuration should favor square  (PipY)2(O2)]** reveals the presence of four distinct minima,
planar coordination, but nonbonded interactions between B, °B, *A, and*A. In all states, the @unit is coordinated
hydrogen atoms on opposite ligands induce a twist of in an»?fashion, resulting irC, point symmetry. Structural
approximately 15between the two ligand planes. The lowest Pparameters and relative energies for each of the isomers are
summarized in Figure 2. The global minimum is H#estate

(17) (a) Schider, D.; Shaik, S.; Schwarz, Fstruct. Bonding200Q 97, (2.56 eV more stable than the separated reactants), where

91. (b) Wang, X.; Andrews, LJ. Phys. Chem. 2001, 105 5812. (c) ;
Bronstrup, M.; Schider, D.; Kretzschmar, |.; Schwarz, H.; Harvey, the Iong G0 separation of 2.57 A and the short-@
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Chgrgzggo(3;9, 4059. (f) Siegbahn, E. E. M. Arg. Chem. Sﬁ_<1997, arrangement of the two ligands is, however, well established
119 3103. (g) Dunietz, B. D.; Beachy, M. D.; Cao, Y.; Whittington, : : : P :

D. A Lippard, S. J.: Friesner, R. Al Am. Chem. S02000Q 122 for complgxes with a%conﬂgurgtm_n, maximizing as it does
2828. the donation ofr-electron density into the,crbitals of the
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Velde, G.; Baerends, E. J. Comput. Phys1992 99, 84. The remaining three state®, °B, and A, all lie sig-

(19) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and nificantly higher in energy, and have much shorter optimized
Molecules Oxford University Press: New York, 1989.
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(21) Becke, A. DPhys. Re. A 1988 38, 3098.
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3a (-0.99)
peroxo

3B (-1.54)
superoxo

1A (-2.56)
cis dioxo

Figure 2. Optimized structures of different states of [Cr(big{D2)]?"
(the bulk of the bipy ligand has been removed for clarity). Energies (eV),
relative to those of the separated reactants, are shown in parentheses.

adopts an approximately trigonal bipyramidal structure with
the n?-coordinated @ unit in the equatorial plane. All
attempts to optimize anp'-coordinated structure for this state
(as well as for’B and ®A) resulted in a return to the?
alternative. The optimized ©0 separation of 1.33 A is

characteristic of a superoxide, rather than peroxide, ligand,

a view that is reinforced by a detailed examination of the
electronic structure. The frontier region of the molecular
orbital array (Figure 3a) shows three spirelectrons in the
d- orbitals on the Cr center and a single sgirlectron in

an out-of-planet* orbital on the Q unit, giving rise to net
spin densities 0f3.07 and—0.51 on Cr and O atoms,

10+ B
d..(B) z
d2(B)- Y
> - a5 (B)
812 — o)
= 4,
5| P .
i d, (7R
g A
-14- W“v(")** - @
ot 0,
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% —//#i gXYEB)):
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14 % dyy ()4 /{@
cr'v 0,”
A

Figure 3. Frontier molecular orbitals of th# and3A states of [Cr(bipy}
(02)]?*. Spina orbitals are shown as full lines, spthas broken lines.
The spatial distributions of the orbitals (shown schematically) are very
similar for the spinet and sping manifolds.

preference (in energetic terms) by forcing the adoption of a
peroxo structure. This can be achieved by transferring one
electron from the g(o) orbital (b symmetry) intor*(a) (a
symmetry), the result being an extension of the@bond
length to 1.40 A in théA state, a value typical of coordinated
peroxide. The structural indicator is again confirmed by a
detailed examination of the electron distribution (Figure 3b).
The frontier region now contains only two occupied spin-
metal-based d orbitals, the third spincomponent of the ¢

respectively. These values are characteristic of an antifer-manifold, dAa), being strongly destabilized. On the @nit,

romagnetically coupled ®(O,") system, the dominant
superexchange pathway being between thertbital on the
metal and the out-of-plane* orbital of the G unit. The
ferromagnetically coupled counterpart of figstate °B, is
obtained by flipping the spin of the electron localized on
the G unit. This state lies only 0.25 eV abovB, and the

both spinec and $# components of the out-of-plane, @*
orbital are now occupied, leading to net spin densities of
+1.84 and+0.12 on Cr and O, respectively. The axial
alignment of the peroxide ligand contrasts markedly with
the 3B state (superoxide), where an equatorial arrangement
was found to be marginally more stable. Moreover, there is

two have almost identical structures, consistent with the weak @ significant rotation barrier in th&\ state (the equatorial

overlap between magnetic orbitals.

It is important to emphasize that the electronic configu-
ration of the 3B state (Figure 3a) does not preclude a
Cr'V(0Oy*") formulation; the results simply indicate that the
alternative Ct'(O,") species is energetically preferred. This
conclusion is at first sight somewhat surprising, given the
relative paucity ofp?bound complexes of superoxide in
coordination chemistr§® Within the confines ofC, sym-
metry, it is possible to estimate the magnitude of this

(25) (a) Fujisawa, K.; Tanaka, M.; Moro-oka, Y.; Kitajima, N.Am. Chem.
Soc 1994 116, 12079. (b) Egan, J. W., Jr.; Haggerty, B. S.; Rheingold,
A. L.; Sendlinger, S. C.; Theopold, K. H.. Am. Chem. Sod 99Q
112, 2445.

rotamer lies 0.41 eV higher in energy), whereas the rotation
of the superoxide unit ifB was almost barrierless (0.02 eV).
The absence of a barrier in the latter is a result of the
approximate spherical symmetry of the®aonfiguration,
which permits essentially unhindered rotation of the ligand
about theC, axis. In the3A state, in contrast, the vacant
spina. dy, orbital provides a pathway for donation of
electrons from the occupied in-plang orbitals of the Q
unit, but only when it lies in the axial plane.

The separation of 0.55 eV between the two stéfeand
3B indicates that the preference for a superoxo, rather than
a peroxo, complex is not a marginal one. (THe state
represents an upper bound to the energy of the peroxo
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complex; any alternative distribution of the two d electrons
within the d, subshell converges to the superoxo ground
state.) Moreover, it gives us confidence that the result is not
an artifact of the chosen density functional method. While
somewhat unexpected on the grounds of the ease of oxidation
of chromium, the presence of a'§0,") species is not
without precedent, a number of groups having previously
postulated their existené&Moreover, although the>-mode

is relatively uncommon in the coordination chemistry of the
superoxide ion, computational studies indicate that such
complexes are relatively common in gas-phase chemistry of ‘ ! '

T T T
. . . L4 16 18 20 22 24
bare metal atoms and iofsin this context, the highly 0-O separation / A

unsaturated [M(bipy]** frggments have, closer links to -gas- Figure 4. Potential energy curves for the various states of [@NfEl4)2-
phase, rather than solution- and solid-state, coordination o,)j2+, The zero point is taken to be the sum of the energies of the two
chemistry. reactants in their respective ground states.

Having fully characterized the minima of the various
electronic states, we can now survey 1-dimensional potential
energy curves (Figure 4), and hence consider the likely nature
of the adduct observed in the mass spectrometric experiment.
The reaction coordinate is defined as the@distance, and
all other parameters are treated as variables. This procedure
necessarily involves a large number of calculations, and
would be prohibitively expensive for the complete molecule
[M(bipy)2(02)]?*. The potential energy curves were conse- ‘a¢122) *B (-0.62)
quently generated using the diimingNzH, rather than the superoxo cis dioxo
full bipyridyl ligand. This simplification has obvious draw-
backs, most notably the localization of double bond character
in the C=N bond. However, the structures of the Gnihits
in each of the four minim&A, 3B, B, and®A are very similar
to those in Figure 2, where the full bipyridyl ligand was used.
Moreover, the energetic ordering is unchanged € 3B <
5B < 3A), suggesting that no major artifacts are introduced
by the use of the diimine. The use of the simplified ligand
also makes possible the calculation of vibrational fre- 'A (0.13) 'A (+035)
guencies, a procedure that was clearly intractable for the full cis dioxo trans dioxo
[M(bipy)z(Oz)]H species (63 atoms). The absence of imagi- Figure 5. Optimized structures of different states of [Fe(bi;@;z')g}]z+
nary frequencies confirms al four optimized structures, (e 24K o he By lgand has been remove o clarty). Energies (),
1A, %B, °B, and®A, as true minima. The striking similarity
(both structural and energetic) between the complexes withtransition between spin surfaces is very rapid, the eV
the full bipyridyl ligand and those with the simplified diimine  required to reach the minimum energy crossing point (the
provides indirect evidence that the former are also true one-dimensional potential energy surface provides a lower
minima. bound to the minimum energy crossing point) may be

The separated reactants [Cr(bigy) and Q in their sufficient, at least at ambient temperatures, to retard cleavage
respective ground state8A(and 3%,7) correlate with the  of the O-O bond. The potential energy curve therefore
triplet and quintet states of [Cr(bipiD2)]%t. In contrast, appears to offer two plausible structures for the observed
the singlet dioxo species correlates with an excited triplet adduct [Cr(bipy)(O2)]?*, a metastable ®rsuperoxo complex
state of [Cr(bipy)]?*, suggesting that the trapping of and the thermodynamic product,cis-dioxo CM species.
dioxygen should occur, at least initially, along the triplet spin \We will consider these two possibilities in detail following

Energy / eV

surface, yielding the metastable''Csuperoxo compleXB. a review of the analogous Fe system, where, significantly,
From this metastable state, cleavage of the@bond to no adduct was observed.
form the thermodynamic produéA involves a significant [Fe(bipy)2]2t + O,. Optimized structural parameters and

barrier, as well as a change in spin state. The kinetic influencerelative energies of the various minima located on the
of the intersystem crossing is not clear, but even if the potential energy surface of [Fe(bip§).)]?" are summarized
(26) (@) Dickman, M. H.. Pope, M. Them. Re. 1994 94, 569, (b) Ozawa, in Figure 5. The structural featu.res are, in general, very sim-
T.; Hanaki, A.Inorg Chim. Actal98g 147, 103. (c) Kellerman, R.; |I§1r to those found for the chror_mum apalogue, put S|gn|f|caqt
guEa,CF_"..J.; Kll(e:r,JKJWAm. CJheg. S(;)ctc97ﬁ 26, 58;116- (d)scggl;gg, differences emerge when their relative energies are consid-
. K.; Grimes, C. J.; Wong, J.; Reed, C. A.AmM. em. S0 - - .
98, 5028. (e) Bakac. A.: Scott, S. L.. Espenson, J. H.; Rodgers, K. R. ered. At short @-O separations, the most stable species is a

J. Am. Chem. Sod 995 117, 6483. triplet (A) state with an G-O separation of 1.32 A, very
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similar to that in the’B and®B states of [Cr(bipy)O,)]*".
The net spin densities of1.21 and+0.40 on Fe and O,
respectively, are consistent with its formulation as a ferro-
magnetically coupled superoxo complex of low-spir'Fe
The antiferromagnetically coupled analogtf (net spin
densities 0f+0.96 and—0.49) lies 0.06 eV higher in energy,

Fe'(0,7), ®A. The superoxo complex is also almost 0.3 eV
less stable, relative to the separated reactants, than its
chromium analogue®B).

Discussion and Summary
In this paper, we have surveyed the potential energy sur-

and again has an almost identical structure. The switch from faces for Q activation on a pair of closely related unsaturated

antiferromagnetic (chromium) to ferromagnetic (iron) cou-

transition-metal fragments, [Cr(bip}j™ and [Fe(bipy)]?*.

pling in the ground state of the superoxo complex is caused The qualitative features of the surfaces are very similar: the

by the two additional electrons in iron, which occupy the
dx(B) and dAp) orbitals shown in Figure 3. The occupation
of the sping component of ¢ effectively cuts off the main

O, molecule is initially trapped as ay?-bound superoxide
radical, with weak magnetic coupling between the unpaired
electrons on the metal and ligand (antiferromagnetic and

superexchange pathway between the metal and the out-offerromagnetic in chromium and iron, respectively). In both

planes* orbital of the superoxide ion. The only remaining
vacant spin orbital in the metal manifoldz(@), is almost
orthogonal to the out-of-plane* orbital, giving rise to the
ferromagnetic coupling.

At larger O-O separations (2.67 A), the most stable
structure again corresponds teig-dioxo isomer, in this case
a triplet, 3B, consistent with the dconfiguration of F¥'.
Minima were also located forteans-dioxo isomer!A(trans
dioxo) (optimized inD, point symmetry), and a singlets-
dioxo species?!A (cis-dioxo), but both were found to be
considerably less stable thaB (by 0.97 and 0.49 eV,
respectively). This observation is slightly surprising, as a
transorientation prevails in the majority of dioxo complexes
with a ¢ configuration?” Moreover, in the few cases where
a cis arrangement of the oxo ligands is preferred, the
complexes are diamagnetic rather than paramagffetice
stabilities of both thérans-dioxo and diamagneticis-dioxo

complexes have been rationalized in terms of orbital overlap,

m-donation from the oxo ligands dominating in the former,
and z back-donation to other ligands in the latteiSuch

systems, an additional minimum, corresponding tois
dioxo species, was located. For the chromium complex, the
dioxo species is more stable than its superoxo counterpart,
while the reverse is true for iron.

In the original report of the CAD experimefftwe inter-
preted the dissociation of@om the Cr species as evidence
that the G-O bond was not completely cleaved in the adduct.
We are now in a position to critically evaluate this proposal
in light of the calculated energetics of the system. As noted
previously, there are two minima on the surface, the initially
formed, metastable, €rsuperoxide B) and the global
minimum, thecis-dioxo CM (*A), either of which might be
the dominant species in the gas phase. Without a detailed
analysis of the energy dependence of the cross-section for
CAD, we cannot make an accurate assessment of the binding
energy for the @molecule. Nevertheless, it is clear that while
the overall binding energy of the,Qnit in the cis-dioxo
species is relatively large (2.56 eV), it is not sufficient to
preclude the possibility that dissociation of @ight occur
under the prevailing reaction conditions. Thus, we are forced

arguments have, however, been developed in the context oo conclude that the CAD experiments do not allow us to

second- and third-row transition metals, where the metal-

based orbitals are relatively diffuse. In contrast, the very
contracted 3d orbitals of Feafford relatively weak overlap
with both oxo and bipyridyl ligands, and also result in very

distinguish between thi# and?A states of [Cr(bipyXO,)]?*,

and hence to make a definitive statement as to whether the
O—0 bond is cleaved in the adduct. The comparison between
the chromium system and its iron analogue, where no adduct

strong repulsions between the two remaining d electrons.is observed, is illuminating in this context. If the dominant

Thus, the more efficient bonding in the singlet statesi$
or trans) is not sufficient to offset the unfavorable effect of
pairing the two electrons in a single orbital, and a triplet

gas-phase species were the metastadlesQperoxo species
(®B), then it would be difficult to rationalize the failure to
observe a signal for the analogous iron specia$, (vhich

ground state is preferred. In contrast, preliminary calculations is only 0.32 eV less stable, relative to the reactants.cige

on the osmium analogue indicate that therbital overlap
with the oxo ligands dominates, rendering th@ns-dioxo
isomer more stable, in accord with experimental reséits.
Whatever the nature of the B@0?7), species, the most
significant point is that, in marked contrast to its chromium
analogue, it is considerablgssstable than the alternative

(27) Holm, R. H.Chem. Re. 1987, 87, 1401.

(28) (a) Dobson, J. C.; Takeuchi, K. J.; Pipes, D. W.; Geselowitz, D. A.;
Meyer T. J.Inorg. Chem1986§ 25, 2375. (b) Cheng, W.-C.; Yu, W.-
Y.; Cheung, K.-K.; Che, C.-MJ. Chem. Soc., Chem. Comm@894
1063.

(29) (a) Demachy, I.; Jean, Yhorg. Chem1997, 36, 5956. (b) Demachy,
I.; Jean, Y.Inorg. Chem 1996 35, 5027.

dioxo CM species, in contrast, is over 1 eV more stable than
any high- or low-valent adduct of the iron system. The fact

that the potential energy surfaces of the chromium and iron
systems differ significantly only at higher oxidation states,

combined with the failure to detect an adduct of the iron

complex, leads us to favor the conclusion that the dominant
species in the gas phase is ttis-dioxo CM complex.
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