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Abstract: The mechanism of the catalytic oxidation of water by cis, cis-[(bpy).Ru(OH)].O*" to give molecular
dioxygen was investigated using Density Functional Theory (DFT). A series of four oxidation and four
deprotonation events generate the catalytically competent species cis, cis-[(bpy).RuV0],0*", which breaks
the H—OH bond homolytically at the rate determining transition state to give a hydroperoxo intermediate.
Our calculations predict a rate determining activation barrier of 25.9 kcal/mol in solution phase, which is in
reasonable agreement with the previously reported experimental estimate of 18.7—23.3 kcal/mol. A number
of plausible coupling schemes of the two metal sites including strong coupling, weak ferromagnetic and
weak antiferromagnetic coupling have been considered. In addition, both high-spin and low-spin states at
each of the Ru(V)-d&® centers were explored and we found that the high-spin states play an important
mechanistic role. Our calculations suggest that cis, cis-[(bpy).RuvO],0*" performs formally an intramolecular
ligand-to-metal charge transfer when reacting with water to formally give a cis,cis-[(bpy).Ru'VOs],O**
complex. We propose that the key characteristic of the diruthenium catalyst that allows it to accomplish
the most difficult first two oxidations of the overall four-electron redox reaction is directly associated with
this in situ generation of two radicaloid oxo moieties that promote the water splitting reaction. A proton
coupled metal-to-metal charge transfer follows to yield a Ru(V)/Ru(lll) peroxo/aqua mixed valence complex,
which performs the third redox reaction to give the superoxo/aqua complex. Finally, intersystem crossing
to a ferromagnetically coupled Ru(IV)/Ru(lll) superoxo/aqua species is predicted, which will then promote
the last redox event to release triplet dioxygen as the final product. A number of key features of the computed
mechanism are explored in detail to derive a conceptual understanding of the catalytic mechanism.

Introduction

The blue diruthenium compleois,cis[(bpy).Ru(OH)],0*"
(bpy: 2,2-bipyridine) is on&=6 of very few structurally well-
defined catalysts1® competent of oxidizing water to yield
molecular dioxygen at room temperature (eq 1). In green plants,
a tetramanganese cluster found in the Oxygen Evolving

understanding how two transition metal centers work in concert
to oxidize water. Such atomic level understanding is important
for rationally developing processes that may be utilized in
artificial photosynthesi§1” and other critical future technolo-
gies. Despite intensive efforts in the past, no consensus
mechanism exists to date, although a few plausible mechanisms
have been proposéd.Detailed quantum chemical simulations

of possible mechanistic scenarios addressing the energetic and
electronic consequences of proposed reaction steps are desirable
complements to traditional efforts. High-level quantum simula-
Complex (OEC) of photosystem Il catalyzes this procéss. ions of the diruthenium comple°however, are challenging
The diruthenium catalyst provides a unique opportunity for ¢, many reasons. The necessity of modeling the bipyridine
ligands explicitly and the transfer of four electrons and four
protons add daunting complexity to the simulations. As the

2H,0—0,+4e +4H" 1)
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Scheme 1 with the B3LYP>~-2° functional and the 6-31G** basis set. For Ru the
A s pH s Los Alamos LACVP basi®?! including relativistic effective core
P o ? I potentials was used. The energies of the optimized structures were
(OpyRRU—~g—RubpY 2 (bpy)RU~g—Ru(bPY) reevaluated by additional single-point calculations using Dunning’s
15,51* correlation-consistent triplg-basis séf cc-pVTZ(-f). For Ru, we used
B a modified version of LACVP, designated as LACV3P, in which the
o o T (bpy)ZRIIJI/O\‘?U(bpy);|8+ e>_<pon_ents were decontracte_d to match the tr@p_lquality basis. '
2 (bpy)le{/\O/\‘Ru(bpy,z o © \(lbratlonal frequency calculations based on analytical second dgrlva—
5 51 o 6 tives at the B3LYP/6-31G** (LACVP) level of theory were carried
(53] (bpbeLo/'Ru(bpy)z out on smaller models to _derive the zero point vibr:_a_ti(_)nal energy
(ZPVE) and entropy corrections at room temperature utilizing unscaled
c . T4+ . a+ frequencies. By entropy, we refer specifically to the vibrational/
(bpypRIL O/\Ru(bpy)z 5 o )ZRuA; %Ru(b ) rotatlon:_allt_ransfla_ltlor?al entropy of th_e soll_Jte(s), 'the entropy of the
" PYRRU=g—RUBPY), solvent is implicitly included in the dielectric continuum model. The
551 models for vibrational frequency calculations are obtained by replacing
D the bipyridine groups with ammonia ligands. Solvation energies were
o Q L e+ evaluated by a self-consistent reaction field (SCRE)approach based
(bpy)zRu//\O/\\Ru(bpy)z %» (bpy)zRuf_flcl’:‘-;Ru(bpy)z on numerical solutions of the PoisseBoltzmann equatio® These
(5.5 © calculations were carried out at the optimized gas-phase geometries

| is highl . K . di lud . employing the dielectric constant ef= 80.37 (water). As is the case
catalyst is highly reactive, key intermediates elude precise o o continuum models, the solvation energies are subject to empirical

experimental detection giving rise to little definitive information  yarameters for the atomic radii used to generate the solute surface. We
that could be exploited for simplifying computer models and employ the standard $étof radii for H (1.150 A), C (1.900 A), N
decreasing the size of the search space of structures andi1.600 A), O (1.600A) and 1.481 A for Ru. All calculations use the
electronic configurations. unrestricted spin formalism. Antiferromagnetic (AF) states were mod-

The ultimate goal of our work is to enable a more rational eled using the broken symmetry (BS) orbital appro#ch.Manual
discourse on a fundamental level by providing details about the adjustments to the |r_1|t|al guess functlons were _often necessary to
chemical and electronic nature of the intermediates and transitioncOnverge to a plausible state, which was monitored by carefully
states of the catalytic mechanism that are currently neither observing Mulliken spin populations and visualizing the frontier
. - . molecular orbitals. When more than one stable structure was found,
identified nor conceptually understobd@here is general agree- : i

. . . 0 we compared the total energies and chose the structure with the lowest

ment that the catalytically competent diruthenium species is the energy
[(bpy).RWO],0*" ion. Scheme 1 highlights four possible
mechanisms that have been considered in the past. RecenResults and Discussion
studies favor pathway Awhich invokes the formation of a
hydroperoxo intermediate, while the alternative hypothesis,
pathway B, implicating a “dimer of dimer&is currently being
questioned. Other possibilities involve direct coupling of the
terminal oxo groups and the formation of a familiar,®

[(bpy)2RuU"™ (OH,)].0*" — [3,3]*".39 Whereas the structure
of the procatalyst iofi3,3]*" is availablé! its electronic structure
is not fully understood. The two Ru(lIj? centers are in pseudo-
octahedral coordination geometry and are expected to display
“diamond core’2:-23 labeled as C and D, respectively. Although low-spin con.figurayion, thus Igaving one electron unpairgd at
both are intuitively reasonable, they were ruled out in the past. €ach ruthenium site. EPR silence [#3]*" and magnetic
In exploratory studies, we surveyed both reaction paths A and Susceptibility studies on the very analogous complex ion [gspy)

B and found evidence for A being the most likely scenario. (NOZ)Rull]_ZOZ+’40 hOW?Vef’ suggested a _smglet ground _sFate.
Therefore, we concentrated our efforts on reaction pathway A. 1 WO Possible electronic structure scenarios can be envisioned
We present a computed reaction profile of one complete to explain thl§ observation. First, the unpaired electrons from

catalytic cycle addressing a few central questions: What is the €3¢ metal site could couple strongly acrosstfexo ligand
nature of the rate-determining step and which electronic features
are key to promoting that step? What is the role of the bridging
ligand? How do the two redox-active metal centers work in gg
concert? Is dioxygen formed directly or is the immediate product (26
hydrogen peroxide, which rapidly converts tgZAnswers to (gg
these and other questions are proposed. We were surprised tcg

find a few disagreements between experiment and theory that(zg Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200-1211.

)

)

)

)

)

)
. . X 30) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 270-283.
could not be resolved. The most important discrepancies are(31) Hay, P. J.: Wadt, W. Rl. Chem. Phys1985 82, 299-310.
)
)
)
)
)
)

(23) Que, L.; Tolman, W. BAngew. Chem., Int. Ed. Eng2002 41, 1114~
1137.

Jaguarb.5 edSchrainger, L. L. C, Portland, OR, 19912003.

Becke, A. D.Phys. Re. A 1988 38, 3098-3100.

Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

Lee, C. T.; Yang, W. T.; Parr, R. ®hys. Re. B 1988 37, 785-789.
Slater, J. CQuantum Theory of Molecules and Solids, Vol. 4: The Self-
Consistent Field for Molecules and SolidécGraw-Hill: New York, 1974.

: i i (32) Dunning, T. H.J. Chem. Phys1989 90, 1007-1023.
described in some detail as challenges for future work, where (33) Edinger. S. R, Cortis, C.. Shenkin, P. S.: Friesnef, R./hys. Chem.

B 1997 101, 1190-1197.
(34) Cortis, C. M.; Friesner, R. Al. Comput. Cheml997, 18, 1570-1590.
(35) Cortis, C. M.; Friesner, R. Al. Comput. Cheml997, 18, 1591-1608.

Computational Details 8673 Rashin, A. A.; Honig, BJ. Phys. Chem1985 89, 5588.

both refinement of the computer simulation or reinterpretation
of experimental results may be necessary.

Noodleman, L.; Lovell, T.; Han, W.-G.; Li, J.; Himo, Ehem. Re. 2004

Al calculations were carried out using Density Functional Theory (38) }\locﬁ')é‘g?n_:r?sl'_‘] Chem. Phys1981 74, 5737-5743

as implemented in the Jaguar 5.5 séftall geometries were optimized  (39) The notation used throughout the study, e.g., [3; 3lenotes the oxidation
states of each metal sites. These are formal assignments and are not intended

(20) Geselowitz, D.; Meyer, T. Jnorg. Chem.199Q 29, 3894-3896. to imply specific electronic structure patterns.
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placing both electrons in the same MO to give a closed shell Table 1. Selected Bond Lengths () in A, the Angle
singlet state. Weak antiferromagnetic (AF) coupling that would gf(ﬁeh“el[;%%;ﬁgﬁl and the Torsional Angle 6(02—Rul~Ru2-03)

leave the odd electron at each metal center unpaired and afford

an open shell singlet state is a reasonable alternative. For 20 staggered
years, the former possibility was favor&ef41in our previous exp! AF F S
work,'® we found that the AF coupling, approximated theoreti-  r(Rul-01) 1.869 1.942 1.943 1.935
cally by use of the broken symmetry (BS) orbital appro#eti:*? r(Ruz-01) 1869 1942 1942 1.931
) : . r(Rul-02) 2.137 2.255 2.252 2.235
is energetically preferable over the strongly coupled alternative. g, >-03) 2137 2.954 2.950 2.965
We showed that experimentally observed redox potentials of ¢(Rul—01-Ru2) 165.4 1725 175.7 166.1
the diruthenium catalyst can only be reproduced computationally ~#(02—Rul-Ru2-03) 65.9 66.8 68.3 70.9
with the assumption of AF coupling. In principle, one additional  2E(SCF) N/A 41 0.0 16.9
_ P pling. In principie, _ AG(Sol) N/A 5.7 0.0 20.9
electronic state must be considered, namely, the ferromagneti-
cally (F) coupled triplet state. While the experimental evidence eclipsed
disfavors this possibility, we included it in our study for AF F S
completeness and in part to obtain a reference state for ry1—o1) 1.941 1.934 1.919
estimating the 2-coupling of the singlet state using Noodle- r(Ru2—-01) 1.965 1.967 1.957
man’s spin projection techniqué®*2To our surprise, we found r(Rul-02) 2.222 2.223 2.206
that the F-coupled state gives an even lower energy than the R42-03) 2.29 2.288 2.303
p g : ay @(Rul-01-Ru2) 163.1 163.3 152.3
AF-coupled state. The computed energy difference between the  g(02—-Ru1-Ru2-03) 26.5 285 20.5
F- and AF-coupled states is 4.1 kcal/mol in electronic energy ~ AE(SCF) 3.6 —0.9 115
AG(Sol) 11.8 3.0 17.9

E(SCF). Addition of zero point vibrational energies, entropies
ar]d solvation energies give . a _SOl_Ut'On phgse free er_u—:‘rgy a Relative electronic energies and solution phase free energies are given
difference of 5.7 kcal/mol. This finding constitutes a serious in kcal/mol. The labels “staggered” and “eclipsed” refer to the two possible
discrepancy between theory and experiment, as the experimentalsomeric structures, illustrated in Figure 1.

evidence suggests that the ferromagnetically coupled state is a ] . ) ] )

few kcal/mol higher in energy than the AF-coupled state. The RU1~Ru2-03) in Table 1, is energetically very viable with
coupling constant2of the[3,3]** ion has never been measured, €nergy differences between the eclipsed and staggered geom-

but has been assumed to be close-tt73 cnt?, a 2] value etries being 3.0 and 6.1 kcal/mol for the F- and AF-coupled
determined for the related diruthenium complex [(aEy)D2)- complexes, respectively. Both structures are shown in Figure
RU'],0%740 Thus, the BS state should be slightly lower in 1- Interestingly, this structural distortion leads to a notable
energy than the F-coupled state. We have exhaustively explorecpe”d!ng .Of the RtrO—Ru moiety to give an angle of 183As _
numerous possible electronic states of the BS state by enforcingVe Will discuss below, the eclipsed arrangement of the terminal
different MO-occupation patterns and have examined all com- @Jua/oxo ligands and the bending of the-Ru—Ru moiety are
mon exchange correlation functionals, in addition to varying intrinsically coupled and are crucial for promoting the water
the basis set, attempting to resolve this discrepancy, but haveoxidation catalysis. _ o
not been successful. A few of these efforts are mentioned in  [(bpy)2RU¥0].0*" — [5,5]*. A series of oxidation and
the Supporting Information. We concluded that the ferromag- deprotonation events ultimately give the comge%]**, which
netic and antiferromagnetic states of {8¢3]** ion are close is widely accepted to be the catalytically competent intermedi-
in energy and escape proper modeling by currently available ate®!2Becausg5,5]** is highly reactive, both its geometry and
methods. More precise and specific experimental data on the€electronic structure have eluded precise detection thus far and
[3,3]*" ion might be helpful for refining the theoretical model.  Will probably remain largely unresolved. Therefore, we have
For the present work, this discrepancy is tolerable, becauseexplored a number of possible structures and electronic con-
we concentrate on the catalysis performed by [68]*" ion figurations. Figure 2 and Tables 2 and 3 summarize the most
(vide infra). As the[3,3]*" ion is the final product, it is clear ~ important results. As seen for tH8,3]** ion, two possible
that the computed overall driving force will likely be a few Structural isomers and both AF and F coupling of the Rug¥/)-
kcal/mol too low. As observed before in unrelated studles, centers were examined. The closed-shell singlet state is far too
the geometry of the complex is not sensitive to the AF vs. F high in energy to be relevaft. Therefore, the closed-shell
coupling scheme and, thus, we expect the computed structuressinglet state is not further discussed. Unlike in the case of
of the [3,3]*" ion to be physically meaningful (Table 1). [3,3]*", where only one reasonable configuration exists for the
Compared to the experimental crystal structure, the computedRu(lll)-d° core, both low-spin (LS) and high-spin (HS) states
bonds are slightly elongated with the Repxo bond being  for the Ru(V)d® center of thef5,5]*" ion can be envisioned,
predicted to be 1.942 A, which is 0.073 A longer than the crystal giving rise to one or three unpaired electrons at each of the
structure data. One interesting question raised frequently in theruthenium centers. These possibilities were also included in our
past that could not be answered easily by experimental studiesstudy. Mulliken spin density analysis has proven to be an
alone is whether there is structural flexibility around the=O  indispensable tool for monitoring the convergence to proper spin
Ru—O—Ru=0 moiety. Our calculations show that the twisting states in calculations involving complicated electronic struc-
motion of the molecule to yield what we label as the “eclipsed” tures?*43#4For a low-spin AF-coupled Ru(V)-dimer one would
conformer, denoting the notably smaller torsional arf{ff@2—

(43) Gherman, B. F.; Baik, M. H.; Lippard, S. J.; Friesner, RJAAm. Chem.

(41) Raven, S. J.; Meyer, T. lhorg. Chem.1988 27, 4478-4483. So0c.2004 126, 2978-2990.
(42) Lovell, T.; Han, W.-G.; Liu, T.; Noodleman, LJ. Am. Chem. So2002 (44) Baik, M.-H.; Gherman, B. F.; Friesner, R. A.; Lippard, SJ.JAm. Chem.
124, 5890-5894. S0c.2002 124, 14608-14615.
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(@) C(O\Q (b)
e

Figure 2. Two typical structural isomers ¢6,5]*" AF-coupled: (a) Staggered geometry. (b) Eclipsed geometry.
Table 2. Selected Bond Lengths (r) in A, the Angle Table 3. Mulliken Spin Densities
@(Rul—01-Ru2) and the Torsional Angle (02—Rul—Ru2—-03)
of the [5,5]** lons?@

Mulliken spin populations

staggered F(HS) FLLS) AF(HS)  AF(LS) 58" Rul Ruz o1 02 03
_ taggered

r(Rul-01) 1.978 1.928 1.920 1.911 S
r(Ru2—01) 1977 1929 1918 1910 F(LS) 0.44 044 -062 0.88 0.89
r(Ru1-02) 1802 1755 1784 1746 F(HS) 1.39 1.38 Qo2 L .
r(Ru2-03) 1.801 1755 1785  1.747 QE(E? é’é; ‘é-gg 200 3-78 ‘(1)-73
¢(Rul-01-Ru2) 1665 1719 1718 1731 (LS) : —0. : : —0.
6(02—Rul—Ru2—03) 117.4 104.1 105.4 93.4 eclipsed
i(Es((ié:I;: ) g 'f g '85 ;g 8 '8 F(LS) 0.41 —0.07 0.49 0.61 0.55
23 ' ' 510 _339 F(HS) 1.42 1.42 0.80 1.13 1.13
AE 45 10 18 00 AF(HS) 1.48 —1.47 0.00 1.06  —1.06

0 ' ' ' : AF(LS) 0.67 —0.74 0.50 057  -1.03

eclipsed F(HS) F(LS) AF(HS) AF(LS)

r(Rul-01) 1.956 2.042 1.919 1.854 Ru(V)-d® center. Table 3 lists spin densities that were used to
r(Ru2-01) 1.957 1.889 1.919 2.106 monitor convergence to proper spin states. We have sampled
r(Rui—02) 1.799 1.781 1.789 1.728 : - - :
r(Ru2-03) 1799 1721 1790 1780 dozens of electronic states for each of the possible configurations
#(Rul-0O1-Ru2) 1508 1385  137.1 140.2 giving rise to a set of a few hundred species, which were all
6(02—Rul-Ru2-03) 87.1 48.8 58.4 55.9 inspected using their spin densities, visualizations of their
i(E;(SCF) 1253 11}1-% 91-43 2-010 frontier MOs and total energies. Only the structures that we
23 (sol) ' ' N/A 4065 found to be chemically most meaningful are presented. Spin
AE, -1.8 12.4 0.9 6.6 densities of the high-spin Ru(V) complexes are consistently and

notably lower than expected, ranging from 1.27 to 1.48. We

2 Relative electronic energies and solution phase free energies are in kcallhgye carefully and extensively examined the electronic structure
mol for [5,51*" ion at different spin states. Heisenberg exchange coupling . .
constant2J are given in cm. AEo is the spin-projected relative energies  Of these complexes and present an explanation for the seemingly
in kcal/mol. too low spin density of the high-spin Ru(V) center below.

As observed for th¢3,3]*" ion, the geometries are not very
ideally expect spin populations af1.0 and—1.0 on the two sensitive to the underlying electronic structure and comparable
ruthenium centers, respectively, where the signs dematad geometries were found for all four possible configurations,
B spins. In reality, spin-delocalization on the ligands and the F(HS), F(LS), AF(HS) and AF(LS) states within the linear
formalism of the Mulliken analysis give rise to notable reduction “staggered” and bent “eclipsed” geometries. In general, the
of the computed spin density from the expected ideal value. structure of5,51*" is notably more compact than that[8f3]**.
Typically, spin densities around 0.5 are seen for the low-spin At ~1.7 A the terminal Ru-O bonds are significantly shorter
Ru(V), whereas 2.5 can be considered typical for a high-spin than the Re-OH, bonds of[3,3]** that were~2.3 A. This
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shortening is of course a direct indication of the increased®u  O=Ru(V) moieties. Radicaloid oxygen centers are of course
bond order from one to two. Interestingly, the Rtexo extremely powerful oxidants. The function of the metal center
distances are practically invariant 1.9 A, suggesting that  in this conceptual model is thi@ situ generation of an oxyl
the oxidation state changes of the ruthenium centers have littleradical that ultimately performs the oxidative water splitting
impact on the Ra-O—Ru bonding. Placing the terminal oxo reaction. We proposed a similar concept previously in a
groups in eclipsed conformation affects the-Rd—Ru angle different, unrelated context for the-@4 activation catalysis
dramatically. Whereas only a moderate bending promoted by performed by an Fé,0, core structure found in solubfeethane
hydrogen bonding was found for tt&,3]*" ion to give Ru- monooxygenas¥ It is easy to understand why this effect is
O—Ru angles of~160° (Figure 1 and Table 1), it becomes strongest in high spin AF-coupled configurations, as both high-
significantly more acute at14Q in [5,5]*" (Figure 2 and Table  spin configuration and AF-coupling give rise to lower energy
2). frontier orbitals in the d-orbital manifold and, thus, should
The relative energies of the different electronic states are 9enerate the strongest driving force for accepting an ele¢tron.
interesting. In general, the staggered geometry is favored with Redox Potentials.Comparing calculated results with experi-

the lowest energy species being ttaggeredAF(LS) complex. mentally observable properties is important for establishing the
The AF-coupling is favored over F-coupling and we compute credibility of the computer model. In the present case, where
exchange coupling constan®) of —339 and —210 cnt?, the redox properties of the catalyst play a key role, redox

respectively, fostaggeredAF(LS) and the high-spin analogue ~ Potentials provide a convenient and appropriate reference for
staggeredAF(HS), which are reasonable values for systems of Penchmarking the computer model. Previously, we demonstrated

this type. Of mechanistic importance is the fact thatetbiépsed that a series of experimentally observed redox potentials can
AF(HS) species is easily accessible with a free energy of 4.3 Pe reproduced within-100 mV assuming AF-coupling,except
kcal/mol relative to the lowest energy speciaggeredAF- for the redox process shown in eq 2. Our calculations gave a

(LS), whereas theclipsedAF(LS) shows a relative free energy o _ a

of 10.0 kcal/mol. TheeclipsedAF(LS) state is also 5.8 kcal/ [5.5]" +e —[49]

mol lower in electronic energyAE(SCF)) than thesclipsed E,(exp.)=1.40 V vs. NHE (2)
F(LS), giving rise to a nonrealistic exchange coupling constant

of —4065 cntl. Inspection of the Ru#O—Ru2 core structure  redox potential of 1.887 V vs. NHE for this redox reaction.
of the eclipsedAF/F(LS) states discloses the reason for this The unusually large deviation of 0.487 V from the experimen-
physically meaningless result. The concerted twisting and tally measured potential of 1.40 V casts doubt about the
bending of the Ru—O—Ru=0 moiety leads to a nonsym-  correctness of the computed electronic structure. This incon-
metric distortion of the core, as indicated by R0 distances sistency is serious, as it involves tf&®5]*" ion that serves as

of 2.042/1.889 and 1.854/2.106 A, respectively. After much the starting point of our mechanistic investigat§mhus, we
experimentation, we concluded that both the F(LS) and examined the electronic structure of {Be5]*" ion in great detail
AF(LS) states in eclipsed geometry are not constructive statesand searched for possible isomers with lower energies, without
for water oxidation, as they are energetically quite far away being able to detect alternative structures that correlate better
from the most favorable structure and show signs of structural with the experimentally observed redox potentials. Given that
instability that will ensue after the asymmetric structural the redox potentials were measured in acidic médidere
distortion. Therefore, they are given in Table 2 only for electron and proton transfers are often coupled, we also
completeness. We have also computed the spin-projected singleconsidered the possibility that the experimentally observed redox
state energies, which are expected to be lower than the BS-reaction includes a proton transfer and recomputed the redox
state energies. They are enumerated A% in Table 2.

Consistent with the small exchange coupling, the spin-projection [5,5]*" + &~ + H" —[4,5]*"

adds 0.5 kcal/mol to the BS-state energies. For simplicity, we E,(calc.)=1.429 V vs. NHE (3)

use the uncorrected BS-state energies in this work.

The Mulliken spin density analysis (Table 3) exposes a key potential assuming the involvement of a proton (eq 3). Our
electronic feature of thd5,5]*" ion. The highly oxidizing  calculated potential of 1.429 V for tt§8,5]*"/[4,5]*" redox pair
ruthenium centers induce formally an intramolecular electron IS in good agreement with the experimentally observed potential
transfer event that moves electron density from the terminal Of 1.40 V vs. NHE*" This result suggests that the previously
oxo ligands to the metal centers, giving rise to a consistently observed redox eventat 1.40 V is a proton-coupled redox event
lower spin density at the metal centers than intuitively expected. & shown in eq 3. We note that the thermodynamic stability of
Although this effect can be observed for all isomers examined, [4.5F" has been questioned in the p&Our calculations
as indicated by the development of significant radical character Suggest that if4,5* is assumed to be stable, the redox event
on 02 and O3 groups in Table 3, it is most pronounced in the at 1.40 V must be proton coupled. The fact that the potential
high spin complexes. The spin densities on 02 and O3 in the Was pH independent may be interpreted as evidenc@4jst"
eclipsedAF(HS) of 1.06 and-1.06, respectively, indicate that IS not stable, as suggested before, and a different redox reaction
electron densities equivalent to a full electron were transferred takes place at 1.40 V. Further studies are being carried out to
from the oxo groups to each of the ruthenium centers. As a delineate this conflicting issue.
result, the terminal oxc_) .groups exhib.it strong .radicaloigl (45) Baik, M.-H.. Lee, D.; Friesner, R. A Lippard, S.13r. J. Chem 2001
character. One mechanistically helpful interpretation of this 41, 173-186.
electronic structure is that the highly react[ﬁeﬁ]“* jon contains (46) We thank one reviewer for helpful comments on this critical issue.

)
. . (47) See Supporting Information for details.
two O—Ru(lV) units, instead of the formally correct (48) Yamada, H.; Hurst, J. KI. Am. Chem. So@00Q 122 5303-5311.
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Figure 4. Selected core structure changes during catalytic cycle. Bond
lengths are given in A.

Formation of the Reactant Complex 1*. The mechanistic
proposal involving an initial attack of tH&,5]** ion by a solvent
water molecule has received much support recéeftipur
calculations support this concept and reveal that initial attack
by a solvent water molecule is very reasonable both energetically
and electronically. At the beginning of this catalytic cycle stands

the formation of a reactant complex between[&]*" ion, 1, Table 4. Mulliken Spin Densities
and a solvent water molecule to give complex The exact Rul Ru2 o} 02 03 04
structure of this precursor complex has been spgcglated upon 1« 146  —1.46 001 107 -108 0.00
in the pasP. The formation of the precursor complex is important  1-TS 109 -119 -071 083 -0.14 0.15
for understanding the subsequent reaction step yielding the gTS igé —1-82 —%2-‘186 %3’1% —8-22 —%01‘(‘5
peroxo |nt_ermed|ate,_as shown in Schgme 2. Thls step is crucial, ¢ 071  -120 -050 001 0.44 0.54
because it accomplishes a substantial portion of the overall g 0.89 0.67 0.77  0.00 0.75 0.89
reaction, i.e., the transfer of two electrons and the formation of 6 031 —-029 —-0.02 0.00 0.00 0.00
6 0.63 0.59 0.79  0.00 1.04 0.95
the O-O bond, 7 032 —-0.32 0.00  0.00 0.00 0.00

A key issue that must be addressed is how and why the
oxygen atom of the water molecule is attracted to a terminal

oxo group of the catalyst. Previously, the concert of tWo i the reactant compled* at a distance of 2.828 A. Spin
hydrogen bonds was suggested to connect the water moleculgjensities of1.46 at Ru and:1.07 at the terminal oxo ligands
simultaneously to the-oxo ligand and to one of the terminal  (Taple 4) indicate that there is only a small electronic perturba-
oxo groups. This structural arrangement, labeledles in tion by the weak attachment of water to the eclipsed AF(HS)-
Scheme 2, offers an intuitive rationalization for the mechanisti- 5 51+ jon. Without the additional water ligand, spin densities
cally required alignment of the oxygen atom in water with one of 11 48 at Ru andt1.06 at the terminal oxo groups were
of the terminal oxo groups in the catalyst. We probed specifically fqynd.

for 1*a and found no evidence for the thermodynamic stability
of such complex. For the-oxo moiety to serve as a hydrogen-
bond acceptor, a substantial structural distortion is required
which is sterically and electronically not viable. Instead, we
found that there is an intrinsic attraction between the terminal
oxo group of the catalyst and the oxygen atom of water, as the
radicaloid oxyl moiety of the catalyst attacks water in an
electrophilic fashion. The proposed reactant complex is shown
in Scheme 2 a&* and the computed structure is presented in
Figure 3. The oxygenoxygen interaction is weak at a distance

Catalytic Mechanism. Scheme 3 and Figures 4 and 5
summarize the calculated mechanism starting from the reactant
' 1, the low-spin AF-coupled5,5]*" ion in the most relaxed
staggered geometry, and a free water moletUighich serve
as the reference for all relative energies. The most important
frontier orbitals aretoglike orbitals in the pseudo-octahedral
ligand environment and are therefore labeled as such for
simplicity. The electronic structure of the diruthenium core that
is most consistent with the Mulliken spin density analysis and

£3420 A (Ei 4 4 although h dotted i a more detailed MO-analysis is summarized in Scheme 3. The
of 3.420 A (Figure 4) and although we show a dotted line formation of 1*, modeled here by adding one explicit water

bet\i:veden the I\C/)vatgr-H snd 02 for |Ilustr3t|\;]e p“fpfjsels- there Is i o1ecule tol, is an endothermic process with a relative energy
no hydrogen bonding between water and the terminal 0X0 group ot 50 5 kcal/mol, where two chemical processes occur. First,

1* is in eclipsed geometry and is the high-spin AF-coupled

%04 O complex, where the intramolecular electron transfer to give the
QR oxyl-radical moiety described above has taken place. Second,

@\q o3 ”l,’,'f" ‘\“\\ % a vyater mole_cule is attache_d to the _complex without being
\Og\’\ ;) u . ( activated. This free energy difference is of course mostly dut_a
~ -C> to entropy loss. The energy components are enumerated in

required for constructing a mass-balanced reaction energy

e}
NY\,/E N profile, the energy of the complex is likely not reliable. In
f &d principle, the eclipsedAF(HS) complex andl* should be

isoenergetic subject to accounting for the free energy of one

R 102
N’fu’b)ls,\jq% greater detail in the Supporting Information.

\C Rut N KQ It is important to realize that while addition of one water is
N

é (49) Entropy and solvation corrections for the free water molecule have of course
o been added consistently. See Supporting Information for all energy
Figure 3. Optimized structure of the reactant complex components.
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explicit water, since the additional water molecule is simply group, formally yielding the peroxo-aqua comp@iWe show

one of the first shell solvent molecules. Formally, spedies this complex for conceptual understanding in Scheme 3, but
can therefore be considered a model of éotipsedAF(HS) species3 is not stable and cannot be located on the potential
complex where the continuum solvation model has been mixed energy surface as a true intermediate. As a result of the proton
with a partial, explicit solvent model. Speci&s, however, is transfer, one ruthenium center carries a neutral aqua ligand,
15.9 kcal/mol higher in energy than the sum of g®ipsed whereas a dianionic peroxo ligand is attached to the other
AF(HS) complex and one solvated water molecule, demonstrat- ruthenium center. This heterogeneous ligand environment is no
ing that mixing explicit and continuum solvation model is longer able to support a symmetric Ru(lV)/Ru(IV) configuration.
problematic®® This is a general problem of modeling solvation Formally, a disproportionation event follows to yield the Ru-
that can be reproduced in any continuum solvation treatment (I11)/Ru(V)-aqua/peroxo complex, where a highly oxidizing

of reactions, but are particularly prominent in reactions where Ru(V) center is placed next to the electron-rich peroxo ligand.
solvent molecules become reactants. The reason lies in the fact

that representing a solutsolvent cluster that is highly dynamic
in character with only one solvent in a static geometry is
inappropriate. To obtain a more reliable model, a large number —+
of possible structures must be explored adding increasingly more
solvent molecules and equilibrating their structures until the total
energy converge®.ldeally, the real energy must be determined
as the weighted ensemble average of a statistically meaningful
number of solventsolute clusters. Adding one solvent molecule
in an ad hocfashion introduces noncanceling errors that are
not likely to improve the continuum treatment of solvation. Since 100
the energy ofLl* has no mechanistically relevant meaning, we
treat it as a transient intermediate recognizing that our computed 4€
energy forl* is not meaningful.

The first step of the catalysis involves the cleavage of the
H—OH bond and formation of a RuGOH bond from the
reactant compleXd* to yield the hydroperoxo intermediag
As highlighted in Figure 5, this transformation is rate determin- RumoZRy
ing with a computed solution phase free energy of activation
of 25.9 kcal/mol, measured as the energy difference between -100—4 o
1-TS and 1. This value is reasonable for a reaction that
completes readily at room temperature, and is in good agreement
with experimental estimates of 18:23.3 kcal/moF Intermedi-
ate 2 rapidly undergoes a series of electronic transformations
initiated by a transfer of the hydroperoxo-proton to the hydroxyl

W Tl
AG(sol) (kcal/mol) TS oH
E A

(259) Ri. R
™o (.vu>

20.0 1

(105) Ruo Ry
7 any any
/

0.0 +

™) (i

Ru< j~Ru

(ny [}

HogH HH 7
(50) Baik, M. H.; Friesner, R. A,; Lippard, S. J. Am. Chem. So2002 124, £ ‘0, + RLO,EH (228)
4495-4503. ay
(51) Tawa, G. J.; Topol, I. A;; Burt, S. K.; Caldwell, R. A.; Rashin, A. A.
Chem. Phys1998 109, 4852-4863. Figure 5. Computed catalytic mechanism of water oxidation.
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Of course, spontaneous intramolecular oxidation follows to give
the Ru(lll)/Ru(lV)-aqua/superoxo specigst a relative energy

of AG(sol) = 2.8 kcal/mol. Our spin density analysis indicates
clearly that the peroxo group donateg-apin electron, giving

Two features of the catalytic cycle are mechanistically
significant: First, we propose that the immediate product of
the oxidation mechanism is molecular dioxygen and not
hydrogen peroxide. The hydroperoxo compkis separated
rise to ano-electron radical that is delocalized on the two from the superoxo complexonly by a barrier of 5.8 kcal/mol.
oxygen atoms of the newly formed superoxo groubirO3 Thus, we predict a rapid conversion of hydroperoxo complex
and O4 show spin densities of 0.44 and 0.54, respectively (Tableto the higher oxidized species. Possible ligand displacement
4), whereas densities of 0.71 and.20 on Rul and Ru2 identify ~ reactions involving water to generate hydrogen peroxide as the
Ru(lll) and Ru(lV), as illustrated in Scheme 3. In summary, final product are likely not competitive. Second, our simulation
the intimate coupling of proton shift, disproportionation and predicts the release of triplet rather than singlet dioxygen. So
ligand to metal electron-transfer accomplished the transfer of afar, no experimental work has been reported on this issue. As
[-electron from O2 across theoxo bridge to Ru2. We were  the spin state of the released dioxygen should be accessible to
able to locate a transition state for this complicated process, spectroscopic detection, we put forth this theoretical prediction
labeled a®-TSin Figure 5. The core structure of this transition as a challenge for future experimental testing. Depending on

state is given in Figure 4. Structurall@; TS is characterized
by loss of a hydrogen bond between O4 and H2,iwhich is
a very strong interaction at a distance of 1.779 A, to afford a

the efficiency of the ISC-conversid— 7, which is potentially
not very high, the paramagnetic, F-coupled sped&esnay
display a lifetime that makes this transient intermediate spec-

weak hydrogen bond between H2 and O2 after rotation of the troscopically detectable.

hydroperoxo moiety. Although the Rt®1 and O*Rul bonds
also change notably by 0.054 ar®.111 A, respectively, the
spin densities of-1.04 and 1.29 at Ru2 and Rul, respectively,
indicate that the above-described metaletal charge transfer
has not yet taken place at the transition state. Theld@2bond
distance of 0.982 A is additional evidence for an early transition
state that is energetically, structurally and electronically close
to intermediate2. The driving force for this rapid conversion
step2 — 5 accomplishing the third oxidation eventis 11.2 kcal/
mol.

The Ru(IV) site in5 is poised to accept aa-electron, as
illustrated in the schematic MO-diagram®in Scheme 3. The
superoxo moiety is aru-radical in 5 indicated by a-spin
densities of 0.44 and 0.54 on O3 and O4, respectively.

Electron Trafficking Across the u-oxo Ligand. The pro-
posed mechanism invokes an intramolecular electron transfer
across theu-oxo bridge as a key step that we illustrate by
formally considering the hypothetical transient intermedite
in Scheme 3. The hydroperoxo moiety has direct access to only
one ruthenium center i@. How is the electron transfer event
accomplished across three covalent bonds in a kinetically facile
fashion and what is the driving force for such a reaction? The
proton-coupled electron transfer mechanism, which triggers the
disproportionation by inducing very different electrostatic field
strengths at the two metal sites, delivers an elegant and
intuitively comprehensive solution. Assuming that the mecha-
nism described here is generally applicable for similar dimers,
this concept implies a general design requirement. The two metal

Therefore, the most natural course of action is to transfer the centers work in concert to concentrate the oxidative power that

unpaireda-electron from the superoxo ligand to Ru2(IV) and
generate the product compléxconsisting of a singlet molecular
dioxygen and an AF-coupled Ru(lll)/Ru(lll) complex. Interest-
ingly, our calculations suggest that this last oxidation step is
highly unfavorable thermodynamically. The singlet dioxygen-
diruthenium compleX is 7.7 kcal/mol higher in energy (Figure
5) than intermediat®. The dioxygen formed in this product
complex was considered to be in th&g state. Since thé,
state of dioxygen is expected to b22 kcal/mol lower in energy
than the'Aq state, we considered an alternative path that would
give access to triplet dioxygen, which requires intersystem
crossing (ISC). We showed previously that dimeric transition
metal systems are particularly effective in promoting rSC.
Starting from5, the unpaired electron of the Ru(IV) site is first
inverted to give the ferromagnetically coupled analo§uea
quintet state, which is 9.4 kcal/mol lower in energy than
Although it is currently impossible to determine the efficiency
of ISC events in complex molecules of this type, the thermo-
dynamic driving force for th& — 5' transformation makes such
an event reasonable. The Ru(lV) centebirtan easily accept
one S-electron from the superoxo moiety yielding the quintet
complex6' after addition of one water molecule, where the two
Ru(lll)-d® centers are ferromagnetically coupled. This reaction
is 1.1 kcal/mol downhill from the superoxo intermedidie

was delocalized over both centers on one metal site when needed
by reforming a Ru(V) center via disproportionation of the Ru-
(IV)/Ru(IV) intermediate. To facilitate the disproportionation,
the bridging ligand must be electronically flexible enough to
allow for a smooth electron transfer through the bridge. The
spin densities at O1 listed for all intermediates and transition
states in Tables 2 and 4 show that thexo ligand is involved

in many electronic communication events that cause notable
variations of its spin density. The accumulation of radical
character at th@-oxo unit implies an intrinsic vulnerability of

the diruthenium catalyst, as it constitutes a natural center for
nonproductive side reactions. The principal driving force for
the rate determining step identified above uses the same
mechanism oin situ generation of radicaloid oxygen to catalyze
the most difficult first two oxidation steps. Therefore, similar
types of reactions are expected to take place at the bridging
ligand, which will inevitably lead to destruction of the catalyst.
Suggesting possible mechanisms for these unproductive side
reactions and discovering means of suppressing them are future
challenges.

Whereas the concept of charge induced disproportionation
that we outlined above is intuitive, it is not clear which chemical
“trigger” is responsible for this effect. The proton transfer from
the Ru2-hydroperoxo ligand to the Rul-hydroxo group obvi-

Release of triplet dioxygen and another intersystem crossingously adds a positive charge to the formally anionic hydroxo

recovers the initial AF-couplefB,3]*" complex, labeled ag
in Scheme 3 and Figure 5.

group to yield a neutral water ligand. At the same time, it
transforms the formally anionic hydroperoxo ligand to a
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L T T L LN density of—1.113 compared to the spin density-61.006 in
od L ??\'\/? | ,L//'\,(" the unperturbed intermediate Further increase of negative
ti ji ° 4_\°/ e point charge gives the expected decreasé-elfectron density.
1304 % H 3 R E& 1;\1 A detailed inspection of the spin density flux including ligand-
—i— o based atoms (Supporting Information) shows that Ru2 transfers

Addition of — to Ru2 Addition of + to Ru1

Spin Density

o-electron density to the bridging oxo moiety at the beginning
110 - and promotes the expect@delectron density transfer to Rul
to a notable extent only when the point charge is increased
BRu1() beyond the critical value of-0.4. The asymmetry of the spin
ORu2(B) density evolution illustrated in Figure 6 is remarkable. Taken
0.90 1 together, these trends identify the weakening of the electrostatic
field on Rul to be the most efficient promoter for the
disproportionation event. Thus, it should in principle be possible
to trigger such a reaction by providing an external proton source
that may protonate the hydroxyl group independently from the
hydroperoxo ligand. Such a reaction may give rise to the
production of hydrogen peroxide instead of dioxygen in highly
acidic media. The reversed scenario, where a strong external
base may deprotonate the hydroperoxo group, is not likely to
Q‘b ,QP‘

be an efficient pathway for catalysis.

D ot P O Comparison with Isotope-Labeling Studies.1®O-Isotope

Point Charge

3 S & o P @ A

labeling studies provided valuable clues about the mecha-
nism25620 |n these studies}®O-enriched[3,3]*" ion was
generated and oxidized to if8,4]*" form that was shown to
have negligible waterligand exchange raté&52 The amount

S ) o of 160,, 160180, and'®0, produced upon exposure to isotopically
dianionic peroxo moiety. Thus, the electrostatic field of Ru2  gjjyte solvent was analyzed quantitatively in a time-resolved

produced by the ligands becomes significantly stronger, raising experiment. No significant production &0, was found at any
the tos-like frontier orbital energies, whereas the electrostatic {jme ruling out intramolecular mechanisms that involve direct
field of Rul becomes weaker by approximately the same extent.coup"ng of the two terminal oxo groups (C and D in Scheme
Consequently, theyglike frontier orbital energies of Rul 1). Interestingly, both!®0, and 16080 were produced at
decrease. Clearly, both effects work in concert to increase theapproximately the same rate immediately and consistéiithe
driving force for the intramolecular electron transfer. It is | achanism discussed above explains the generatifios0,
unclear, however, whether the annihilation of the negative ligand \yhere one of the oxygen atoms originates from the marked
charge on Rul or the creation of an additional negative chargeg =0 moiety and the other is contributed by the solvent water.

on Ru2 individually would be capable of promoting the The immediate production 60, however, cannot be explained
disproportionation. These questions are meaningful because the;by the mechanism discussed in this work. Instead. our mech-

provide potentially exploitable control features. In the process gnism predicts a significant time delay for the production of
of rationally designing new catalysts, one can envision gaining 160,, as the initially marked catalysts must incorporate solvent
control over the disproportionation process by providing a more \yaier during catalysis.
acidic spectator ligand that would perform the protonation of A few mechanistic scenarios can be envisioned for the
the hydroxyl ligand. Similarly, engineering a stronger base than jjmediate production of purely solvent derived dioxygen. Figure
the hydroxo group into the catalyst would allow for scavenging 7 jjiystrates two intuitively plausible reactions. Intermediae
the proton from the hydroperoxo group leaving the RGH the superoxo/aqua-complex could be attacked by an additional
fragment untouched. . ~water molecule. The superoxo group is particularly interesting
To answer these questions, we conducted a “theoretical o gych an attack, as it displays radical character with spin
experiment” by placing a point charggat the coordinates of  gensities of 0.44 and 0.55 on O3 and 04, respectively (Table
Rul and increasing its charge in increments of 0.1 from zero 4y jndjcating that there is no obvious bias toward O3 or 04 as
to one. Analogously, we placed a varying negative charge on ihe Jikely attack site. Initial attack at the O3 position yields
Ru2 with the geometry fixed at that of intermedide The intermediate5a, whereas the reaction at O4 givéd. In
former calculation series simulates the decrease of the e|90tr°'principle, the hydrogen trioxide group can rearrange to give an
static field strength of the ligands on Rul, whereas the latter ozonoid intermediatéc, as was speculated upon previougly.
probes for the increase of the electrostatic field on Ru2. Spin \ye were able to locatBa and5b as local minima, but found
densities of Rul and Ru2 are plotted against ch@ige Figure.  heir electronic energy to be 18.5 and 16.5 kcal/mol higher than
6. Adding positive charge to Rul has the expected effect. The jyiermediates and free water. We estimated the solution phase

immediate decrease af-electron density on Rul and the free energies to be 35.9 and 36.5 kcal/mol uphillFarandsh
decrease gf-electron density at approximately the same extent rg|ative to5, respectively. Although the transition states were
on Ru2 indicate transfer gr-electron density from Ru2 to Rul. ¢ ocated, the thermodynamics prohibits any reactive chemistry
Adding a negative charge to Ru2, however, has an unexpected

. _ : ; (52) Hurst, J. K.; Zhou, J.; Lei, Yinorg. Chem.1992 31, 1010-1017.
response: Thg-electron density on Ru2 increases and reaches (83) Meyer. T. 3. InOxygen Complexes and Oxygen Aation by Transition

a maximum at a critical point charge ef0.4 with an electron Metals Plenum Press: New York, 1988; pp-387.

Figure 6. Evolution of Mulliken net spin densities as a function of
additional point charge at Rul and Ru2, respectively.

7484 J. AM. CHEM. SOC. = VOL. 128, NO. 23, 2006



cis,cis-[(bpy).Ru’0J,0*" Catalyzes Water Oxidation

ARTICLES

H

N
HO —~ . 4+ ; g 4+
HH H, H
*<|)’ ot AE=165 ot o
RUaw ~~RU AG=36.6 RUeq ~~RU
0 () ) (i
5 5b
=g == (‘CI!J
G |m S
41 g
| S
© | 2
&
~
S A w Mot A
H H H
}c')/o ‘cl)fv Spontaneously \'/ “ot
-

Ru\o/Ru Ru\o,Ru
) D) qmy qmy
5a 5c

Unstable

Figure 7. lllustration on the thermodynamic formation of ozonoid
intermediate5a and hydrotrioxide isomesb. Energies are given in kcal/
mol.

involving 5aor 5b at reasonable conditions. The kinetic barriers
will be notably higher than 36 kcal/mol. The ozonoid species
5cis not stable, as it relaxes spontaneouslydor 5b. Although
more work is required before a final conclusion can be drawn,
it is clear that the concomitant attack of two water molecules
cannot be accomplished in a straightforward fashion. We
currently have no explanation for the immediate generation of
the purely solvent derived dioxygen.

Conclusions

We presented for the first time a complete theoretical

strong oxidant that attacks a water molecule to cleave thOH
bond in a homolytic fashion. Subsequently, proton coupled
electron transfer accompanied by ligand charge-controlled
intramolecular disproportionation generates a highly electron-
deficient Ru(V) center, which completes the overall four-electron
redox reaction. We identified a low-energy pathway for the last
redox reaction by invoking intersystem crossing to a ferromag-
netically coupled intermediate, which gives rise to the generation
of a triplet dioxygen.

Whereas our study provides a detailed inside view of the
water oxidation mechanism, a number of challenges remain to
be addressed in the future. Most importantly, we were unable
to explain how purely solvent derived dioxygen can be generated
immediately. One possible reaction pathway that involves the
concomitant attack of two water molecules to yield an ozonoid
intermediate was found to be too high in energy. Furthermore,
it is unclear whether the electronic features identified in this
study are generally applicable for similar systems. We are
currently exploring structural and functional analogues of the
diruthenium complex to address this question. Last, we must
understand in greater detail why some of the plausible mech-
anisms are not operative. For example, the concept of in situ
generation of the radicaloid oxyl moiety would intuitively
suggest that the formation of the “dimer of dimérshould be
a favorable process resembling a radical recombination reaction.
Our exploratory calculations indicated, however, that there is
no notable intermolecular attraction between the terminal oxygen
groups. Similarly, it is unclear why the direct intramolecular
O—0 coupling is not viable. Studies aimed at answering these

treatment of one possible mechanism for the catalytic oxidation duestions are currently underway in our laboratory.

of water by cis,cis[(bpy).RuWO].0*". We considered all
plausible spin coupling schemes between the two RaV)-
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plausible as the catalytically competent intermediate. The
computed rate determining activation barrier of 25.9 kcal/mol
is in reasonable agreement with experimental estimates 0f-18.7
23.3 kcal/mol* Our calculations suggest that the fundamental
basis for the catalytic activity lies in a highly spin-polarized
RW=0 core structure, which formally undergoes an intramo-
lecular electron transfer to give a Ru-Oe species acting as a
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