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ABSTRACT:
Competitive oxygen kinetic isotope effects ('*O KIEs) on water oxidation initiated by ruthenium oxo
(Ru=0) complexes are examined here as a means to formulate mechanisms of O—O bond formation,
which is a critical step in the production of “solar hydrogen”. The kinetics of three structurally related
catalysts are investigated to complement the measurement and computation of '*O KIEs, derived from
the analysis of O, relative to natural abundance H,O under single and multi-turnover conditions. The
findings reported here support and extend mechanistic proposals from '*O tracer studies conducted
exclusively under non-catalytic conditions. It is shown how Density Functional Theory calculations,
when performed in tandem with experiments, can constrain mechanisms of catalytic water oxidation and

help discriminate between them.
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INTRODUCTION
Light-driven water oxidation provides the protons and electrons that reduce carbon dioxide to glucose
during oxygenic photosynthesis.' Formation of the O—O bond in molecular oxygen has been proposed
to represent the highest energy barrier in the reaction (Eq 1), making catalysis of this step an important
objective.”*  Competitive oxygen-18 kinetic isotope effects (‘*0O KIEs) are applied here to probe
mechanisms of water oxidation catalysis and interpreted using Density Functional Theory (DFT) for the

first time.

(D 2H,0 + sunlight ——— O, + 4H* + 4e”
catalyst

Ideally, the oxides of earth abundant transition metals could be used for photochemical conversion of
water to “solar hydrogen”, producing the cleanest and most sustainable source of energy for “powering
the planet”.” Significant improvements in catalyst performance are needed, however, to make artificial
photosynthesis a viable alternative to the burning fossil fuels. Progress in this area would be
revolutionary, reducing toxic gas emissions’ and the devastation of natural environments’ while
bolstering the global economy.®

A major objective in the basic energy sciences is to improve homogenous water oxidation catalysis.
To this end, mechanistic understanding of the O—H bond breaking and O—O bond making steps in Eq 1
is needed."”'® In this study, it is shown how such insights can be obtained through competitive isotopic
measurements and prediction of the resulting '*O KIEs using DFT methods, together with Transition
State Theory.'"'?

Oxygen isotope fractionation (from natural abundance levels) was originally developed by geologists
and plant biologists as a technique for monitoring photosynthetic water oxidation and carbon dioxide

. 18~ /16 . 13-15
fixation based on “O/"O ratios.

The same basic methodology has since been applied to probe
simple chemical transformations of O,, superoxide (O,) and hydrogen peroxide (H,O,)."" DFT

calculations have been indispensible to these efforts allowing for the modeling of transition states. In
3
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this study, competitive 'O KIEs are determined from the O, produced upon water oxidation initiated by

the ruthenium complexes in Figure 1.'°"

Figure 1: The ruthenium perchlorate complexes” used as initiators of water oxidation catalysis are
abbreviated as follows: [Ru'(bpy)(tpy)(OH,)](ClO4); (Ru, bpy = 2.2’ bipyridine, tpy = 2,2":6',2"-
terpyridine), [Ru"""(tpy)2(OH,),(pu-bpp)](Cl04), (Ruy™PP, Hbpp = bis(2-pyridyl)-3,5-pyrazolate) and

cis,cis-[Ru" (bpy)2(OH,)(1-0)]2](C104)4 (Ru,®P).

In contrast to isotope tracer studies, conducted with '*O-labeled ruthenium complexes under
stoichiometric conditions to prevent H,O exchange on the timescale of experiments,16&’17“’1”’18C
competitive '*0O KIE measurements probe single turnover as well as multi-turnover catalytic reactions.

Isotopic fractionation analysis of H,O requires a specialized vacuum apparatus'™

to hermetically
manipulate samples, quantitatively isolate O, and purify this product from other condensable gases
(none was found to form in control experiments conducted at atmospheric pressure). The O, is
completely combusted to CO, and its pressure determined before condensation into a dried glass tube,
which is then flame-sealed. Sample analysis employs dual-inlet isotope ratio mass spectrometry
(IRMS).! IRMS allows "*0/'°O content to be determined with errors of + 0.0002. Experimental

manipulations can inflate the error by close an order of magnitude, which is still more than an order of

magnitude less than the '*O KIEs measured in this study.
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Results
1. Steady-State Kinetics

Steady-state rate constants were determined by analyzing initial rates of O, production by water
oxidation catalysis using a Clark-type electrode at 22.0 + 0.2 °C, as previously described.”’ Ceric
ammonium nitrate, (NH4),Ce'"(NO3)s or CAN, served as the sacrificial oxidant in 0.1 M perchloric acid
and triflic acid solutions prepared from H,O or D,O. Ionic strength (u) was maintained at 1.0 M by
addition of lithium perchlorate or sodium triflate. Reactions were initiated by introducing 1-10uL

aliquots of Ru, Ru,®” or Ru,"™?

stock solutions into stirring, air-saturated 1.0-1.5 mL solutions,
containing CAN. Initial rates of O, production, measured after allowing ~5 seconds for mixing, were
found to vary in direct proportion to the concentration of Ru, Ru,*" and Ru,""?? "

Prior kinetic investigations focused on rates at sub-saturating concentrations of CAN without control
over ionic strength.'”'™*' Here a wide range of CAN concentrations were examined to reveal
hyperbolic and sigmoidal trends leading to kinetic saturation during catalysis (Figure 2). The normal
hyperbolic behaviors observed for Ru,>> and Ru,"™P are consistent with millimolar pre-equilibrium
constants that describe the reactions with CAN prior to an irreversible CAN-independent step. The

sigmoid dependence observed with Ru is more complicated and suggests catalyst activation as the CAN

concentration increases.
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Figure 2. Catalytic rate constant for HyO (circles) and D,0O (squares) oxidation at variable CAN

concentrations for reactions initiated by Ru (a), Ru;®” (b) or Ru,"™? (¢) in 0.1 M perchloric acid and.

Ru,"™"? in 0.1 M triflic acid (d).
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Initial rate data in Figure 2 were collected under conditions analogous to those used to measure '*O

KIEs and fitted to the expression: rate/[catalytic initiator] = K.,[CAN]"{Kcan" + [CAN]"} to determine

the parameters compiled in Table 1. The coefficient n = 1 for Ru,™"? and Ru,"? , whereas n = 3 for

Ru. The latter implies that three equivalents of (NH4)2CelV(N03)6 or some derivative?? reacts with Ru

to cause rate enhancement. The hyperbolic fit for Ru,"" and Ru,"” gives the second order rate

constant K.,/Kcan, which can also be determined from linear regression analyses at sufficiently low

CAN concentrations (Figure 2 insets). The latter was used to determine K.,/Kcan for Ru.
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Table 1. Limiting kinetic constants and the free energy barrier for water oxidation in acidic media. ®

Initiator Keat/Kcan Keat P20k o AG ynimolecular
M's™h) s s (kcal mol™)
Ru 0.0301 £ 0.0024 ° 0.136 £0.011 0.148 + 0.008 18.7+ 1.4
Ru,"” 8.87 +0.64 0.704 + 0.054 0.380 = 0.032 17.8+ 1.4
Ru,™PP 5.20+0.84 0.181 +0.024 0.184 + 0.020 18.6+2.5
Ru,""PP ¢ 1.38 £ 0.44 0.103 +0.011 0.102 + 0.004 18.9+2.0

2 At 22.0 + 0.2°C, pH or pD 1.0 and p = 1.0 M. ° Measured in D,0. ¢ Extracted from the linear phase

shown in the insets of Figure 2. 9 Data were collected in 0.1 M triflic acid at p=1.0M.

The Ke/Kcan and Key, are defined as CAN-dependent and CAN-independent bimolecular and
unimolecular rate constants. The former is defined beginning with CAN association leading up to and
including the first irreversible step. The latter is defined as the catalyst turnover frequency at kinetically
saturating CAN concentration. O—O bond formation step may be a common step that limits both
Keat/Kcan and Keqe. In this case, Kcan, the ratio of the two parameters, reflects all equilibria preceding the
turnover-controlling step. Alternatively, Kcan represents a complex ratio of kinetic constants in units of
concentration (M).

For the dimeric catalysts that exhibit hyperbolic kinetics, the trends in Kcan could have implications.
In perchloric acid, Kcay is smaller for Ru,®” than Ru,"""? implying a more favorable pre-equilibrium,
where oxidation by CAN is more facile for Ru,®P. In addition, Kcan for Ruy™PP is less favorable in
triflic acid than perchloric acid suggesting a destabilizing effect of the counter-anion on the ground state
thermodynamics.

Solvent deuterium kinetic isotope effects on K., indicative of reactions with water, were determined
in H,O or D,O. A slightly inverse to negligible effect of 0.92 + 0.08 is indicated for Ru. This result is

close to unity, just as reported in perchloric acid at lower albeit uncontrolled ionic strength; the same
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study reported an inverse solvent isotope effect of 0.43 in nitric acid.'® Ru,®” exhibited a normal
solvent deuterium isotope effect of 1.85 &= 0.16 under the conditions described. In contrast, no solvent
isotope effect was discernible for Ru,"P? in perchloric acid or triflic acid.

Small normal to small inverse solvent deuterium isotope effects could arise for a number of reasons
including but not limited to secondary isotope effects and competing processes. In the first case, an
inverse secondary effect could arise from hydrogen-bonding of solvent during its oxidation. In the
second case, an inverse pre-equilibrium solvent isotope effect on the pK, could offset a normal primary
kinetic effect upon O-H(D) bond cleavage. The latter scenario could occur if pre-equilibrium
protonation of a metal oxo were required for O—O bond formation, as recently demonstrated in ferrate-
mediated water oxidation.'' The normal sign and magnitude of the solvent deuterium isotope effect on
Keat 1s entirely consistent with H/D transfer concomitant with O—O bond formation in the first

irreversible step of catalyst turnover.”

2. Competitive Oxygen-18 Kinetic Isotope Effects
'O KIEs on water oxidation were measured using an established competitive methodology.'"*!
Solutions were saturated with He prior to initiating reactions by addition of the dissolved oxidant (CAN
in 0.1 M HCIO4 at pH 1.0) to the catalyst or the dissolution of both solids at the same time.
[Ru"'(bpy)s]’" was photo-generated in 0.050 M potassium phosphate buffer (KP;) at pH 7.2. This
procedure employs exhaustive photolysis of solutions containing [Ru'(bpy);](Cl), and potassium
persulfate (K,S,05) as previously described.”’** No significant background production of O, was
detectable in the absence of Ru, Ru,®” and Ru, P,

The '0/'°0 ratios were determined by IRMS analysis of CO, samples prepared from O, (by
combustion) and from H,O (by exchange with carbonate), following published protocols.”> All results
were referenced to Vienna Standard Mean Ocean Water (VSMOW). 2% At very low reactant

conversions, as is the case for water oxidation, the '*O KIE approximately equals the ratio of ratios

given by Eq 2.** Terms include R, for the '0/'°0 of the O, product and Ry for the "*0/'°0 of the source
8
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H,0. Numerous determinations of the latter gave Ry = 0.9940 £ 0.0008 vs. VSMOW, 12128 Thus, the
competitive '*O KIEs were derived from analysis of Ro,representing the average of all samples of H,0,

divided by the R, from O, produced in single and multi-turnover reactions.

@) 50 KIE2 2
R,

Eq 2 is actually a special case of Eq 3,%! which describes isotopic fractionation of the reactant at
varying conversions, (f). In this study 1-f is equivalent to the H,O remaining, calculated from the
pressure of O,. The change in '*0/'°0 within the reactant, Ry, is calculable from the relationship: Ry =
Ri(1-f) + Ry(f) while accounting for the reaction stoichiometry of Eq 1. The analysis performed
according to Eq 3 gives an '*O KIE in good agreement with Eq 2, although the errors are reduced by an
order of magnitude.'' To be conservative, the results in this study were derived from Eq 2 and quoted
with errors of one standard deviation about the mean of >15 independent experiments.

In@® /R,)|"

18

3) OKIE = l+m

Importantly, the same 'O KIEs were determined at different turnover numbers as well as variable
CAN concentrations under acidic conditions (Figure 3). These data provide compelling evidence of a
common O-O bond formation step (vide infra). Normal '*O KIEs are observed, varying from 1.0172 +
0.0020 for Ru,"” to 1.0313 + 0.0027 for Ru to 1.0346 + 0.0021 for Ru,"". Experiments were also
conducted under photocatalytic conditions, in the presence of [Ru"(bpy):]*" in 0.05 M KP' buffer at
neutral pH. In the latter experiments, the '*O KIEs were 1.0051 + 0.0035 for Ru,®” and 1.0143 + 0.0028
for Ru suggesting a variation in a particular transition state structure or a change in first irreversible
step. Comparisons to Ru,"™PP were not possible due to the absence of photocatalytic O, production

under the conditions used for the other complexes.”'
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Figure 3. Oxygen isotope fractionation determined from the analysis of O, according to Eq 2 at
variable catalyst turnover number (TON) and CAN concentration (inset). Reactions were initiated by
addition of Ru (red squares), Ru,®” (green circles) and Ru,"" (blue diamonds) to acidic CAN

solutions at 22 °C.
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3. Computational Methods.

All geometries were fully-optimized at two levels of DFT.*° One approach employed the previously
validated mPW functional,”® the LANL2DZ*' pseudopotential basis set for Ru, 6-311G(d) basis set for
O and N, and 6-31G basis set for C and H.*> The second approach employed the M06-L functional,”
along with the Stuttgart [8s7p6d2f | 6s5p3d2f] ECP28MWB contracted pseudo-potential basis set™* for
Ru and 6-31G(d) basis®® for all other atoms. Stationary points were verified by the analytic computation
of vibrational frequencies and intrinsic reaction coordinate (IRC) calculations.*

Bulk solvation effects on the free energy barriers to O—O bond formation were included using the
SMD aqueous continuum solvation model,”” which in some cases involved applying single point
corrections.'”” Several structures in investigated water oxidation mechanisms feature electronic
structures that are not well-described by a single determinant so that the standard Kohn-Sham DFT is
not directly applicable for the accurate prediction of properties such as spin.”® In such instances, the

Yamaguchi broken-spin-symmetry (BS) procedure®® was used to compute the energies of spin-purified,

10
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low-spin (LS) states according to Eq 4. Below, HS refers to the single-determinantal high-spin coupled
state related to the low-spin state by spin flip(s) and < $? > is the expectation value of the total spin
operator applied to the appropriate determinant. This broken-symmetry DFT approach has proven

effective for the prediction of state-energy splittings in transition metal complexes.*’

e R
e

4. Calculations of Oxygen-18 Kinetic Isotope Effects

(4) LSg _

Calculations of 'O KIEs invoked Transition State Theory as formulated by Bigeleisen and
Wolfsberg.*! Once the transition state (TS) for a reaction was identified, using the DFT methods
described above, a vibrational frequency analysis was performed. The change in normal and imaginary
vibrational frequencies associated with the '°0—'°0 and '°O—"*0 producing species were analyzed."”
All isotopic vibrations were considered and used without scaling or correction for anharmonicity to
compute the '*O KIE according to Eq 5. The terms representing the '°O isotope effect on the reaction

42a,45b,43

coordinate frequency (‘*vke), and the pseudo-equilibrium constant for attaining the TS from a

specific precursor state ('*Krg) are provided in the Supporting Information.

(5) BOKIE="v . x K q

The calculation of '*O KIEs relies on the ability of DFT to predict the mass-dependence of stable and
imaginary vibrational modes of reactant and TS structures. The individual frequencies need not be
computed accurately because the net isotopic shift of vibrations dictates the isotope effect. Equilibrium
isotope effects on stable states have routinely been calculated from reduced partition function ratios (i.e.

0 EIE = ZPE x EXC x MMI).** The terms correspond to the isotopic zero-point energy (ZPE),
11
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vibrational excitation energy (EXC) and mass and moments of inertia (MMI) of the reactant and

7. 45 The K1 in Eq 5 is formulated analogously, except that one less ratio is present in the

product.
vibrational product term, VP, which is substituted for the MMI. The 8yrc term comes from the ratio of
imaginary modes that define the reaction coordinate.* Apparently, '®vgc contributes a normal effect on
reactions that involve O—O bond-making/breaking.'"'** When 'O can adopt multiple positions during
the reaction, '*O KIEs calculated from Boltzmann-weighted populations are well approximated by

simple averaging.'***

Discussion

1. Mechanisms Considered

The competitive '*O KIE is defined by the ratio of second order rate constants for forming the two
most abundant oxygen isotopologues, '*'®0, and '“'®0,. In the absence of complicating off-pathway
H,O exchange reactions with catalytic intermediates, the 'O KIE probes the catalytic water oxidation
mechanisms beginning with initial reversible coordination of H,O to the reduced catalyst up to and

¢ Transition states were calculated at two disparate levels of DET

including the first irreversible step.
(MPW and M06-L) to address the 'O KIEs measured here. Irreversible O—O bonding changes during
water attack/addition (WA) and oxo-coupling (OC) transition states are as shown in Scheme 1. These

reactions produce peroxo intermediates*® that directly evolve O, without interference, hence giving rise

to competitive '*O KIEs.

Scheme 1. Transition states corresponding to water attack/addition (WA) and oxo-coupling (OC).

0------ 0
II ‘\\
RuVorv ‘RUIV orv
e
X
oC
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The present investigation describes the first concurrent experimentally determined and DFT-
calculated 'O KIEs upon water oxidation under catalytic and stoichiometric conditions. In achieving
this, moderately large normal 'O KIEs have been determined and demonstrated to be characteristic of
O-O bond forming transition states during catalysis. Importantly, the experiments in this study, were
also determined under stoichiometric conditions to relate the results to water oxidation catalysis and
extend mechanistic understanding to the level that bonding changes can be visualized.

The reaction sequences in Schemes 2-4 are shown to emphasize the questionable reversibility of
oxidative steps that lead up to O—O bond formation. The exchangeability of H,O within the catalytic
initiator/resting reduced catalyst is implicit as is the H,O exchangeability with oxidized ruthenium states
formed prior to O—O bond formation. This is a fundamentally different scenario than that assumed in

16a,17a,17d,18¢c

stoichiometric isotope tracer studies, wherein only one of the three catalytic systems

examined (Ru,™PP)"®

gives interpretable results. Ru catalysis has been proposed to occur by a
mechanism of WA at a ruthenyl site (Scheme 2).2'*" Alternative mechanisms involving pre-association
of CAN-derived species have been difficult to exclude, however.'®*” A somewhat different WA
mechanism is formulated for Ru,"” initiated catalysis (Scheme 3), where the structure of the di-ruthenyl
(V,V) intermediate facilitates proton transfer concomitant with O—O bond formation.'”* Two OC
mechanisms via di-ruthenyl (IV,IV) and (IV,V) oxidations states are shown for Ru,"""" (Scheme 4).1%

This intramolecular pathway may result from structural constraints imposed by the bridging Hbpp and

meridional tpy ligands.

Scheme 2. Minimal mechanism proposed for Ru-initiated water oxidation.
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Scheme 3. Minimal mechanism proposed for Ru,®P-initiated water oxidation.
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Scheme 4. Minimal mechanisms proposed for Ru,""PP-initiated water oxidation via intermediates in

the +IV,+IV or +1V,+V oxidation states.
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2. Kinetics of Water Oxidation Catalysis
In the catalytic reactions examined, rates of O, appearance depend linearly on the concentration of the
ruthenium initiator.”” Such observations argue against self-aggregation as the origin of the unusual
sigmoidal kinetics observed with Ru. Although the catalytic rates appear first order in CAN at the
lowest concentrations analyzed, the linear phase is much short and transitions to saturation differently
than observed with Ru,®" or Ru,"™"? (cf. Figure 2). The sigmoid dependence on CAN observed during
Ru catalysis suggests multimerization and/or coordination of a CAN-derived species, such as Ce''—OH,
prior to catalyst oxidation. Despite the uncertain origin of this kinetic behavior, the invariance of '*O
KIE to CAN concentration suggests that the phenomenon does not affect the reaction transition state. A
small inverse to negligible solvent deuterium isotope effect on the turnover rate constant measured
under the same experimental conditions is inconclusive. A secondary isotope effect is possible as is a
competing inverse isotope effect on pre-equilibrium H'/D" transfer to the reactive ruthenyl species and a
normal solvent kinetic isotope effect due to O—-H/D bond cleavage concomitant with O-O bond
formation during WA.**°
The normal hyperbolic kinetics observed for catalysis involving the dimeric ruthenium complexes,
Ru;”” and Ru,"™"P, suggests that CAN interacts with in a well-defined manner, avoiding complex
coordination and/or aggregation. In the case of Ru,"", the normal solvent deuterium isotope effect on
Keat is consistent with concerted O—H/D bond breaking and O—O bond formation in the WA transition
state. At the other extreme, Ru,™? shows no sign of a solvent isotope effect in perchloric acid or
triflic acid, arguing against rate-limiting O—-H/D transfer. The use of these acids with somewhat
different pK, values could expose variability if a competition between pre-equilibrium and primary
kinetic isotope effects were responsible for the lack of solvent deuterium kinetic isotope effect.
The parameter K, reflecting catalyst turnover at saturating levels of all substrates, increases in the
order: Ru < Ru,"™” < Ru,®”. A similar trend, with a more significant diminution of Ru characterizes
the Kca/Kcan. This parameter probes all steps beginning CAN association, leading up to and including

the first irreversible step, which could involve O—O bond formation.! By definition, K.y is determined
15
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by unimolecular steps downstream such as O—O bond formation and/or O, release. It is, therefore,
possible that the two kinetic parameters are controlled by the same irreversible O—O bond-forming step.

This possibility is consistent with the observed '*0 KIEs considered in the following section.

3. Interpretation of Competitive Oxygen-18 Kinetic Isotope Effects

The 'O KIEs for Ru and Ru,®” measured in strongly acidic media with CAN as the sacrificial
oxidant (E®" ~ 1.6 V vs. NHE) are two to three times larger than those determined in neutral solutions
using photo-generated [Ru'"(bpy)s]’" (E%' ~ 1.2 V vs. NHE) in 0.05 M KP' as the oxidant. This change
in '*O KIE with pH implicates a change in the nature of the TS, and possibly the identity of the first
irreversible step. Lowering E° of the oxidant disfavors formation of the reactive Ru=O intermediate
and would be expected to change the highest energy TS such that the '*O KIE is significantly
diminished from the large normal values anticipated for O—O bond formation. Another possibility is
that phosphate buffer facilitates proton removal'® upon WA, changing the TS for O—O bond formation
from that anticipated in non-coordinating media and calculated in this work.

Calculation of all possible reaction coordinates leading to water oxidation is beyond the scope of the
present investigations, however, experimental '*0 KIEs are available for comparisons. For instance,
Taube et al. measured a competitive equilibrium effect on H;O coordination to a coordination inert
cobalt(I1I) ion exposing a surprisingly large "*Kyo0 of ~1.019.*® The Ko is viewed as an upper limit
to "®kino by analogy with O, activation by reduced transition metals.'? Oxidation of a ruthenium(II)
aqua complex is expected to exhibit an inverse K oy due to strengthening of bonding within the product
relative to the reactant and a '°k.y on electron transfer ca. 1.010 based on measurements by McLendon et
al. and calculations by Jortner et al. on outer-sphere electron transfer.*” More recent studies suggest that
k.« should be closer to unity for a proton-coupled electron transfer.”

The competitive '*O KIE on catalytic water oxidation catalysis is determined from the O, produced

from natural abundance water. As a result, this parameter is capable of probing all steps beginning with

16
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coordination of H,O to the reduced catalyst and culminating in O—O bond formation (Schemes 2-4).
Assuming no interference from off-pathway exchange, the 80 KIE(H,0) is defined by Eq 6, which is
the product of pre-equilibrium isotope effects (‘*Kino x ®Keox) and the kinetic isotope effect on O—O
bond-formation (‘*ko.0). In contrast, if all steps in the mechanisms were irreversible, the competitive
80 KIEs would be defined by Eq 7 or Eq 8, reflecting only those steps that consume H,O. Eq 7
represents catalysis by WA, as proposed for Ru and Ru,®”, where the '*0 KIE is the average of the
microscopic ko o due to WA and ko for displacement of O, by H,O. Eq 8 applies to catalysis by OC
as proposed for Rqubpp. In this case, 18k070 could be masked by irreversible H;O coordination in two
distinct steps. In stark contrast, all steps following irreversible O—O bond-formation are masked in Eq 6.
(6) BOKIEH,0) = K o x K, x ¥k

H 0-0

(7) *POKIE(H,0) = %(mko-o + 18kHzo)

®) 180K|E("'20) = %(mkHZO(l) + 18kH20(2))

The 'O KIEs shown in Figure 3 are the same at highly variable concentrations of CAN and under
single and multi-turnover acidic conditions. These results point to a common (O,) product-determining
step. The CAN independence suggests the same irreversible step at low concentrations and high
concentrations, as indicated by K../Ky and K., respectively. That the same isotope fractionation is
observed for the single turnover and for multi-turnover reactions extends results of earlier isotope tracer
studies to the catalytic mechanism. Finally, the experimental '*0 KIEs agree with '*O KIEs calculated
for specific transition states reinforcing some earlier DFT-based proposals.'®'~2
The interpretation of 'O KIEs is not without some ambiguity, however. It is possible that reversible

coordination of water followed by oxidation of the reduced ruthenium intermediate could coincidentally

give rise to the same o) KIE(H,0) defined by as the product (18KH20 X 18kox). In addition, off-
17
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pathway H,O exchange following the aforementioned irreversible oxidation step could wash out any
isotope fractionation but, as long as O—O bond formation is irreversible, the Bko-o could be expressed
in the O, produced. Incidentally, "*koo is similar to the '*O KIE(H,0) calculated from Eq 6, making

equilibrium isotope effect on conversion of H,O to a reactive Ru=0 intermediate near unity.

Table 2. Comparison of measured '°O KIEs to those calculated for irreversible O—O bond formation.

The range for the proposed transition state is given by the results of two DFT methods: mPW / M06-L.

Initiator | 'O KIE (+10)® Proposed TS " ®ko-0° 80 KIE(H,0) (Eq6)
Ru 1.0313 + 0.0027 ‘waA® 1.0240 / 10303 1.0225 / 1.0260
Ru,®” 1.0172 % 0.0020 'WA? 1.0151/10172 1.0167/1.0170
Ru,""PP 1.0346 + 0.0021 'oc 1.0311/1.0447 ¢ 1.0385/1.0504¢

? Experimental value derived from Eq 2. Solving Eq 3 indicates Ru (1.0306 + 0.0004), Ru,"
(1.0169 + 0.0003) and Ru,™PP (1.0347 £ 0.0004). ® Defined in Figures 4-6 where the left superscript
refers to the spin state and the right subscript refers to the number and configuration of explicit H,O
molecules used in the calculation. © Full computational details, including results for alternative H,O
configurations, solvation states and spin states are provided in the Supporting Information. ¢ For the
reactions via the di-ruthenyl (IV, IV) oxidation state. MO6-L calculations indicate the di-ruthenyl
intermediate in (IV, V) oxidation state reacts via a 20C TS with "*ko_o = 1.0445 and "*O KIE(H,0) =

1.0480 for comparison.

The contribution to the '*O KIE from O, loss is unlikely given the apparently irreversible nature of
O—0 bond formation. Evaluation of the ground state thermodynamics supports this view, placing the
Ru—0O; adduct at much lower energy than the reactive Ru=0O intermediate that undergoes O—O bond

formation. Thus the barrier to O, loss is expected to be insignificant.”’ Furthermore, all studies carried
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out to date suggest that simple O, dissociation is characterized by inverse '*O KIEs approaching
unity, 123553
Transition states in water oxidation catalysis are more likely to involve the displacement of O, by
H,O than simple dissociation as observed in polar organic solvents. Such a TS for an O, displacement
reaction that regenerates Ru,™ PP has been identified,'® requiring multiple explicit H,O molecules in a
hydrogen-bonded configuration. Though the '*0 KIE(H,O) was calculated to be indistinguishable from
unity, further investigations are needed to understand the range of possible isotope effects. As described
below for WA, multiple configurations of explicit water molecules can result in '*0 KIEs spanning a

wide range. Evolution of O, may be similar in this respect making it beyond the scope of the present

investigations.

3. Transition States for O-O Bond Formation

Three WA TSs involving four or five explicit H,O molecules in multiple hydrogen bond
configurations were identified for catalytic oxidation initiated by Ru (Figure 4). At both the mPW and
MO6-L levels of theory, WA** exhibited the most “product-like” structure relative to the other TSs of
comparable energy. The Ru—O bond lengthens from 1.688 A in the Ru"=0 precursor to 1.875A in
WA* as the O—O bond distance contracts to 1.590 A. These changes are significantly larger than those
observed for WA*™ and WA’ where the Ru—O bond distance expands to 1.747 A and 1.743 A,
respectively, and the O—O bond distance contracts to 1.962 A in WA*" and 1.974 A in WA®.

Despite the bonding changes, the calculated free energy barriers, AG*(O—0), fall within a narrow
range from 19 to 23 kcal mol” and are close to the experimental estimate of 18.9 kcal mol”. The
measured 'O KIE can be reproduced using two disparate DFT methods; the results are given in
parentheses. The '*ko.o associated with the WA* TS ranges from 1.0240 (mPW) to 1.0303 (M06-L).
Similarly, the 'O KIE(H,0), defined according to Eq 6 for the reaction beginning with H,O and
proceeding via a sequence of reversible steps, leading up to and including WA, ranges from 1.0225

(mMPW) to 1.0260 (M06-L). Application of a solvent correction to the gas phase values results in an
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insignificant change. This insensitivity can be explained by the observation that while calculated

vibrational frequencies are medium-dependent, the mass-dependence that gives the isotope shift is not.

Figure 4. Precursor and transition states for catalytic water oxidation initiated by Ru at the M06-L level
of theory. Imaginary frequencies of the light TS isotopologues are shown (bold) and the range of

calculated "*ko.o is also provided for calculations using (MPW / M06-L).
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The blue dimer, Ru,"",>* is converted into di-ruthenyl intermediates that exist in (IV, V) and (V, V)
oxidation states during catalysis.”>>® DFT calculations were undertaken for reactions of the (V, V)
intermediate in an unrestricted singlet state assuming weak anti-ferromagnetic coupling between
formally Ru"=0 units with doublet electronic structures.”’ In contrast to results from '*O tracer

173174 the competitive '"*O KIEs seems to suggest reactivity by a single mechanism. Two distinct

studies,
water attack TSs, WA' and WA?, featuring one or two explicit hydrogen-bonded H,O molecules, were
identified and compared to a new TS for OC identified at the M0O6-L level of theory (Figure 5). The
most product-like TS, defined above by extension of the Ru—O bond and contraction of the O—-O bond,
is designated "WA? because it is an unrestricted singlet state containing two intramolecular hydrogen-
bonded H,O molecules. A staggered precursor to this species was identified with a Ru—O bond length

of 1.723 A and O—O distance of 5.112 A. In the "WA? TS, the Ru—0O bond length expands to 1.931 A

and the O—O bond distance contracts to 1.569A. The alternative 'OC TS is less characterized by
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Ru—0O and O—O bond distances of 1.807-1.816 A and 1.720A. Likewise, 'WA' exhibits Ru—OO and
O—0 bond distances of 1.782 and 1.801 A, respectively.

Bonding changes similar to those associated with '"WA? are observed for the triplet state, WA IN
this case, the precursor has an eclipsed conformation, where the Ru—O bond lengths are 1.764 A and
1.697 A and the O—O distance is 2.827 A. In the most product-like *WA? TS, the Ru—OO bond length
is 1.935 A and the O—O bond length is 1.560 A. The associated vibrational changes result in computed
80 KIEs that are remarkably similar to those computed for 'WA? despite major differences in the
precursor structure.'’

For '"WA?, the calculated AG*(O—0) = 36.5 kcal mol™ is mid range compared to the other TSs. A
smaller AGI(O—O) was actually calculated for a previously unidentified oxo-coupling TS in either the
unrestricted singlet state, 'OC (= 27.3 kcal mol™) or triplet state *OC (= 27.0 kcal mol™). Interestingly,
this is the only case where the same TS could not also be identified using the mPW functional.
AG*O-0) for the transition state involving a single H,O, '"WA' (= 46.8 kcal mol™), is energetically

disfavored, consistent with other computational findings.”

Figure 5. Precursor and transition states for catalytic water oxidation initiated by Ru,®" at the M06-L
level of theory. Imaginary frequencies of the light TS isotopologues are shown (bold) and the range of

calculated "®Ko.o is also provided for calculations using (MPW / M06-L).
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In contrast to the calculated AGHO—0), which deviates significantly from the measured value in one
out of three cases, the isotope effect calculated for the TS with the most product-like character routinely
agrees with the measured 0 KIE. The '"WA? reaction of Ru,®” modeled in the gas phase is
characterized by "*ko_o values of 1.0151 (MPW) and 1.0172 (MO06-L), which are within experimental
error of the measured competitive 'O KIE. For the same TS, the '*0 KIE(H,0) values, computed using
Eq 6 are 1.0167 (mPW) and 1.0170 (M06-L). The analogous calculations on the triplet TS, SWA?, are
essentially indistinguishable from those above, with Bko-o equal to 1.0146 (M06-L) and '*O KIE(H,0)
equal to 1.0158 (MO06-L). Insignificant variation was detectable for isotope effects calculated along
unrestricted singlet, triplet or quintet surfaces or following re-optimization of structures within a
continuum solvation model."”

Catalysis initiated by the geometrically constrained di-ruthenium (II, II) complex, Ru,"™"P, is
considered to occur via two different oxidized precursor states (Figure 6). DFT calculations were
undertaken to model the O—O bond forming reactions of di-ruthenyl intermediates in the (IV, IV) and
(IV, V) oxidation states. No significant deviations in the 'O KIEs were observed for reactions in high-
spin and low-spin states. The TS structures for OC, WA' and WA? were associated with unique isotope
effects. Similar to the calculations above for Ru and RuzBD, the most advanced TSs are associated with
'80 KIEs that exhibit the best agreement with experimental measurements on Ru,""PP,

Consistent with the absence of solvent deuterium isotope effects on K., and the results of 80 tracer

"% the 'O KIEs computed implicate an OC. Out of all mechanisms examined, the most

studies,
product-like TS for the reaction of the diruthenyl (IV, IV) intermediate in the unrestricted singlet state
('OC) involves elongation of the Ru—O bond from 1.757 A to 1.840 A and contraction of the O—O bond
distance to 1.715 A. '"WA!' and "WA? exhibited Ru—O and O—O bond distances of 1.760 and 1.984 A
and 1.769 and 1.977 A, respectively. Somewhat different behavior characterizes reaction of the
diruthenyl (IV, V) intermediate in the low-spin doublet state (0C) where the precursor Ru—O bonds

elongate from 1.724 A and 1.767 A to 1.808 A and the O—O bond distance in the TS contracts to 1.691

A. Here 2WA! exhibits Ru—O and O—O bond distances of 1.789 and 1.749 A and 2WA? exhibits 1.860
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and 1.612A, respectively. Reaction via a “WA? mechanism is, however, inconsistent with the absence
of a solvent deuterium kinetic isotope effect as well as the higher calculated TS energy.

The OC TSs are substantially lower in energy than those associated with WA' and WA? mechanisms.
The AG*(0—0) corresponding to 'OC is ~14 kcal mol™ while the "WA' and '"WA? calculated from the
di-ruthenium (IV, IV) bis-oxo intermediate are 25-40 kcal mol™ higher in energy.” The 'O KIEs
predicted for WA mechanisms are too small to be reconciled with the experimental results in this case.
The di-ruthenium (I'V, V) bis-oxo intermediate is expected to react via OC where AGX(O—O) for 0OC is

~14 kecal mol™ and the *WA" and *WA? are only 10 kcal mol™ higher in energy.

Figure 6. Precursor and transition states for catalytic water oxidation initiated by Ru,""" at the M06-L
level of theory. Imaginary frequencies of the light TS isotopologues are shown (bold) and the range of

calculated "*ko.o is also provided for calculations using (MPW / M06-L).
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The calculated '®O isotope effects for the most product-like TSs coincide with the OC mechanism
proposed for stoichiometric oxidation by Ru,"PP.'® The '®ko_¢ associated with the di-ruthenium (IV,
IV) bis-oxo intermediate is predicted to be between 1.0311 (MPW) and 1.0447 (M06-L); while the 80
KIE(H,0) computed using Eq 6 ranges from 1.0385 (MPW) to 1.0504 (M06-L). Starting from the di-
ruthenium (IV, V) bis-oxo intermediate, '*ko_o is predicted to be 1.0445 (M06-L) and the 80 KIE(H,0)
is predicted to be 1.0480 (M06-L). Reactions via the same intermediate in the quartet spin state span a
comparable range of isotope effects and AG*(O—0)." As above mentioned above, the calculated isotope
effects for Ru,™PP are insensitive to spin-state as well as added solvent corrections."

In summary, DFT affords vibrational frequencies used without scaling or correction for anharmonicity
to calculate isotope effects that span distinct ranges. For WA at a reactive Ru'=0 intermediate, koo
and KIE(H,O) formulated according to Eq6 , ranges from ~1.00 to 1.03. The analogous effects
calculated for OC are larger, varying from ~1.03 to 1.050. Although these results seem promising,
subtle differences resulting from the number of explicit HO considered in WA calculations can have
unforeseen effects.  Therefore, caution should used when interpreting competitive '*O KIEs in the
absence of supporting mechanistic data.

The small overlap in the ranges associated of isotope effects associated with the OC and WA
mechanisms is unsurprising because the oxygen nuclei have disparate roles. According to Scheme S-
2, the "®Kko.o computed for WA considers the two cases: (i) where '*O is positioned on the attacking
H,O and (ii) where '*O is bonded directly to the electrophilic Ru=0. In Ru-initiated catalysis, the
calculated "®ko.o for the WA* TSs corresponding to (i) and (ii) are 1.0089 and 1.0402, respectively,
revealing differences in the vibrational frequency changes that characterize O—O bond-making coupled
to O—H bond-breaking."”” Application of Boltzmann-weighting for the positional preference of '*O
results in "*ko.o = 1.0240, which is only slightly different from the average Bko.0 = 1.0245. No such

considerations are necessary for the symmetric OC reactions, which do not exhibit.
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4. Implications for Oxygenic Photosynthesis

During photosynthesis, visible photons generate a transient charge-separated state that oxidizes
chlorophyll P680. The P680+" intermediate formed has a high redox potential (E° = 1.3 V vs. NHE) that
facilitates formation of a tyrosyl radical (Y,», E° = 1.2 V vs. NHE) that is kinetically and
thermodynamically competent to oxidize H,O bound to manganese in the oxygen-evolving complex
(OEC)." A number of competitive isotope fractionation studies at natural abundance have indicated 'O
KIEs from inverse to near unity have reported for water oxidation by PSII, using the same experimental
approach described in the present study.'*'*

Two simple assumptions allow for an interpretation of the slight inverse '*O KIE associated with PSII
catalysis.*® First, all steps during water oxidation catalysis must be kinetically irreversible. Second, the
80 KIE must be uninfluenced by processes that reductively consume the O, at the same time it is
produced. In this case, Eq 7 predicts that O—O bond formation by WA upon the reactive manganyl
intermediate (Mn'=0 or Mn''=0¢+)*® should give rise to a competitive '*0 KIE somewhat greater than
unity. Yet if the same intermediate state of the OEC reacts by OC, as defined by Eq 8, where two H,O
coordination steps give rise to the competitive '*0 KIE possibly accounting for the accepted value near
unity.”* Spectroscopic studies at variable O, pressures have attempted to test for the Mn—0O,
intermediate.”” Yet the accumulation of this species is not expected unless O—O bond formation is rapid
and reversible prior to O, release. While this situation is possible,'*® it seems unlikely in view of the

results from the present studies.

Conclusions
Three major findings have emerged from this study. (1) Competitive 'O KIEs derived from the
analysis of O, under catalytic are the same under stoichiometric conditions, where off-pathway

- . R - 17a,17d,18
exchange via oxidized ruthenium intermediates does not occur. "' ">

(2) Variable concentrations of
ceric ammonium nitrate do not affect the '*O KIEs, implicating a common (O,) product-forming step,

without assistance from the sacrificial oxidant or its derivative. In addition, the results would be
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consistent with Key and Ke/Kcan both being limited irreversible O—O bond formation. (3) Kinetic
isotope effects were calculated using Transition State Theory and DFT by analyzing the full set of
imaginary and normal vibrations without scaling or correction for anharmonicity. The computed results
were in agreement with the moderately large normal measured '°0 KIEs when the transition states were
the most “product-like” of all those considered. Furthermore, the proposed transition states were
corroborated by steady-state kinetic results and earlier isotope tracer studies.

Competitive '*0 KIEs are useful in identifying O—O bond-forming mechanisms of water oxidation
catalysis. The results support “solvent-assisted” water attack as the transition state for catalysis initiated
by the monomeric Ru. In catalysis initiated by Ru,"", intramolecular reactivity is facile and appears to
involve an internally hydrogen-bonded water attack/addition transition state. In contrast, Ru,""* reacts
by oxo-coupling, possibly because of geometric constraints imposed by the ligand set. These results
extend those determined for stoichiometric reactions to mechanisms of catalysis while providing

visualization of the discrete bonding changes.

Experimental

All chemicals were obtained commercially in the highest purity available and used as received.
RuCl3'nH,O was obtained from Pressure Chemicals. Hexamethyldisiloxane (HMDS) was obtained
from Lancaster. Ceric ammonium nitrate (CAN), hexamethylphosphoramide (HMPA), 2,2'-bipyridine
(bpy), 2,2";6',2"-terpyridine (tpy), sodium triflate (NaOTf), lithium perchlorate (LiClO4), sodium
perchlorate (NaClO4) and potassium persulfate (K,S,Og) were obtained from Sigma-Aldrich. All
deuterated solvents were purchased from Cambridge Isotope Laboratories. Water was purified to
18MQ by passing through a Millipore ultra-filtration system.

NMR spectra were recorded on a 400 MHz Bruker Avance spectrometer at ambient temperature.
Chemical shifts were referenced to the residual protio impurities in the deuterated solvent. Ruthenium
complexes were dissolved in deuterated solvents (ds-DMSO, dg¢-acetone or d;-MeOD) and quantified

relative to an internal standard. Electronic absorption spectra were recorded on an Agilent 8453 UV-
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Vis spectrophotometer. Elemental analyses were performed by Atlantic Microlabs Norcross, GA.
Initial rates of O, production were measured using a Clark-type oxygen electrode (Yellow Springs
Inc.; 5300A voltmeter and 5331A probe) inside a water-jacketed chamber at 22 + 0.2 °C.
Composition of the gaseous phase was also confirmed to be made up of O, determined by online
mass-spectrometry with an OmniStar GSD 301 C (Pfeiffer) quadrupole mass-spectrometer.'®
[Ru(tpy)(bpy)(H20)](C104),  (Ru),  cis,Cis-[(Ru(bpy)a(H20))2(M-0))(CI04)s  (Ru,"”),  and
{[Ru(tpy)]2(u-bpp)(M-OAc)} (Cl04); (Ruy"™PP) were synthesized in milligram quantities and handled
with a rubber tipped spatula. (Caution! Perchlorate salts are potentially explosive and should be
handled according to accepted safety guidelines).® Analytic purity was gauged to be > 95% for
complexes used in experiments. Electronic absorption was used to determine the following extinction
coefficients: Ru (g47snm = 9000 + 300 M'em™), Rus®” (g6380m = 22000 + 260 M 'ecm™), and Ru,""PP
€471 nm (12580 £ 1780 M cm™). The results were corroborated by quantitative 'H-NMR
spectroscopy'’  and  elemental analysis. The following data were obtained for
[Ru(tpy)(bpy)(H20)](ClO4),: Calc: C, 42.44; H, 2.99; N, 9.90. Found: C, 42.16; H, 2.76; N, 9.77,
cis,cis-[(Ru(bpy)2(H20))2(1-0)](Cl04)4*H,O Calc: C, 37.11; H, 2.96; N, 8.65. Found: C, 37.02; H,
2.92; N, 8.75; and {[Ru(tpy)]2(4-bpp)(L-OAc)}(ClO4)2°H,0 Calc: C, 46.36; H, 3.11; N, 12.01. Found:

C,46.13; H,3.12; N, 11.69.
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Text: Competitive '*0 KIEs on water oxidation catalysis, analyzed experimentally and computationally,

provide a probe of transition states for O—O bond formation.
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