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ABSTRACT: Mononuclear Ru-based water oxidation catalysts (WOCs) What Are the Ligand (L) Effects on O, Release?
constitute an important class of WOCs for water splitting. This work -

constitutes a systematic study of Ru—O, complexes of mononuclear [(LYRYYMLQ,|™ ¥ LOH, |
ruthenium WOCs, with a focus on the thermodynamics of water-assisted @ e I @ 2

O, release in various electronic states and conformations. Our extensive DFT \ H,0 O, /
study reveals several factors that affect the O, release thermodynamics: (1) '

steric effect from the ligand sphere of Ru; (2) trans effect of ligands trans to -

O,; (3) oxygen cis coordinating effect; (4) carbon coordinating effect; and (S) gﬂ Sid&f); gfé,fd_o., g

Ru coordination strength. Some of these effects could selectively stabilize/ I l

destabilize some states/conformations of the Ru—O, complexes relative to

Ru—OH, complexes, and affect thereby the O, release thermodynamics. The identification and rationalization of factors for O,
release thermodynamics, as in this work, could be helpful toward a better understanding of this final step of the ruthenium-
catalyzed water oxidation.

B INTRODUCTION completion of the catalytic cycle. In some cases,'®>"***>?
Being highly demanding both thermodynamically and kineti- the O, release step has been implied experimentally to be the
cally, the oxidation of water to produce oxygen is the most rate-limiting step during water oxidation by mononuclear
difficult step during water splitting. Nevertheless, the eventual ruthenium WOCs. Because of the complexity of the water

control of this process is crucial for artificial photosynthesis
aimed at solar energy usage,1 and, therefore, the development
of efficient water oxidation catalysts (WOCs) becomes
essential. By far, the most extensively and thoroughly studied

oxidation process, its kinetics is affected by many experimental

29,30

factors, and, therefore, further experimental work is

necessary to firmly establish the above mechanistic proposal

synthetic catalysts are ruthenium complexes.” > The mono- and to clarify the situation. In addition, alternative mechanistic
nuclear ruthenium catalysts have attracted considerable proposals with new features are often seen in the
interests due to their catalytic effectiveness and structural literature, 1162329

simplicity.” ™ As such, they have become recurring targets for
experimental and computational studies.'">® These studies
have led to the following mechanistic proposal: The key O—O
bond formation process involves either water nucleophilic
attack (WNA) on Ru(V)=0 to form Ru(III)—~OOH or direct limited. Especially, the influence of the Ru-supporting ligands
0O-0 coupling of two Ru(V)=O0 units (I2M) to form an O— (L) of the WOCs on the effectiveness of O, release from
O bridged dinuclear complex Ru(IV)—O—O—Ru(IV), which [(L)RuO,]" is not well-known. Even though there are case
then releases O,. To complete the catalytic cycle and regenerate
the active high-valent Ru(V)=0O species, various electron
transfer and/or proton coupled electron transfer steps take

Thus, despite the extensive experimental and theoretical
studies on ruthenium-catalyzed water oxidation, our under-

standing of the factors that govern the O, release process is still

specific theoretical computations on some RuO, spe-

cies,16’19’21’23"24’3’1 to the best of our knowledge, there is still

place before and after O—O bond formation. Although this no systematic theoretical work to resolve this issue.
mechanistic scheme hypothesizes the generation of a RuO,,

direct experimental evidence for its existence is still rare.* Last Received: December 31, 2012

but not least, the O, liberating process is essential for Published: April S, 2013
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Scheme 1. Mononuclear Ruthenium Water Oxidation Catalysts Studied in This Work®
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“The labels in bold below various WOCs denote their corresponding O,-complexes, whose structures are generated from replacement of H,O ligand
by O, molecule. For 7/7" case, whose WOC has two water ligands, 7 represents the amine-trans H,O replaced structure, and 7’ represents the

pyridine-trans H,O replaced structure.

[(L)R™™ — O,]"" + H,0

2 [(LRa" - OH,I™ + 0, (1)

On the basis of the Bell-Evans—Polanyi (BEP) principle,>’
the O, release reaction rate should correlate with the
thermodynamics of O, release reaction. Thus, it would be
very helpful to study the thermodynamics of the reaction to
gain insight about the O, liberation from the catalyst. Herein,
we explore and compare the thermodynamics of the O, release
reaction from Ru(IV)-peroxo or Ru(IIl)-superoxo species
assisted by water substitution (eq 1). This process is studied
systematically for the mononuclear ruthenium WOCs depicted
in Scheme 1, many of which are taken from previous
experimental studies. ' "13710182426227.35 W hope that this
theoretical work can form a useful guide for researchers in the
field of ruthenium WOCs when quick estimation of energetics
in association with O, release process is necessary.

B COMPUTATIONAL DETAILS

The structures of all species were optimized in the gas phase by PBEO
functional®® using Ahlrichs’ def-SVP*” basis set. The PBEO functional
has been repeatedly found capable of producing very good geometries
for transition metal (TM) complexes.**™** A vibrational analysis was
carried out to confirm the optimized geometry is a true minimum with
no imaginary frequency and to determine the thermal correction to
Gibbs free energy. Single point calculations were performed with a
large basis set, def2-TZVPP,* to refine the electronic energetics of
these gas-phase-optimized minima using also a water solvent modeled
by the SMD* continuum solvation model. Grimme’s DFT-D3

5089

empirical dispersion corrections were added to all of the energies
reported in this work.*” Free energies calculated herein include the
solvation free energy in aqueous solution and thermal free energy
correction in the gas phase at T = 298.15 K.

To identify low-energy electronic states, for the Ru—0, species, we
calculated the four possible conformations/states combinations, which
include closed-shell singlet states (O, side-on and end-on), and open-
shell singlet state (O, end-on) and triplet state (O, end-on). Among
these, the end-on closed-shell singlet state is much higher in energy
than the corresponding end-on open-shell singlet state for all of the
cases in Scheme 1 (see Table S1 in the Supporting Information).
Thus, we shall not discuss this state further and relegated the
corresponding results to the Supporting Information. Our test
calculations on systems 1—17 (Scheme 1) indicated that the triplet
side-on conformation is not a stable minimum, and it converts to
triplet end-on conformation during geometry optimization. This result
is in contrast to the recent DFT calculations on system 17 by Lin et
al,! for which the reason is still unclear.*® The other structures in eql
like Ru(I)—OH,, H,0O, and O, species were calculated in their ground
states, that is, singlet, singlet, and triplet states, respectively.

Unrestricced DFT formalism was used for all open-shell
calculations. Two hybrid density functionals, PBE0®® and B3LYP,*
were employed for single point calculation with the large basis set.°
The two functionals generate similar results and trends, and hence we
relegate the B3LYP results to the Supporting Information. All DFT
calculations were carried out with the Gaussian 09 program.®*

All open-shell singlet calculations for Ru—O, species were
performed by broken-symmetry (BS) DFT approach to describe the
BS singlet state with two unpaired electrons on Ru and O, moiety
each. In such cases, Ru—O, singlet states could have large spin
contamination. To address this issue, we adopted the Yamaguchi’s
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Table 1. Electronic Energy (E) and Gibbs Free Energy (G) Changes (kcal/mol) of O, Release Shown in Equation 1 for All
RuO, Complexes, and Their O—O Bond Lengths (R) (in A)?

AE AG R(0-0)
label complexb Shtttecam Mimtbm Send-on Shttocam Wemibam Send-on Sside-on Mimttom Saton
1 Ru(pbn)(pic),(0,) -25.0 -174 —-16.8 -25.0 -15.0 -16.5 133 1.19 1.24
1 Ru(tpy)(pic),(0,) 0.7 -7.9 —-8.38 -1.6 —6.6 -83 133 121 123
2 Ru(dpp) (pic),(0,) =75 -12.6 —-16.0 -6.8 -10.7 —-15.1 1.33 1.21 122
2/ Ru(MPP)(pic),(0,) -0.5 -84 -112 -2.2 —6.3 -102 133 121 123
3 Ru(terpy)(Mebim-py)(O,) -9.0 -11.2 —224 -9.9 —-8.1 —20.8 1.32 1.20 121
3¢ Ru(terpy)(Mebim-py)(O,) -7.8 —-102 -84 -9.3 -9.3 —6.4 133 1.20 1.24
4 Ru(terpy) (bpy)(O,) -59 —104 -5.8 -6.7 —-8.0 —4.6 133 1.20 1.24
5 Ru(NCN)(bpy)(0,) —6.1 -11.8 -2.5 -62 -89 -14 1.33 1.20 1.26
6 Ru(CNC)(bpy)(0,) —0.9 -9.9 —4.0 —-0.5 —62 -26 1.34 1.20 1.24
7 Ru(TPA)(H,0)(0,) 42 -5.0 8.6 3.0 —47 7.8 1.33 121 1.27
74 Ru(TPA)(0,)(H,0) -16 -59 3.0 -29 -3.5 2.7 133 121 127
8 Ru(bpy),(H,0)(0,) -84 -103 -1.0 -9.3 —-83 —-0.9 1.32 1.20 1.26
9 Ru(DPA-Bpy)(0,) —-0.3 -72 —114 -1.6 =51 —104 132 121 1.22
10 Ru(pda)(pic),(0,) -39 —16.4 -6.6 -3.7 —14.5 -52 1.33 1.26 1.26
11 Ru(Mebimpy) (bpy)(O,) —4.0 -9.7 02 -53 -7.5 0.3 133 121 1.26
12 Ru(Mebimb) (bpy)(O,) 8.2 -2.6 10.8 6.8 -1.0 11.1 1.34 122 127
12/ Ru(Mebimb)(ppy)(O,) 7.4 -3.1 0.7 5.4 -1.0 0.6 1.34 121 1.26
127¢ Ru(Mebimb) (ppy)(O,) 6.9 -2.1 9.4 4.7 -1.0 8.6 1.34 1.22 1.27
13 Ru(tpzm)(bpy)(0,) —-8.7 -109 -23 -9.7 —94 -2.0 1.32 1.20 1.26
14 Ru(tmtacn) (bpy)(O,) -3.1 -59 4.8 —4.0 —4.0 5.1 1.32 121 1.26
15 Ru(DAMP)(bpy)(0,) —6.6 -72 LS -85 —6.3 1.1 1.32 121 127
16 d-Ru(terpy) (pynap)(O,) —4.5 —-113 -23 -53 —-10.0 -1.7 1.33 121 1.26
16’ p-Ru(terpy)(pynap)(0O,) -21.1 —18.5 —16.8 —20.7 —16.1 -15.3 1.31 1.20 1.2
17 Ru(terpy)(bpy)(0,) —-8.6 -124 -89 -9.1 —-10.9 -7.5 133 1.20 1.24

“Sgde-ons Tend-on and Sepa.on represent singlet side-on (closed-shell), triplet end-on (open-shell), and singlet end-on (open-shell) states, respectively.
Negative energy means exothermic O, liberation. The energy change of O, liberation from the lowest free energy structure for each system is shown
in bold. “Ligand abbreviations: pic = 4-picoline; pbn = 2,2'-(4-(tert-butyl)pyridine-2,6-diyl)bis(1,8-naphthyridine); tpy = 4'-t-butyl-2,2:6'2"-
terpyridine; dpp = 2,9-di-(2'-pyridyl)-1,10-phenanthroline; terpy = 2,2":6',2"-terpyridine; Mebim-py = 3-methyl-1-pyridylbenzimidazol-2-ylidene;
MPP = 2-(2-pyridyl)-1,10-phenanthroline; pda = 1,10-phenanthroline-2,9-dicarboxylic acid; bpy = 2,2'-bipyridine; tpzm = tris(1-pyrazolyl)methane;
DPA-Bpy = N,N-bis(2-pyridinylmethyl)-2,2’-bipyridine-6-methanamine; NCN = 1,3-bis(pyridine-2-yl)imidazol-2-ylidene; CNC = 1,3-bis(1-
methylbenzimidazol-2-yl)benzene; Mebimpy = 2,6-bis(1-methylbenzimidazol-2-yl)pyridine; DAMP = 2,6-bis(dimethylaminomethyl)pyridine;
tmtacn = 1,4,7-trimethyl-1,4,7-triazacyclononane; TPA = tris(2-pyridylmethyl)amine; Mebimb = 2,6-bis(1-methylbenzimidazol-2-yl)benzene; ppy =
2-pheny‘11pyridine; pynap = 2-(pyrid-2'-yl)-1,8-naphthyridine. “The most stable structure of 3’ (S.u4.n) is 3.1 kecal/mol higher than 3 (T..4.,) in free
energy. “The most stable structure of 7' (S.pg.on) is 5.0 keal/mol higher than 7 (Seug.0n) in free energy. “The most stable structure of 12” (Seyq.0n) is
4.4 kcal/mol higher than 12 (Syge.n) in free energy.

spin-projected correction®” to compute the energy of the spin-purified complexes, the largest number of unpaired electrons on Ru is
low-spin (LS) state as: only one (in triplet and open-shell singlet). Thus generally,
BSHS, 2 HS+ BS, o2 unlike its 3d TM congener Fe02,53 the tendency thereof to

Ls E™XS) = TEXS) : : :

E = g2y W5 2) have multiple parallel unpaired electrons on TM center is
quenched in RuO, complex, especially for side-on one with

Here, HS refers to the high-spin coupled state (triplet) that is related more saturated coordination sphere, wherein only closed-shell
to the low-spin (LS) singlet state by spin flip, and (S*) is the calculated singlet state is obtained. This observation is consistent with the
spin expectation value of the spin-contaminated broken symmetry larger exchange interactions to stabilize multiple parallel
(BS) singlet state. More details on (SZ) and energies for these spin- unpaired electrons on TM center in Fe than in Ru, and the
projected corrections can be found in the Supporting Information. larger orbital-promotion gaps in 4d than in 3d TMs to disfavor

multiple parallel unpaired electrons on TM center.>*
Before we proceed with the energetic data in Table 1, it is

B RESULTS AND DISCUSSION

Table 1 summarizes the calculated electronic energy (AE) and informative to compare some of our computed energetics to
Gibbs free energies (AG) for the water-assisted O, release the previous results. Polyansky, Fujita, and their co-workers had
reaction (eq 1) for all of the mononuclear ruthenium systems in calculated the free energy difference between the side-on singlet
Scheme 1. Also shown in the table are the O—O bond lengths and end-on triplet states of 1,'® and found a value of —13.2
in O, complexes. From the generally longer O—O bond lengths kcal/mol in favor of the end-on triplet species. Our computed
in side-on Ru—0O, species than those in the corresponding end- value of —10.0 kcal/mol is close to their value. Voorhis et al.
on Ru—0, species, it is clear that side-on complexes resemble reported the O, release thermodynamics of 17 from the triplet
peroxo species more than the end-on ones. Naturally, this end-on RuO, conformation,' and their free energy value of
means the side-on RuO, complexes are associated with a —15.0 kcal/mol is reasonably close to our corresponding value
greater oxidation number of the Ru as compared to the end-on of —10.9 kcal/mol. For 17, Lin et al. computed the electronic
ones. Concerning low-lying electronic structures of RuO2 energy gap between side-on singlet and open-shell end-on
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singlet states,”’ and found that the former state lies 2.1 kcal/
mol below the latter. Our corresponding electronic energy gap
value of 0.4 kcal/mol in favor of the side-on singlet state gives
the same qualitative information. For 11, Friesner et al
calculated the free energy gap between side-on singlet and end-
on triplet states;”" their value of 1.7 kcal/mol (side-on singlet
higher in energy) and our value of —2.2 kcal/mol are
reasonably close. Thus, generally, energetic results for RuO,
species in this work are in accord with available previous
theoretical results from other groups.'®'*>"3!

Concerning the energy data in Table 1, first it can be seen
that the free energy changes associated with the reaction from
the lowest lying O,-bound conformation (bold values in Table
1 for each system) span a range of 26.4 kcal/mol, from an
exothermic process by —15.3 kcal/mol (16’) to an endothermic
process by +11.1 kcal/mol (12). Second, the lowest-energy
structures have mostly open-shell singlet states and Ru—O,
end-on conformations. Only two cases (1 and 3) out of 24 have
triplet Ru—O, end-on conformation as their lowest energy
structure (for 1, the singlet end-on conformation is just
marginally higher than triplet end-on conformation). In seven
of the cases (1/, 2, 2/, 6, 9, 10, 12'), the closed-shell side-on
conformation is the lowest energy structure. Therefore, we may
conclude that the O, release thermodynamics is dependent on:
(1) steric effect from Ru ligands; (2) effect of ligand trans to
O,; (3) oxygen cis coordinating effect; (4) effect of carbon
coordination; and (S) strength of the Ru coordination. Below,
we analyze and discuss our results and elucidate the different
factors affecting the thermodynamics of O, release.

Steric Effect. Steric repulsion is the first effect that is
apparent in our thermodynamics data for O, release. As shown
in Scheme 1, complex 1 differs from 1’ by having two additional
fused pyridine rings attached to two side-coordinating pyridines
of the terpyridine ligand. The resultant naphthyridine moieties
could cause significantly larger steric hindrance for O, binding
in 1 than in 1'. This larger steric hindrance was demonstrated
from Figure 1 in two equivalent ways:

-15.0keal/mol
-25.0kcal/mol

AG(Tgng.on)=
AG(Sgige-on)=
1

AG(T 4.0 )= -B.6kcal/mol
AG(Sgige.on)= -1.6kcalimol
"

Figure 1. Space-filling models of the lowest energy structures of
complexes 1 (T.gon) and 17 (Sggeon), and their O, release
thermodynamics from Sy, and Teyq.on States.

(a) First, the two complexes 1 and 1’ show a large
conformational energy difference between side-on and
end-on conformations. 1 prefers an end-on conformation
(triplet), which is 10.0 kcal/mol lower than the side-on
structure, while on the contrary 1’ prefers a side-on
structure, which is 5.0 kcal/mol lower than the lowest
end-on complex (triplet). As shown in Figure 1, this
conformational preference is due to the cleft generated
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by the naphthyridine moieties in 1, which prefer an end-
on O, coordination, as compared to the larger cleft in 1’,
which can accommodate O, in a side-on coordination.

Second, the end-on and side-on conformations are quite
different in the O, release thermodynamics difference
between 1 and 1’, which coincide with steric repulsion.
Thus, comparing 1’ to 1, one sees that the O, release
from the more sterically encumbered side-on conforma-
tion is 23.4 kcal/mol less exothermic in 1’. On the other
hand, from the less encumbered end-on conformation
(triplet), the O, release is only 8.4 kcal/mol less
exothermic in 1" versus 1. This much larger change of
O, release thermodynamics from 1 to 1’ in the side-on
structures as compared to end-on structures is a
manifestation of the large steric repulsion from the Ru

ligands.

Additionally, it should be noted that as the product of O,
release, the water coordinated complex of 1 has one H-bond
(hydrogen bond) between H,O and the N atom of the
additional fused pyridine ring, as shown in Figure 2. This H-

(b)

Figure 2. The structures (H-bond length labeled in A) of the water
complexes of 1 and 1'.

bond, which was also observed experimentally in the single-
crystal X-ray structure,'? is not present in 1’. Thus, the H-bond
in 1 stabilizes the water-coordinated complex, by several kcal/
mol, thereby making O, release more exothermic in 1 than in
1. However, because this H-bond only effects a constant shift
in the O, release thermodynamics for the side-on and end-on
conformations of 1, the O, release thermodynamics differences
between 1 and 1 for the side-on conformation (23.4 kcal/mol)
and for the triplet end-on conformation (8.4 kcal/mol) as
described above in point (b) are both equivalently affected by
this H-bond. Hence, comparatively the difference in their
differences (23.4 vs 8.4 kcal/mol, Figure 1) is still a
manifestation of the steric hindrance difference between 1
and 1'.

1 has five possible coordinating nitrogen atoms in the
equatorial ligand plane. This number is higher than the three
nitrogens necessary for a usual octahedral coordination sphere
of central Ru atom. These redundant coordinating positions are
the root cause of the steric hindrance exerted by the ligand on
O, binding. Inspection of 2 versus 2’ reveals that with 4-
nitrogen sites in the equatorial plane of 2 the steric effects are
small. Indeed, one finds the following facts from Figure 3: (a) 2
and 2’ do not show a large conformational energy difference
between side-on and end-on conformations. Thus, for both 2
and 2/, side-on conformation is lower in energy than the
corresponding lowest end-on structure (triplet), by 3.9 and 4.1
kcal/mol, respectively. (b) The O, release thermodynamics

dx.doi.org/10.1021/ic3028644 | Inorg. Chem. 2013, 52, 5088—5096
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%,

]

AG(T and-on)= ~10.7kcal/mol

AG(Teng.on)= -6.3kcalimol
AG(Soem)= -6.8kcalimol e

AG(Sgiga.on)= -2.2kcal/mol
2'

Figure 3. The lowest energy structures (Sgqe.on) of the complexes 2
and 2’, and their O, release thermodynamics from Sy, and Teng.on
states.

differences between 2 and 2’ are similar from side-on (—4.6
kcal/mol) and lowest end-on (—4.4 kcal/mol) conformations.
Thus, based on the comparison of 1 and 1’ above, 2 does not
show apparent steric hindrance in comparison with 2. It should
be noted that the 4.4—4.6 kcal/mol more exothermic O, release
thermodynamics in 2 than in 2 as shown in (b) originates from
an H-bond between H,O and one edge pyridine of equatorial
ligand in the water coordinated complex of 2, which is absent in
the water complex of 2’ as shown in Figure 4. Thus, from the

—‘2+

=

%’ N“‘RUHO H
/

2 2'

Figure 4. The structures (H-bond length labeled in A) of the water
complexes of 2 and 2.

above results, it appears that only those ligands that possess five
or more equatorial coordinating sites can exert apparent steric
hindrance effect to the O, bonding and releasing.

Another example of steric effect can be found from 16’. As
compared to 4, the additional fused pyridine ring in the pynap
ligand of 16" exerts significant steric hindrance, as indicated by
the much more exothermic O, release in the latter than the
former. It is interesting to note that when fused pyridine ring in
the pynap ligand is not in the vicinity of the O, coordinate site
but far from it as in 16, the steric hindrance is no longer
present, and the O, release is much less exothermic than that of
16’. Similar to 1 and 2, the O, release thermodynamics for 16’
is also affected by the H-bond (Figure S), between the
coordinated water molecule, in the water complex, and the N
atom of the fused pyridine ring in the pynap ligand. The
calculated O---N distance, linked by the H-bond, is 2.60 A,
which is consistent with X-ray crystal structure data of 2.64—
2.66 A** This distance match supports the presence of a H-
bond in the water complex of 16'.

From the above results, we see that the steric effect is a
contributing factor for the thermodynamics of O, release in
mononuclear ruthenium WOC. It is this effect that makes 1 and
16’ and exhibits the two most exothermic O, releases (—15.0
and —15.3 kcal/mol) among all of the cases in Table 1.
Intramolecular hydrogen-bonding interaction of the water-
coordinated complex could also play a role.

Trans Effect. The second factor found from our results is
the trans effect exerted by the ligand in the trans position to O,.
The tighter is the binding/coordination (shorter bond length)
of the ligand trans to O,, the weaker will the O, binding be and
vice versa. We can see this effect in 3 in Figure S, which shows
that 3 has N-heterocyclic carbene (NHC) coordinated trans to
the O, binding site, and the Ru—C bond length is 1.99 A, which
is shorter than the corresponding Ru—N bond length of 2.09 A
in 4. From Figure 5, we can see that this stronger Ru—C
bonding in 3, as compared to the Ru—N bond in 4, exerts a
strong and state-selective trans effect making the O, release
thermodynamics, from the singlet end-on conformation, more
exothermic by 16.2 kcal/mol as compared to 4 (—20.8 vs —4.6
kcal/mol), while there are only minor changes in the O, release
thermodynamics of singlet side-on and triplet end-on states

AG(Send.on)= -20.8kcal/mol AG(Sang.on)= -6.4kcalimol AG(Seng.on)= -4.6kcalimol AG(Seng.on)= -1.4kcallimol AG(Seng.on)= -2.6kcal/imol

3 3

5 6

Figure S. The structures (H-bond length labeled in A) of the water complexes of 4, 16, and 16/, and the structures (key bond lengths labeled in A)
and O, release thermodynamics of singlet end-on complexes of 3, 3/, 4, S, and 6.

dx.doi.org/10.1021/ic3028644 | Inorg. Chem. 2013, 52, 5088—5096
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(see Table 1). This indicates a significant destabilization of the
end-on O,-binding in the singlet state relative to H,O-binding
or other forms of O, binding in the presence of trans-carbene
ligand. Interestingly, when NHC coordinates in a cis position to
0, asin § or 3/, no large effect on O, release thermodynamics
is observed in comparison with 4. When two NHCs coordinate
in two cis positions to O, as in 6, there is also no apparent
influence on the O, release thermodynamics.

Another example of the trans effect can be found in 7 and 7’
as depicted in Figure 6. The complexes differ by having

AG(Send-on)= 7.8kcal/mol
7

AG(Seng.on)= 2.7kcal/mol
?I
Figure 6. The lowest energy structures (Seuqon) Of the complexes 7

and 7' (key bond lengths labeled in A), and their O, release
thermodynamics.

different types of N atom coordination at the O, trans position,
that is, an sp®> aminic N atom in 7 versus an sp” pyridinic N
atom in 7’. The corresponding Ru—N bond length in 7 is 0.05
A longer than 7', which originates from the sp® hybridized lone
pair of the aminic N atom in the former, the sp? hybridized lone
pair of pyridine N atom in the latter. Thus, the sp”
hybridization in 7’ makes the N-ligand a more powerful
donor, and hence its trans effect is more pronounced than in 7,
and the corresponding Ru—O, binding in 7’ is weaker. As
shown in Figure 6, the O, release thermodynamics from the
lowest singlet end-on conformation is indeed more favorable in
7’ by 5.1 kcal/mol.

Oxygen Coordinating Effect. In some of the complexes in
Scheme 1, there are oxygen atoms coordinated at a cis position
to O,. These coordinated oxygen atoms belong either to water
ligands (7, 7/, 8) or to a carboxylic group (10). We observed
some uniform trend for these oxygen atom coordinated systems
as compared to corresponding ones with all-nitrogen first
coordinate sphere. As seen in Figure 7, when the edge pyridine
of terpyridine ligand in 4 is replaced with water as in 8, the O,
release thermodynamics from the singlet end-on conformation
becomes 3.7 kcal/mol less exothermic, while concurrently the
O, release thermodynamics from singlet side-on conformation
becomes 2.6 kcal/mol more exothermic. Thus, in the cis-
oxygen ligated system 8, the singlet end-on conformation is
stabilized relative to the side-on conformation by 6.3 kcal/mol
than that in all-nitrogen ligating complex 4. Similar relative
stabilizations of singlet end-on conformation over side-on one
are also observed when changing from 9 to 7’, and from 2 to
10, which are of 14.4 and 6.8 kcal/mol, respectively.

Carbon Coordinating Effect. Except for the carbene
complexes discussed above, aryl group coordination is also seen
frequently in mononuclear ruthenium WOCs, as in 12, 12/, 12"
shown in Figure 8. In 12/, C is at the trans position to O,, while
in 12 and 12", it is at the cis position to O,. In comparison with
11, which is an all-nitrogen ligating analogue complex,
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AG(Send-on)= -4.6kcalimol AG(Sgng.on)= -10.4kcalimol AG(Sgng. o,.. = -15.1kcal/mol

¥

g
T
-9.3kcal/mol AG(Ssigeon)= -2.9kcalimol AG(Sgige.on)= -3.Tkcal/mol

"\G(Sside—on)'
AG(Sgng.on)= -0.9kcalimol AG(Sgng.on)= 2.Tkcal/mol AG(Sgng.on)= -5.2kcal/mol
8 7

Figure 7. The lowest energy structures (key bond lengths labeled in
A) Of the Complexes 2 (SSide-Oﬂ)' 4 (Send-on)J 7/ (Send-on)) 8 (Send-on)) 9
(Sside—on)r and 10 (Sside—on)) and their 02 release thermodynami(;s from
Sside-on and send-on states.

AG(Ssige-on)= -5.3kcal/mol
AG(Sgnd.on)= 0.3kcal/mol

1"

AG(Ssige-on)= 5.4kcalimol
AG(Sang.on)= 0.6kcal/mol

12

AG(Sgige-on)= 4.7keal/mol
AG(Sgng-on)= 8.6kcal/mol

12“

AG(Ssige-on)= 6.8kcal/mol
AG(Seng.on)= 11.1kcal/mol

12

Figure 8. The lowest energy structures of the complexes 11 (S q.0n)s
12 (Sendon)y 12" (Sgdeon)y and 12" (S.nqon), and their O, release
thermodynamics from S and S states.

side-on end-on

complexes 12, 12, and 12" exhibit different O, release
thermodynamics. In 12’, wherein C ligates at the trans position
to O,, the O, release thermodynamics become more
endothermic than that in 11 by 10.7 and 6.5 kcal/mol from
singlet side-on and triplet end-on conformations, respectively,
while from singlet end-on conformation, the O, release
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thermodynamics almost does not change. Differently, in 12 and
12", wherein C ligates at the cis position of O,, O, release
thermodynamics from all three conformations (triplet end-on,
singlet end-on, singlet side-on) change apparently toward the
more endothermic direction. Thus, when aryl C ligates Ru,
almost all conformations are significantly stabilized as
compared to the all-nitrogen ligating complex. The only
exception is the singlet end-on conformation, which is almost
unaffected when C ligates at the trans position of O,.

Ru Coordination Strength. We also observed some ligand
effect due to different degrees of coordination by the same
ligating atoms. As seen in Figure 9 and Table 2, the difference

AG(Sgng.on)= 2.0kcal/mol
13

AG(Seng-on)= 5.1kcal/mol
14

Figure 9. The singlet end-on structures of complexes 13 and 14, and
their O, release thermodynamics.

Table 2. Ru—N and Ru—O Bond Distances (in A) of
Complexes 13 and 14

13 14
Ru—N, 2.07 212
Ru-N, 2.07 2.14
Ru—N, 2.10 2.19
Ru—N, 2.03 212
Ru—N; 2.10 218
Ru—0 2.04 2.02

“For N labeling, see Figure 9.

between sp” N-atom ligation of the pyrazol ring in 13 and the
sp® N-atom ligation of the amine ligation in 14 leads to
apparent different Ru—N bond lengths by about 0.1 A. In the
former complex, Ru—N is much shorter than that in the latter.
Thus, the Ru center of 13 is coordinated more strongly than
14, thereby making the O, release thermodynamics of 13 less
endothermic than that of 14 (see also Table 1). The bond
tightening in 13 is similar to the trans effect discussed above.

A similar observation about the effect of coordination
strength applies to 4 versus 15; the former has tighter bonds
than the latter, as shown in Figure 10. Indeed, the O, release in
4 is —4.6 kcal/mol exothermic, whereas in 15 the same process
is 1.1 kcal/mol endothermic.

B CONCLUSIONS

This work constitutes a systematic study of the water-assisted
O, release thermodynamics in various electronic states (singlet
and triplet) and geometric conformations (side-on and end-on
Ru—0, coordination) of Ru—O, complexes of mononuclear
ruthenium water oxidation catalysts. The DFT calculations
demonstrate that there are several factors that can affect the O,
release thermodynamics: (1) steric effect from the ligand
sphere of Ru; (2) a trans effect of ligand trans to O,; (3) an
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AG(Seng.on)= 1.1kcal/mol

15

AG(Sgng.on)= -4.6kcal/mol
4

Figure 10. The singlet end-on structures (key bond lengths labeled in
A) of complexes 4 and 15, and their O, release thermodynamics.

oxygen cis coordinating effect; (4) a carbon coordinating effect;
and (5) a Ru coordination strength. Some of these effects could
selectively stabilize/destabilize some states/conformations of
the Ru—O, complexes relative to Ru—OH, complexes, and
affect thereby the O, release thermodynamics.

The identification and rationalization of factors for O, release
thermodynamics, which is closely related to the facility of O,-
liberation in water oxidation, could contribute to a better
understanding of this final step in the cycle of water oxidation
catalyzed by the ruthenium complexes.
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