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ABSTRACT: A series of [Ru"(terpy-R)(phen-X)CI]PF¢ com-
plexes was designed where terpy-R is the tridentate 4'-(4-
methylmercaptophenyl)-2,2':6'2"-terpyridine ligand MeMPTP
and phen-X is a substituted phenanthroline with hydro (1), S-
nitro (2), S,6-dimethyl (3), and 3,4,7,8-tetramethyl (4). This
series allows us to compare the reactivity of phenanthroline-
containing procatalysts with that of its well-established
bipyridine counterparts as well as to study the effects of
electron-withdrawing and -donating substituents on water
oxidation. These species were thoroughly characterized by
spectroscopic and spectrometric methods, and the structures of
1, 3, and 4 were determined by single-crystal X-ray diffraction.
The procatalysts 1—4 show opposite trends compared to known
terpyridine/bipyridine species; the unsubstituted procatalyst 1
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yields a turnover number (TON) of 410 followed by 250 and 150 for complexes 3 and 4 with electron-donating substituents.
Species 2, with electron-withdrawing properties, yields the lowest TON of 60. Although the TONs decrease upon substitution,
the presence of electron-donating methyl substituents enhances the rate of O, evolution during an early stage of catalysis.
Interestingly, no evidence of conversion from chlorido-containing procatalysts into expected aqua-containing catalysts was
observed for 1—4 by NMR and UV—visible spectroscopy during the induction period. This observation, along with reactivity
toward (NH,),[Ce'V(NO;)4], suggests that water nucleophilic attack happens to a high-valent ruthenium species rather than
while at the Ru" oxidation state. Reactivity follows a trend similar to the rate of O, evolution in all complexes. Furthermore, the
electrospray ionization mass spectrometry and '"H NMR analyses of 1, as recovered after catalysis, indicate the presence of a

chlorido ligand.

B INTRODUCTION

Ruthenium-based catalysts have been avidly pursued in order to
circumvent the steep thermodynamic requirements involved in
water oxidation." One of the most promising mononuclear
topologies for such catalysts takes advantage of coordination of
the bivalent ruthenium ion in an octahedral environment to
polypyridine ligands such as terpyridine (terpy) and bipyridine
(bipy) along with a monodentate aqua ligand occupying the
sixth position. Therefore, Ru'(terpy)(bipy)X]* procatalysts
have been synthesized in which halogeno ligands X such as Cl,
Br, and I occupy the sixth position.””* In the presence of a
sacrificial oxidant such as Ce'" ions, these [Ru'(terpy)(bipy)-
X]* procatalysts require an induction period in which H,O is
believed to be incorporated, either by direct substitution of the
halogen or by formation of a seven-coordinated intermedi-
ate.>™* Recent evidence suggests that direct substitution is
favored by chorido-containing procatalysts, while seven
coordination might be favored when heavier halogens such as
iodides are present.””* An alternative and less explored
possibility is that partial displacement of flexible polypyridine
ligands takes place. After water is coordinated, accepted
mechanisms assume that proton-coupled electron transfer
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(PCET) leads to the formation of a [Ru"™'OH]?** intermediate
that is further oxidized to [Ru'Y=0]** and [Ru"=0]*". In the
presence of water, the electrophilic pentavalent ruthenium oxo
species can then be converted into hydroperoxo species
[RuOOH]*, which antecedes the formation of [RuVOO]*
via another PCET step. At this point, O, can evolve via
replacement by a water molecule, and the catalyst is then
regenerated.”"” Optimization of the catalyst activity requires a
balance between the availability of electron density at the metal
center and limited 7-back-bonding to the most labile ligand."® A
certain balance can be achieved by the careful insertion of
electron-donating and -withdrawing groups to each of the
polypyridyl ligands. Similar groups can foster or prevent catalyst
stability, depending on their position on either the bipy or terpy
moiety, as seen in recent reports.m’11 According to these
findings, the insertion of electron-donating groups to terpy and
electron-withdrawing groups to bipy should lead to a situation
where the catalyst activity and stability are optimized. In this
regard, we are interested in the electronic effects associated
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with the more rigid phenanthroline (phen) in [Ru"(terpy)-
(phen)Cl]* procatalysts, both to evaluate their reactivity and
because proper phen functionalization allows for the synthesis
of multimetallic topologies.">™*® While working on the
functionalization of mercaptoterpyridines for self-assembly on
gold electrodes, we noticed that the complex [Ru"(MeMPTP)-
(phen)Cl]PF;, [MeMPTP = 4’-(4-methylmercaptophenyl)-
2,2':6'2"-terpyridine)] showed catalytic activity toward water
oxidation. We realized that this is a unique platform to (i)
compare the effects of substituted phen with electron-donating
and -withdrawing groups on the catalytic activities of the series
of procatalysts summarized in Scheme 1, (ii) discuss the
reactivity of these complexes toward Ce', and (jii) evaluate the
composition of the catalyst recovered after catalysis. The results
follow.

Scheme 1. [Ru"(MeMPTP)(R-phen)CI]PF; Complexes with
Substituted phen

SCH,

[Ru"(MeMPTP)(Phen)ClJPF; (1) -H
[Ru"(MeMPTP)(NO,-Phen)CI]PF; (2) 5-NO,
[Ru"(MeMPTP)(Me,-Phen)CI]PF; (3) 5,6-Me
[Ru(MeMPTP)(Me,-Phen)CI]PF; (4) 3,4,7,8-Me

B RESULTS AND DISCUSSION

Synthesis and Characterization of Ligands and
Complexes. The ligand MeMPTP was synthesized as
previously reported'’ and treated with 1 equiv of
[Ru"(DMSO),ClL,] (DMSO = dimethyl sulfoxide) to yield
the precursor [Ru"(MeMPTP)(DMSO)CL]. Four complexes
were obtained by reaction of the precursor with the appropriate
phen ligand and further column-chromatographed to yield the
high-purity species [Ru"(MeMPTP)(phen)CI]PF, (1),
[Ru"'(MeMPTP)(NO,-phen)CI]PF, (2), [Ru"(MeMPTP)-
(Me,-phen)CI]PF4 (3), and [Ru"(MeMPTP)(Me,-phen)Cl]-
PF; (4). Species 1—4 were characterized by "H NMR and IR
spectroscopies, high-resolution electrospray ionization mass
spectrometry (ESI-MS), and elemental analysis prior to use,
with excellent agreement between the different methods.
Species 1, 3, and 4 were also characterized by X-ray
crystallography.

Structural Characterization. X-ray-quality crystals of 1, 3,
and 4 were obtained by the slow evaporation of a complex
dissolved in acetonitrile (ACN) under dark conditions, as
shown in Figure 1. The partial solution obtained for 1 does not
allow for discussion of the bond lengths and angles, but it
suffices to indicate connectivity, confirming the identity of the
[Ru"(MeMPTP)(phen)Cl]* cation (Figure S1 in the Support-
ing Information, SI). Complexes 3 and 4 show pseudooctahe-
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Figure 1. Molecular structure of the cations (a) [Ru"(MeMPTP)-
(Me,-phen)Cl]* (3*) and (b) [Ru"(MeMPTP)(Me,-phen)CI]* (4*).
Selected bond lengths (A) and angles (deg): for 3*, Ru—Nl
2.087(7), Ru—N2 1.955(7), Ru—N3 2.058(8), Ru—N4
2.051(7), Ru—NS$ = 2.072(7), Ru—Cl = 2.450(2) and N1-Ru—N2
= 79.1(3), N2—Ru—N3 = 79.9(3), N3—Ru—NS = 98.5(3), NS—Ru—
N1 = 102.4(3), N4—Ru—Cl = 173.8(2); for 4*, Ru—N1 = 2.061(2),
Ru—N2 = 1.943(2), Ru—N3 = 2.056(2), Ru—N4 = 2.039(2), Ru—N$5
=2.075(2), Ru—Cl = 2.407(7) and N1—Ru—N2 = 79.58(9), N2—Ru—
N3 = 79.74(9), N3—Ru—NS5 = 101.96(9), NS—Ru—N1 = 98.62(9),
N4—Ru—Cl = 171.08(6).

dral geometries around the ruthenium center, where the Ny, —
Ru bonds vary from 2.087(7) to 1.943(7) A and relatively
shorter bond lengths are observed for the central N atom of the
terpy. Bond lengths for Ny.,~—Ru vary from 2.039(2) to
2.075(2) A, where shorter bond lengths are observed for the N
atom trans to the chlorido coligand. The difference in the bond
lengths for the phen N, 4. located trans to CI™ of 3 is 0.012 A
longer than that for 4. These bond lengths are in good
agreement with values reported in the literature.'® The Ru—Cl
bond length in complex 4 is shorter than that of 3 by ca. 0.05 A.
The molecular structures of 1, 3, and 4 clearly illustrate that the
chlorido group is trans to the N4 atom of the phen.
Electronic and Redox Behavior. The efficiency of water
oxidation in complexes 1—4 is sensitive to the electron density
around the ruthenium center,”'®'" and the effect of electron-
donating and -withdrawing substituents is reflected in the
potential of the Ru"/Ru™ couple, as measured in ACN and
shown in Figure S2 in the SI. Complexes 1—4 display the Ru"/
Ru"™ couple between 0.31 and 0.46 Vi .. Another irreversible
process consistently observed between 1.0 and 1.1 Vg is
attributed to oxidation of the —SCH; group of MeMPTP. The
terpy/terpyridinium couple is observed around —1.94 to —2.14
Vec/ge for complexes 1, 3, and 4. This process is absent for
species 2, which instead shows a process at —1.08 Vg /g
centered on the NO,-phen ligand. In Figure 2, details are
shown for the Ru"/Ru' couple, evidencing that the electron-
withdrawing nitro group in complex 2 does not favor the
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Figure 2. Cyclic voltammograms of the Ru"/Ru™ couple for 1—4 in
ACN/TBAPF, at 100 mV s .

generation of a trivalent Ru'" state, as observed by the highest

oxidation potential of 0.46 V. /g.. The unsubstituted 1 displays
this couple at 0.40 Vg */g.. An opposite trend is observed in the
presence of weakly electron-donating methyl substituents in
complexes 3 and 4, yielding more affordable potentials of 0.38
and 0.33 Vg g, respectively. The results in dichloromethane
are shown in Figure S3 in the SI and show consistency with the
above-mentioned behavior.

The UV—visible absorption spectra of complexes 1—4 were
recorded in ACN and are shown in Figure S4 in the SI. The
complexes show a pronounced band at 515—520 nm (A = §
nm) due to ruthenium-to-terpy metal-to-ligand charge transfer
(MLCT).>"®' A second band is observed between 422 and
435 nm (A = 13 nm) and attributed to a MLCT process
involving the ruthenium center and the phen ligand. This band
has not been detected for 2 and is blue-shifted in 4 because of
the presence of four electron-donating methyl groups. The fact
that the second MLCT presents larger variance associated with
the nature of the substituents on the phen ligand confirms that
MLCT is associated with the Ru" < phen process.

Catalytic Activity toward Water Oxidation. The
influence of electron-donating and -withdrawing groups in the
catalytic properties of [Ru'(MeMPTP)(R-phen)CI]PF com-
plexes was evaluated by measurement of the turnover number
(TON) = [generated O,]/[catalyst] in moles) and of the rate
of O, generation in solution. The TONs of these complexes
were measured in 10 mL septum-capped round-bottomed flasks
using (NH,),[Ce"(NO;)¢] (550 mg, 1.0 mmol) and triflic acid
(CF;SO;H, 3.0 mL, pH = 1) stirred together. An ACN solution
of the complex under study (100 uL, 8 X 10~ mmol) was
added, and experiments were carried out under atmospheric
conditions. The resulting mixture reacted 24 h, and then a
sample of the headspace gas was collected and injected (100
uL) into a gas chromatograph. Atmospheric N, was used as an
internal standard in the gas chromatography (GC) determi-
nation of O, percentiles. The higher the TON, the more stable
the catalyst. The TON of complex [RuH(terpy) (phen)CI]PFg
was used as an internal standard for consistency.” Because good
agreement was found between our experiments and those
previously reported, the TONs of complexes 1—4 were
measured with confidence. Species 2 with an electron-
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withdrawing nitro group displays the lowest TON, whereas 3
and 4 with electron-donating methyl groups indicate higher
activity than that of complex 2 but slightly lower than that of
the unsubstituted 1. In general terms, it has been observed®'®
that electron-withdrawing groups in related [Ru'(terpy)(R-
bipy)X]* complexes (X = Cl or H,0) lead to enhancement of
the TONs. Similarly, bipy-containing electron-donating groups
led to a clear decrease in the TONSs. The species [Ru"(terpy)-
(NO,-bipy)Cl]* is an exception to this observation because its
TON is slightly lower than that of the unsubstituted complex.”
Nonetheless, the nitro complex still displays higher TONs than
the equivalent species with electron-donating substituents.
Considering terpy substituents on the 4’ position, an opposite
trend was reported and electron-withdrawing groups led to
lower TONs.'”"" This observation points to subtle but
important differences in the catalytic potential of bipy- and
phen-based catalysts. On the other hand, the presence of an
electron-donating Ph-SMe mercapto substituent in complex 1
has fostered a higher TON than its unsubstituted counterpart
[Ru'(terpy) (phen)CI]PF,, in good agreement with the
literature.

The amounts and rates of O, generated in acidic aqueous
media were studied with a Clark electrode under argon for
complexes 1—4 with an excess of (NH,),[Ce"(NO,),] in a
Ru/Ce ratio of 1:5000 equiv. For complex 1, a first-order
kinetic behavior was determined from measurements at
different concentrations (Figure 3a,b), confirming that O,
generation is dependent on the molecular procatalyst. All of
the complexes required an induction period of 200—300 s prior
to O, detection. The shortest induction period was observed
for the tetramethylated 4, while the longest was reported for
the nitro species 2. This induction period has been historically
associated with conversion of the halido (Cl and Br)
procatalyst* into the more active aqua-substituted catalyst.'®*°
Further evidence by the Thummel group suggests that the iodo
procatalyst [Ru"(terpy)(bipy)I]* and its aqua counterpart
[Ru"'(terpy) (bipy)H,O]* do not require this induction period.*
This observation is particularly relevant for the iodo-substituted
species because it presents the highest TON of 570. The rates
of O, evolution for 1—4 were determined by measuring the
linear portion of the curves after the induction period and
before 800 s (see Table 1). The highest rate of O, evolution
was observed for 4, whereas complex 2 indicated the lowest
rate, thus in good a§reement with other published [Ru"(terpy)-
(bipy)Cl]" species.

Another important consideration in the assessment of the
catalyst is the possibility of the formation of heterogeneous
catalysts such as RuO, nanoparticles” or Ce--Ru'V=0
clusters.”’ In order to rule out the presence of heterogeneous
species in solution, dynamic light scattering (DLS) was used to
analyze the solutions of Ce' + triflic acid and Ce' + triflic acid
+ complex 1 in ACN at the same concentrations as those used
for determination of the rates of O, generation (Figure SS in
the SI). If the induction period should involve the formation of
heterogeneous species, a noticeable increase in the size
distribution of the samples should become apparent. Because
no heterogeneous forms were observed for any of those
solutions over a period of 20 min, thus longer than the ~5 min
induction times, the notion that catalysis is based on molecular
species is again reinforced. It has been accepted that the
formation of a more active aqua catalyst in aqueous acidic
media via substitution of the chlorido ligand for water can be
inspected by UV—visible changes.'” Furthermore, if the
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Figure 3. (a) O, generation with different concentrations of 1 over
time. (b) First-order plot of the initial rate data for 1. (c) Generation
of O, as a function of time with a YSI Clark electrode for complexes
1-4.

induction period observed for 1—4 is exclusively associated
with ligand substitution in the Ru" core, then the presence of
Ce'" is irrelevant. Therefore, UV—visible spectral changes were
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monitored for 1 excluding Ce" while keeping the other
reaction conditions similar to those used for evaluation of the
O, rates. Because precipitation was observed (Figure S6a in the
SI), the conditions were changed to a 1:1 mixture of ACN/
triflic acid (aqueous). Under these conditions and in the
absence of light, conversion to the aqua complex was observed,
however with a half-life of 290 min (Figure S6b in the SI). This
is a 60-fold longer time than the observed 300 s, suggesting that
Ce" is necessary to initiate the catalytic cycle. Further evidence
of nontrivial conversion of the procatalyst 1 comes from time-
dependent 'H NMR data in ACN-d;/D,0 following the
disappearance of the peak at 13.00 ppm. This peak is associated
with the phen H9 proton closest to the chlorido ligand (see
Scheme 1 for the proton numbering) and is expected to shift to
a more downfield value of 12.64 ppm when a water molecule
replaces the chlorido ligand. We noticed that the original
chlorido species remained unchanged in the first 24 h and
disappeared completely after 120 h. The aqua species can be
observed as a minor signal after 6 h, subsequently increasing in
intensity and then existing alone after approximately 120 h
(Figures 4 and S7 in the SI). A slower conversion was observed
when the ACN-d,;/D,0 ratio was changed to 4:1 (Figure S8 in
the SI). We also followed up the chloride-to-aqua conversion
for complexes 1—4 in 3:1 DMSO-d,/D,0 with triflic acid (0.1
M). In this solvent mixture, the phen H9 proton appears at
10.19 ppm, and a new peak was observed at 8.96 ppm
associated with the formation of a triflate-substituted entity that
is further converted into the aqua species, as observed by a peak
at 9.00 ppm (Figures S9—S14 in the SI). Even in this case, the
“chlorido” peak at 10.19 ppm is observed and does not
disappear. Some back-conversion was observed within 3 h
when LiCl was added to the aged solutions. Interestingly, the
spectra of the nitro-substituted 2 do not vary over time.

Reactivity Studies. Oxidative Titration of 1 with Cév.
UV-—visible spectroscopy has been used to monitor the
reactivity of aqua-substituted catalysts toward Ce',® but no
spectroscopic studies have been carried out with chlorido-
containing procatalysts. Therefore, we have generated spectro-
scopic profiles for 1—4 associated with Ru™ and Ru'" species by
titrating against Ce"" before study of the relative reactivities of
these complexes. The addition of 1 equiv of Ce" to complex 1
resulted in ca. 60% decrease in the 518 nm Ru" — terpy MLCT
band (Figure S1S in the SI) at the same time that a new band
assigned to a Ru"" species appeared at 413 nm. Because the 518
nm band did not disappear completely, this is indicative of
either incomplete or competitive oxidation, most likely of the
—SCH,; substituent on the terpy ligand, as observed for
aromatic thiols.** As shown in Figure Sa, the addition of 2 equiv
of Ce'" resulted in the complete disappearance of the 518 nm
band and the appearance of yet another band at 360 nm, in
addition to that at 413 nm. Available literature on [Ru"(terpy)-
(bipy)H,0]** complexes assign this band to either the Ce' ion
or the formation of [RuV=0]*" species.>***"* The UV—
visible spectrum of (NH,),[Ce(NO;),] was taken in aqueous
acidic media (triflic or nitric acid, pH = 1) and revealed ill-
defined processes at 300 nm (abs < 0.3), whereas an expected
~350 nm Ce"-related band was not observed (Figure S16 in
the SI). This reinforces the idea that the 360 nm process in 1 is
associated with a high-valent ruthenium species. Titration was
continued for up to 5 equiv of Ce'" to monitor changes during
one catalytic cycle.

Reductive Titration of 1 with Ascorbic Acid (AA). In order
to verify that the observed spectroscopic profiles are associated
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Table 1. Electronic and Water Oxidation Properties of Complexes 1—4

rate? X 10~ (umol of

complex Amaw DM (6, M~ em™1)% Ey) (AE; IL, /L), V)b TON® 0,s7h)
1 515 (16224), 435 (sh, 7716), 318 —1.97 (0.054; I1.4), —1.73 (irrv), 0.40 (0.058; 11.001), 1.05 (irrv) Ec"/Ec = 410 8.19
(39614) 0.4 (0.074; 11.000)
2 518 (18017), 316 (40689) - .93)(irrv), —0.11 (irrv), 0.46 (0.072; 1091, 1.1 (irrv) Fc'/Fc = 0.44 (0.075; 60 2.40
11.0l
3 515 (15673), 429 (sh, 7492), 316  —2.01 (0.060, 10.41), —1.74 (irrv), 0.38 (0.063; 10.91), 1108 (irrv) Fc'/Fc = 250 692
(40579) 0.44 (0.081; 11.01)
4 520 (16997), 422 (sh, 11018), 319 —2.14 (irrv), —1.77 (irrv), 0.33 (0.068; 10.91), 1.07 (irrv) Fc*/Fc = 0.44 (0.076; 150 27.3
(45154) I1.01)

“UV—visible spectra recorded in § X 1075 M ACN. “Cyclic voltammograms of 1—4 recorded as 4.0 X 10~ mol L™! in ACN with 0.1 M TBAPF as
the supporting electrolyte using a 100 mV s scan rate at room temperature in an inert atmosphere; WE = glassy carbon, RE = Ag/AgCl, and CE =
platinum wire. All potentials listed versus Fc*/Fc. Measured in ACN. (NH,),[Ce(NO;)4] (550 mg, 1 mmol) and CF;SO;H (3 mL, pH = 1) were
stirred together in the complex (100 yL, 8 X 107> mmol) for 24 h. dCF3SO3H (pH = 1, S mL), (NH,),[Ce(NO;)] (550 mg), and the complex (4

x 1075 M).
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Figure 4. "H NMR analysis of 1 in a 1:1 ACN-d;/D,0 mixture.

with the formation of high-valent ruthenium species, likely
Ru", the same solution treated with S equiv of Ce'" was titrated
with the reducing agent AA. As illustrated in Figure Sb, the
characteristic Ru" — terpy MLCT band reappears at ca. 515
nm, suggesting the regeneration of Ru' species. Assuming the
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Figure 5. (a) UV—visible spectral changes for 1 (5 X 107> M in ACN,
2.5 mL) upon oxidation with Ce™ (5 X 107> M in aqueous triflic acid,
25—125 uL, pH = 1). (b) UV—visible spectral changes for oxidized 1
upon reductive titration with AA in water (5 X 107> M, 25—125 uL).

bivalent Ru"' is regenerated, the next question is concerned with
whether the chlorido ligand is replaced by water during the
catalytic cycle. A comparison between the UV—visible data for
previously published [Ru"(terpy)(phen)Cl]* and [Ru(terpy)-
(phen)H,0]*" suggests a hypsochromic shift of 22 nm for the
aqua complex.* Because the regenerated MLCT band at 515
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nm does not indicate significant shifts, it is possible that the
chlorido group is still attached to the catalytic core. Similarly,
the bands at 360 and 410 nm associated with a high-valent
ruthenium species disappear, and the resulting spectrum
resembles that of the starting complex 1. In summary, 1
seems to reach higher oxidation states, while bound to the
chlorido ligand. This might be possible either via the formation
of a seven-coordinate [Ru"'=0]*? or via the bond-breaking
and flipping of one of the pyridine units in the terpy to form a
six-coordinate [Ru™=0]" species. Although further mecha-
nistic evaluation will be required, complexes 1—4 would most
likely follow the latter case. The former mechanism has been
verified in [Ru'(pda)L,] (pda = 1,10 phenanthrolinedicarbox-
ylic acid; L = pyridine), where a large O—Ru—O angle grants
access of water to the ruthenium core.*®

Time-dependent Decomposition of High-valent Ruthe-
nium Species. Changes in the electronic absorption spectra of
complex 1 upon reaction with 5 equiv of Ce' are shown in
Figure 6a. The MLCT band at 518 nm disappeared

( a) 3.5
3.0 ___ OeqcCe"
] 5.0 eq. Ce" (t=5s)
254 5.0 eq. Ce" (t=3600 s)

Absorbance

1
700

Wavelength (nm)
(b) °7
-1
2
<’§ 24
<
< o
% 3
-4 1
M
-5 T T T 1
0 100 200 300 400
Time(s)

Figure 6. (a) Spectral changes for 1 over time with a Ru"/Ce'" ratio of
1:5, [Rul] = 1 X 107 M, 1.5 mL in ACN, [Ce™V] =5 x 107 M, 1.5
mL in triflic acid (pH = 1). (b) First-order rate profiles for 1—4.

immediately after the addition of 5 equiv of an excess of the
oxidant. A similar observation has been reported,21 where a
comparable band on [Ru'(terpy)(bipy)H,0]*" disappeared
within 1.2 s upon the addition of a 10-fold excess of Ce'". Over
time, the new bands at 360 and 410 nm for 1 decreased, while a
325 nm band increased. The relative rate of decay of the 360
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nm band in 1—4 was calculated along with the first-order decay
plots in Figure 6b. Complex 4 shows the highest rate of decay
(114 x 1073 s71), followed by species 1 and 3 (9.9 X 107 and
8.6 X 107 s7', respectively). The rate observed for 2 reaches
3.4 X 107 57" and is much slower than that of 4. This trend is
in good agreement with the observed rates of O, evolution
discussed previously, and the half-lives for the decay of 1—4 are
comparable to the induction period observed for the rate of O,
evolution (Table T1 in the SI).

Evaluation of the Recovered Procatalyst. The results
outlined in the previous sections suggest that the catalytic core
in these species is regenerated after catalysis. We have
recovered and isolated the catalyst in order to address this
question in further detail. Complex 1 was treated with a 60-fold
excess of Ce' in aqueous triflic acid, yielding an air-unstable
green precipitate after 24 h. This precipitate was isolated by
filtration, dissolved in DMSO, and analyzed by 'H NMR
spectroscopy and ESI-MS in the positive mode. Broad peaks
observed in the '"H NMR spectrum of the precipitate are
suggestive of a paramagnetic high oxidation state different from
that of the low-spin 4d® Ru" present in 1. In order to verify
whether the catalytic core is preserved during catalysis, AA was
added to this species, prompting an immediate color change
from green to red. The 'H NMR spectrum of the resulting red
species was recorded in DMSO and compared with 1 before
catalysis. Proton labeling for 1 is shown in Scheme 1 and Figure
7, and the phen H9 proton at 10.32 ppm remained unchanged
in the recovered catalyst. This fact is interpreted as having the
chlorido group still coordinated to the ruthenium center.
However, peak shifts at 9.20, 8.33, and 7.58 ppm suggest
structural alteration associated with the terpy of the recovered
catalyst. Because the proton counts of the aromatic region in
both spectra are equivalent, the structural change must be
associated with oxidation of the —SMe group into a —SO,Me
group. This oxidation has been confirmed by ESI-MS analysis
(Figure S17 in the SI), where a molecular ion peak at m/z
703.91 is observed. This peak is 32 mass units higher than that
of the parent peak [Ru"(MeMPTP)(phen)Cl]" for 1. As added
evidence for this conversion, the equivalent species
[Ru"(terpy)(phen)CI]* failed to show such mass modification
and retained its original mass (Figure S18 in the SI).
Furthermore, the ligand MeMPTP was treated with Ce',
yielding the oxidized product, as observed by IR spectroscopy
with an $=O band at 1298 cm™" and ESI-MS where peaks at
m/z 372.1337 and 388.1302 are observed for the —SOCHj and
—S0O,CHj; species (Figures S19 and S20 in the SI). The mother
liquor recovered after precipitation of the green species was also
isolated and analyzed by ESI-MS in the positive and negative
modes. No measurable quantities of any ruthenium species was
detected either as discrete catalysts or in Ru/Ce clusters.”"

Bl CONCLUSIONS

The water oxidation ability of ruthenium/MeMPTP complexes
with several substituted phen ligands was analyzed by
evaluation of their TONSs and rates of O, generation. Although
we treated these species as “procatalysts” to follow the
established nomenclature that considers the aqua-substituted
counterparts as “catalysts”, the observed TONss for both classes
of compounds are comparable. We can summarize our
observations as follows: (i) The catalytic O, generation
requires the presence of Ce'. (ii) The catalytic activity was
enhanced by the presence of electron-donating groups on the
phen, while the presence of electron-withdrawing substituents
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Figure 7. "H NMR spectra in DMSO for 1 (a) before and (b) after catalysis.

decreases it drastically. This effect is explained by the fact that
the —NO, group in 2 decreases the electronic density on the
phen ligand, making it difficult to achieve higher oxidation
states relevant for catalysis, whereas the weakly donating —CH,
groups in 3 and 4 activate the phen ligand, facilitating the
generation of those high-valent ruthenium states. As such,
TON:Ss follow the sequence 1 > 3 > 4 > 2, while the rates of O,
evolution follow 4 > 1 > 3 > 2. (jii) All species require an
induction period for catalysis, and the rates of O, generation
follow a first-order mechanism in the presence of excess Ce'.
(iv) Spectroscopic evidence suggests that, during the induction
period, high oxidation species (possibly Ru' at 360 nm) are
generated, but no evidence of chloride-by-water exchange was
observed. Heterogeneous forms of the catalyst were ruled out
by DLS. (v) A decrease of the 360 nm band, related to Ru"=0
generation, associates the highest rates of decay in the order 4 >
1 > 3 > 2; this may be an indication that the position, as well as
the nature of the substituent, plays a role in catalysis. (vi)
Rather than an obvious chloride-by-water exchange, the
catalytic core seems to remain unchanged even in the presence
of excess Ce', thus favoring either a seven-coordinate
intermediate or a six-coordinate route where a pyridine group
on MeMPTP gets uncoordinated. (iv) The presence of the
electron-donating —PhSMe group on MeMPTP enhances the
catalytic activity, although it undergoes oxidation to —SO,Me
in the presence of Ce'". These results highlight significant
differences between phen- and bipy-based procatalysts, point to
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unique electronic nuances of the phen unit, and will be pivotal
for the design and optimization of future water oxidation
catalysts. Future studies will focus on the mechanistic details of
the catalytic cycle for 1—4, the evaluation of the catalytic
activity in multimetallic topologies based on phen functional-
ization, and the use of MeMPTP for self-assembly on gold
electrodes.

B EXPERIMENTAL SECTION

Materials and Methods. Reagents and solvents were used as
received from commercial sources. Methanol and ethanol were
distilled over CaH,. 1,10-Phenanthroline, 1-(pyridin-2-yl)ethanone,
and 4-(methylthio)benzaldehyde were purchased from Alfa Aesar,
RuCl; was purchased from Strem Chemicals, and $,6-dimethylphenan-
throline was purchased from GFS Chemicals Inc. 5-Nitrophenanthro-
line was synthesized according to known procedures.** IR spectra were
measured from 4000 to 400 cm™" as KBr pellets on a Tensor 27 FTIR
spectrophotometer. 'H NMR spectra were measured using Varian 400
mHz spectrometers. ESI-MS spectra (positive) were measured in
either a triple-quadrupole Micromass QuattroLC or a single-
quadrupole Waters ZQ2000 mass spectrometer with an electro-
spray/APCI or ESCi source. Experimental assignments were simulated
on the basis of the peak position and isotopic distributions. Elemental
analyses were performed by Midwest Microlab, Indianapolis, IN. UV—
visible spectroscopy from 5.0 X 10~ M ACN solutions was performed
using a Cary SO spectrophotometer in the range of 250—1100 nm.
Cyclic voltammetry experiments were performed using a BAS SOW
voltammetric analyzer. A standard three-electrode cell was employed
with a glassy-carbon working electrode, a platinum wire auxiliary
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electrode, and an Ag/AgCl reference electrode under an inert
atmosphere at room temperature. The salt TBAPF; (TBA =
tetrabutylammonium) was used as the supporting electrolyte.
Potentials are presented using ferrocene® as the internal standard.
DLS experiments were performed in a Zetasizer Nano Series
spectrophotometer using [Ce"] = 0.2 M in triflic acid, 2.5 mL, pH
= 1, and complex 1 at 5 X 107> M (1.98 mg/0.5 mL, injecting 25 uL).

Water Oxidation. Studies were carried out in a 10 mL round-
bottomed flask capped with a rubber septum under ambient
conditions. (NH,),[Ce(NO;)s] (550 mg, 1 mmol) and CF;SO;H
(3 mL, pH = 1) were stirred together, the complex (100 uL, 8 X 107°
mmol) dissolved in ACN was injected through the septum, and the
mixture was allowed to react for 24 h. The amount of O, generated
was measured with a gas chromatograph by injecting 100 uL of a
headspace gas sample. The gas chromatograph is a Gow-Mac 400 with
a thermal conductivity detector, and a 8 ft X !/ in, 5 A molecular
sieve column operating at 60 °C was used with helium as the carrier
gas. The calibration was carried out with air as the standard (21% O,).
The TON was calculated as the ratio of moles of O, produced over
moles of catalyst used. Clarity software was used for data acquisition
from GC. The rate of O, evolution was carried out in a three-necked
flask charged with triflic acid (pH = 1, $ mL) and (NH,),[Ce(NOs),4]
(550 mg) under an argon atmosphere, following well-established
protocols available in the literature.* Prior to injection of the complex,
the YSI Clark-type electrode was calibrated with O,, argon, and air-
saturated solutions. After calibration, water saturated with air indicated
the O, percentage in solution as 20 + 1%. Then the complex (50 uL, 4
X 107° M, AcN) was injected, and O, percentage reading was recorded
every 10 s up to 40 min.

X-ray Structural Determinations. Diffraction data were meas-
ured on a Bruker X8 APEX-II Kappa geometry diffractometer with Mo
radiation and a graphite monochromator. Frames were collected at
100 K with the detector at 40 mm and 0.3° between each frame and
were recorded for 10 s. APEX-Ila and SHELXb software were used in
the collection and refinement of the models. Crystals of 3 appeared as
dark plates. A total of 23546 reflections were measured, yielding 9818
unique data (R, = 0.104). Hydrogen atoms were placed in calculated
positions. These cationic complexes 1 crystallized with 1 equiv of PF4~
and 3 equiv of ACN. The anion showed typical PF4~ disorder in the F
positions, as evidenced by the high thermal parameters for these
atoms. Crystals of 4 were dark fragments. A total of 72908 reflections
were counted, which averaged to 10161 independent data (R, =
0.054). H atoms were placed at calculated positions. The cationic
complex crystallized with one PFs~ anion and 2 equiv of ACN.
Disorder in the PF,~ anion was handled by assigning partial occupancy
positions for four of the F atoms. These partial contributions were held
isotropic.”® Table 2 summarized the data for both structures.

Syntheses. Ligand 4'-(4-Methylmercaptophenyl)-2,2':6'2"-ter-
pyridine (MeMPTP). The ligand MeMPTP was prepared according
to literature procedures'” by treating 2 equiv of 2-acetylpyridine with 1
equiv of 4-(methylthio)benzaldehyde. Figure S21 in the SI summarizes
the NMR data.

[RU"(MeMPTP)(DMSO)Cl,]. A mixture of [Ru"(DMSO),Cl,]*
(0.696 g, 1.44 mmol) and MeMPTP (0.512 g, 1.44 mmol) was
heated and refluxed in argon-degassed CH;OH (S0 mL) for 7 h. The
solution turned brownish red, and a dark-brown precipitate was
formed. The precipitate was isolated by frit filtration and washed with
cold CH;OH (3 x 10 mL). Yield: 510 g (58%). '"H NMR (DMSO-
dg): 59.01 (d, ] = 4.9 Hz, 2H), 8.84 (s, 2H), 8.77 (d, J = 8.1 Hz, 2H),
8.14 (m, 4H), 7.78 (m, 2H), 7.46 (d, J = 8.1 Hz, 2H), 3.59 (s, 3H).
MS: m/z 60195 ([CpH,;CLN;ORuS,]*). FTIR (KBr, cm™):
1054.26 (S=O stretch of DMSO), 2956.22 (C—H stretch of the
tert-butyl substituent). UV—visible [DMSO; A, nm (g, M~ cm™)]:
291 (29681), 338 (36703), 400 (9323), 530 (11255), 680 (5471).

[Ru"(Me/\/IPTP)(phen)Cl]PF6 (1). A mixture of [Ru"(MeMPTP)-
(DMSO)CL] (0.241 g, 0.4 mmol), 1,10-phenanthroline (0.072g, 0.4
mmol), and triethylamine (0.5 mL) in CH;OH (50 mL) was refluxed
in the dark overnight under argon. The volume of the resulting
solution was reduced to one-third, and NH,PF, (0.50 g) was added.
The dark-red precipitate was isolated over a frit and washed with
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Table 2. X-ray Data

[3]-'/;CH,CN

[4]-'/,CH,CN

formula C,,H;3CIF(NGPRuS C,4,H;,CIFN,PRuS
fw 968.35 955.35

space group triclinic, PT monoclinic, P21/¢
a (A) 8.8581(7) 15.7842(8)

b (A) 15.4618(11) 13.1866(7)

¢ (A) 16.0397(12) 19.5857(10)

a (deg) 103.240(4) 90

B (deg) 105.443(4) 93.825(2)

7 (deg) 91.864(4) 90

vV (A3) 2051.0(3) 4067.5(4)

z 2 4

T (K) 100(2) 100(2)

1 (A) 0.71073 0.71073

p (mg m™) 1.568 1.560

u (mm™) 0.608 0.611

R(F) (%) 1227 0.0419

R, (F) (%) 18.55 0.0504

“R(F) = YIF,| = IEIl/YIE; R (F) = [Xw(F? — EX*/ Yw(E,)?*]"?
for I > 26(I).

CH,0H (3 X 10 mL). The purified 1 was obtained after column
chromatography over neutral alumina with CH,Cl,/CH;CN (1:1).
Yield: 183 mg (56%). Elem anal. Caled for C3,H,sCIN;RuSPE,: C,
49.97; H, 3.18; N, 8.57. Found: C, 49.91; H, 3.23; N, 8.47. '"H NMR
(DMSO-dg): 6 10.32 (br s, 1H), 9.2 (m, 2H), 8.95 (m, 4H), 8.42 (d, ]
= 5.7 Hz, 2H), 8.38 (d, ] = 7.3 Hz, 1H), 8.31 (d, J = 8.1 Hz, 2H), 8.21
(m, 1H), 7.95 (m, 2H), 7.82 (d, ] = 5.7 Hz, 1H), 7.56 (d, ] = 8.1 Hz,
2H), 7.48 (d, J = 4.1 Hz, 2H), 7.42 (br s, 1H), 7.23 (d, ] = 5.7 Hz,
2H), 2.63 (s, 3H). MS: m/z 672.06 ([C3,H,sCIN;RuS]*). FTIR (KBr,
em™): 1596.58, 1476.03, 1426.85, 1406.31 (pyridine rings), 841.43
(PEq").

Complexes 2—4 were synthesized in a manner similar to that
described for 1. Analyses follow.

[Ru"(MeMPTP)(NO,-phen)CIIPF; (2). Yield: 109 mg (42%). Elem
anal. Caled for C3,H,,CIN;O,RuSPF: C, 47.37; H, 2.81; N, 9.75.
Found: C, 47.38; H, 2.82; N, 9.51. "H NMR (DMSO-d,): 6 10.46 (m,
1H), 9.28 (m, 2H), 9.2 (m, 3H), 8.94 (d, J = 7.3 Hz, 2H), 8.57 (m,
2H), 8.32 (d, ] = 8.1 Hz, 2H), 8.07 (d, J = 4.1 Hz, 1H), 8.00 (m, 2H),
7.54 (m, 4H), 7.23 (m, 2H), 2.62 (s, 3H). MS: m/z 717.0417
([C34H,,CIN4,O,RuS]*). FTIR (KBr, cm™): 1595.12, 1532.80,
1425.13, 1406.12, 140631 (pyridine rings), 1329.31 (—NO,),
843.28 (PF4 ).

[Ru"(MeMPTP)(Me,-phen)CIIPF; (3). Yield: 55 mg (32%). Elem
anal. Calcd for C3¢H,oCIN RuSPF: C, 51.16; H, 3.46; N, 8.29. Found:
C, 50.96; H, 3.64; N, 8.27. '"H NMR (DMSO-dg): 6 10.31 (d, ] = 4.86
Hz, 1H), 9.20 (s, 2H), 9.08 (d, J = 8.11 Hz, 1H), 8.93 (d, ] = 8.11 Hz,
2H), 8.45 (m, 2H), 8.31 (d, ] = 8.92 Hz, 2H), 7.96 (t, ] = 7.70 Hz,
2H), 7.74 (d, ] = 5.67 Hz, 1H), 7.56 (d, ] = 8.11 Hz, 2H), 743 (d,] =
5.67 Hz, 2H), 7.40 (m, 1H), 7.22 (m, 2H), 2.9 (s, 3H), 2.71 (s, 3H),
2.62 (s, 3H). MS: m/z 700.0878 ([C3sH,,CINsRuS]*). FTIR (KBr,
cm™"): 2921.46 (C—H stretch in the —CH, group), 1595.13, 1501.43,
1476.47 (pyridine rings), 844.16 (PF¢").

[Ru"(MeMPTP)(Mephen)CIIPF5 (4). Yield: 95 mg (34%). Elem
anal. Calcd for C33H;3;CINGRuSPE: C, 52.27; H, 3.81; N, 8.02. Found:
C, 52.33; H, 4.03; N, 7.96. '"H NMR (DMSO-d,): 6 10.05 (m, 1H),
9.17 (m, 2H), 891 (d, J = 8.1 Hz, 2H), 8.54 (m, 1H), 8.32 (m, 3H),
7.94 (m, 2H), 7.56 (m, 2H), 7.47 (m, 3H), 7.22 (m, 2H), 3.00 (s, 3H),
2.79 (s, 3H), 2.62 (s, 3H), 2.56 (s, 3H), 2.08 (s, 3H). MS: m/z
728.1174 ([C3sH33CINsRuS]*). FTIR (KBr, cm™): 2924.46 (C—H
stretch in the —CH; group), 1592.64, 1466.68, 1425.27 (pyridine
rings), 842.68 (PF¢").
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