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The oxidized form of the blue dimer water oxidation catalyst [(B¥)O)RU" ORUY (OH)(bpy)](ClO4)4 (bpy is
2,2-bipyridine) has been characterized structurally by X-ray crystallography. Comparisons with(ie@yRu" -
ORU'" (OHy)(bpy)](ClO4)4-2H20, [(bpy):CIRU" ORUYCI(bpy)](ClO4)s-H0, and [(tpy)(bpy)O$ 00" (bpy)-
(tpy)INa(ClOy):3H.0 (tpy is 2,2:6',2"-terpyridine) reveal that oxidation of Ru-O—Ru" to Ru''—O—RuV
results in significant structural changes at thexo bridge. There is an increase toward linearity along®-

M, a decrease in the MO bond distances at the bridge, and an increase in te-Ru—O bridge angle. These
changes are discussed in the context of the structural requirements for@upling and @evolution in higher
oxidation states. Resonance Raman spectra of these and related complexes reveal that internal ligand vibrations
as well as overtone and combination bands of an intense, symmetrig@H\W stretch at 368-400 cnt? contribute
significantly to the Raman spectra. AdditionaH®—M bands are identified near 800 cfand, tentatively,
near 130 cm. It is not possible to assign bands to-ROH, or Ru—OH stretches; bands at low energy appear
to originate from modes that are highly mixed.

Photosynthesis by oxygen-evolving organisms depends on the A useful functional model for water oxidation is the blue
interplay of two photosystems. Photosystem Il is responsible dimer [(bpy)(H20)RU"ORU"(OH,)(bpy)]*" (bpy is 2,2-
for the light-driven oxidation of water to dioxygen and the bipyridine)? From the results of X-ray crystallography on the
transfer of electrons to photosystem I. In photosystem Il there salt [(bpy)(H,O)RU" ORU" (OH,)(bpy)](ClO4)4-2H,0, each Ru
is a light-harvesting complex, a core with a reaction center, and site is coordinated to two Z:bipyridine ligands, the oxygen
a site for water oxidation. Mechanistic and structural investiga- of a coordinated water, and a bridging oxo. The-R+Ru
tions of photosynthetic ©evolution are complicated by the angle is 168. The initial form as RlIf—O—Ru" can be
inherent chemical complexity of the system. A manganese oxidized chemically or electrochemically in a series of stepwise
tetranuclear cluster is believed to be the oxygen-evolving reactions in which electrons and protons are lost, ultimately to
catalyst, and significant effort has been devoted to the study of give RW—O—RuW’, presumably as [(bpy)O)RUWORW(O)-
model systems for the active siteAlthough many manganese  (ppy),]*+. The net effect of the loss of 4 electrons and 4 protons
model complexes have been synthesized, only recently wasmatches the requirements for water oxidation 42H~ O, +
stoichiometric or catalytic reactivity toward water demonstrated 4+ 4+ 4¢-), and there is adequate driving force in theRu
in the case of a linked porphyrin compléx. RU/RU'"—Ru" couple (1.53 V) to effect the reaction.

The results of H€0-labeling studies suggest that at least
some of the @produced comes from the bound waters and the
mechanism of @-O coupling may involve the two oxo atoms
in [(bpy)2(O)RWORW (O)(bpyk]*™.5 In any case, the structure
of the u-oxo—diaqua framework is a key element in the
reactivity of the ion. Hurst et al. have utilized resonance Raman
spectroscopy to gain vibrational information including results
on higher oxidation statés.The study focused mainly on the
frequency of the symmetrical RtO—Ru stretch and the effect
of 80 isotopic substitution.

* Corresponding authors: J.R.S., Los Alamos National Laboratory;
T.J.M., The University of North Carolina at Chapel Hill.
® Abstract published iidvance ACS Abstract§eptember 1, 1996.
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Table 1. Crystallographic Data for [(bpy)H-O)RU"ORUY(OH)(bpy)](ClO4)4:2H,0 ((HO)RU"ORUY(OH)) Compared to
[(bpy)2(CI)Ru" ORUY(CI)(bpy)](ClO4)sH20 ((C)Ru"ORUY(CI)) and [(tpy)(bpy)O% OOs" (bpy)(tpy)INa(ClQ)s*3HzO ((bpy)Od'O0s" (bpy))

(H20)RU"ORUY(OH) (CRU"ORUY(CI) (bpy)O4'00<Y (bpy)
formula RuCaoH39C14NgO21 RwCioH34C14Ng014Cl OsNaGsoH44ClgN 10028
space group P2:/n P2i/c P1
a A 13.721(14) 18.297(6) 13.235(5)
b, A 20.44(4) 11.939(14) 18.074(1)
c, A 17.172(25) 21.447(9) 13.088(6)
o, deg 90.57(4)
B, deg 93.38(10) 95.08(4) 91.83(4)
y, deg 95.72(4)
Vv, A3 4804(12) 4666.5 3113.3
dearca g/CN? 1.802 1.75 1.99
A 4 4 2
crystal size, mm 0.36& 0.30x 0.40 0.24x 0.02x 0.30 0.35x 0.30x 0.30
A(Mo Ko), A 0.709 30
R 0.103
Ry 0.120

In this paper, we add spectroscopic and structural information
about this important model system by presenting crystal structure
data for the higher oxidation state salt [(bg{).O)RU"-
ORUVY(OH)(bpy)](ClO4)4 and resonance Raman data for
[(bpy)2(H20)RU"ORU" (OH,)(bpy)]**, [(phenk(H0)RU"-
ORU"(OH,)(phen}]** (phen is 1,10-phenanthroline), [(bpy)
(H20)RU"ORUY(OH)(bpy)]**, the related hydroxide, chloride,
or acetonitrile derivatives, and the osmiuroxo complexes
[(bpy)2(H20)08" 008V (OH,)(bpy)]** and (tpy)(bpy)O$-
004" (bpy)(tpy)P*. These data will be useful for future studies
based on the MO—M core.

Figure 1. ORTEP drawing of [(bpyH-O)RU"ORUY(OH)(bpy}]-

Experimental Section
(CIO4)a.
Preparations. [(bpy)(H20)RuU"ORU"(OH,)(bpy)](ClO4)s2H0,
[(bpy)CIRU"ORU"CI(bpy)](ClO4),, and [(bpy}(H-0)O0d"O0s- and the filtrate kept at room temperature overnight. The crystalline

(OH,)(bpy)](ClO4)s were prepared according to published meth@ds. product was isolated, washed with 2 mL of cold water, and dried under
The various hydroxy derivatives were prepared by dissolution of the vacuum. The yield was 18%.
aqua complex in the desired buffer solution. The acetonitrile complexes  X-ray Crystallography. Crystals of [(bpy)(H-O)RuU"ORUY(OH)-
were prepared by dissolving the aqua complex irsCN and allowing (bpy)](ClO4)4-2H,O were obtained at room temperature from a
the solution to sit for 24 h. saturated solution containing NaGlOIntensity data were collected
Warning. Perchlorate salts are hazardous because of the possibility by the 6—26 scan mode in the range® 4 26 < 45° on a Nonius
of explosion. They should be prepared in small amounts and stored diffractometer with Mo Kx radiation, A = 0.709 30 A. A total of 5857
appropriately. unique data were collected over the followihgk, andl ranges: —12
[(bpy)2(H20)Ru" ORu" (OH)(bpy)2](ClO4)s. To a 4 mL HO to 12, 0 to 22, 0 to 18. The structure was solved by direct methods
solution of [(bpy}(H2O)RU"ORU" (H,0)(bpy}](ClO4)4 (0.03 g, 0.023 and was refined by full-matrix, least-squares methods to yield fal
mmol) was added 0.47 mL of 0.05 M Ce(C)a The solution was and R, values of 0.103 and 0.120 for 676 variables and 3759
stirred for 30 min, and saturated NaGl@as added dropwise to  observations withl > 2.50(1). The CIQ~ anions appear to be
precipitate [(bpy)(H20)RU"ORUY(OH)(bpy)](ClO4)s. The product disordered (i.e. the O thermal parameters were extremely large).
was collected on a frit, washed with 2 mL of ice-cold water, and dried However, no disorder model resulted in a significant improvement. The

under vacuum. The yield was 72%. disorder of the counteranions leads to the hRylialues. Some data
[(phen)x(H20)Ru" ORU" (OHy)(phen)][CIO 4]4. Essentially the collection parameters are listed in Table 1, while complete description

same procedure was used as in the preparation of [@ipyD))Ru'"- of the parameters, structure solution and refinement conditions, atomic

ORU"(OH,)(bpy)][ClO4]s. Higher yields resulted by avoiding light  coordinates, bond distances and angles, and thermal parameters are

while solutions were heated to reflux. The complex Ru(ps@n)0.5 provided as Supporting Information.

g, 0.939 mmof) was dissolved in 10 mL of water and the resulting Resonance Raman Spectra.Resonance Raman spectra were

solution heated to reflux. A solution of AgNG0.399 g, 2.35 mmol) recorded at the UNC Laser Facility. Laser excitation at 647.1 nm was

in 5 mL of water was added, and the resulting solution was heated at provided by a Coherent Innova 90K Klaser, while excitation at 514.5

reflux for 45 min. The solution was cooled to room temperature and or 488.0 nm was provided by a Spectra-Physics 165laser. The

the AgCl filtered off with a fine frit. A saturated solution of NaCJO scattered radiation was dispersed by a Jobin Yvon U1000 double

(about 1 mL) was added slowly until most of the solid precipitated. monochromator and detected by a Hamamatsu R943-02 cooled pho-

The dark solid was isolated, washed with 5 mL of cold water, and tomultiplier tube with signal processing by an Instruments SA Spectra

dried under vacuum for 1 h. The yield was 45%. Link photon-counting system. The spectra are typically the average
For recrystallization, the crude product was dissolved in a minimum of four to nine accumulations. The spectral resolution is 4%cm

amount of water, several drops of saturated NaGl@re added, and

the solution was shaken. This process was repeated several times untiResults

the green solid was completely precipitated. The solution was filtered
Crystal Structure. Crystals of [(bpy}(HO)RuU"ORUV-

(7) () Weaver, T. R.; Meyer, T. J.; Adeyemi, S. A.; Brown, G. M.; (OH)(bpy}](ClO.)4 are dark orange. The structure of the cation
Eckberg, R. P; Hatfier:d, W. E.; Johnson, E. (%); Mlttj)rray, R. W.; is shown in Figure 1. Selected bond distances and angles are
Untereker, D.J. Am. Chem. Sod.975 97, 3039. Gilbert, J. A,; i i i
Geselowitz, D.. Meyer, T. 1. Am. Chem. Sod986 108 1493, (¢ 'sted in Table 2. The two Ru atoms are bngged Ikl)y an oxygen
Raven, S. R.; Meyer, T. Jnorg. Chem.1988 27, 4478. atom. Each Ru center is approximately octahedrally coordinated

(8) Godwin, J. B.; Meyer, T. dnorg. Chem.1971, 10, 471. by two bipyridine ligands (bpy), the bridging oxo atom, and
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Table 2. Selected Bond Distances (&) and Angles (deg) for
[(bpy)2(H20)RU"ORUY (OH)(bpy)](ClO4)1.2H,O Based on the
Labeling Scheme in Figure 1

Ru(1)-0(1) 2.148(11) Ru(2)0(2) 1.978(14)
Ru(1-0(3) 1.847(12) Ru(2Y0(3) 1.823(12)
Ru(1)-N(11) 2.072(15) Ru(2yN(51) 2.059(15)
Ru(1-N(21) 2.053(13) Ru(2}N(61) 2.122(14)
Ru(1)-N(31) 2.019(14) Ru(2}N(71) 2.105(13)
Ru(1)-N(41) 2.100(14) Ru(2}N(81) 2.085(14)

O(1)-Ru(1)-0O(3) 94.7(5) O(2}Ru(2)-0(3) 99.2(5)
O(1)-Ru(1)-N(11)  89.4(5) O(2}Ru(2-N(51)  91.5(6)
O(1)-Ru(1-N(21)  84.8(5) O(2}Ru(2-N(61) 165.2(5)
O(1)-Ru(1)-N(31) 171.0(6) O(2}Ru(2-N(71)  86.7(6)
O(1)-Ru(1-N(41)  92.7(5) O(2yRu(2-N(81)  87.9(6)
O(3)-Ru(1)-N(11)  92.4(5) O(3yRu(2-N(51)  90.8(5)
O(3)-Ru(1-N(21) 169.6(6) O(3YRu(2-N(61)  89.8(5)
O(3)-Ru(1)-N(31)  91.9(5) O(3)Ru(2-N(71) 170.5(5) - T T T

O(3)-Ru(1-N(41)  96.1(5) O(3YRu(2-N(81)  93.9(5) 100 200 300 400 500

N(11)-Ru(1}-N(21) 77.2(6) N(51}Ru(2)-N(61) 76.6(6) Raman Shift (cm 1)

N(11)-Ru(1}-N(31) 96.6(6) N(51FRu(2)-N(71)  96.4(6) . ) )
N(11)-Ru(1}-N(41) 171.0(5) N(51}Ru(2)-N(81) 175.3(5) Q%ﬂﬂighzﬁ&vgyifﬁr?ﬁﬁfé?trﬁiﬁEcgcﬁéﬁﬁlsf?fégifc[ﬁ?gﬁ%gﬂ:-
DRI NGD 179060 NeBRuGINGD 1reag  (C)bpR™ in HOltific acid, pH = 1, and [(bpy)ICHCN)RU'-
N(21)—-Ru(1)-N(31) 89:8(5) N(61) Ru(2)-N(71) 86:1(6) ORU”(NCCI—la)_(b[:J_y)z]4+ in CH;CN. The spectra were measured with
N(21)-Ru(1)-N(41)  94.2(6) N(61}yRu(2)y-N(81) 103.3(6) 647.1 nm excitation and are the sum of between 4 and 16 coadded

N(31)—-Ru(1~N(41 80.5(8) N(713-Ru(2-N(81 78.7(5 scans. The spectra were obtained in solution at room temperature with
(31) (1)~N(41) © (71rRu(2)-N(81) ®) a spinning sample cell. Raman band energies are listed in Table 4.
Ru(1)-O(3)-Ru(2)  170.0(7)

(CH3CN)Ru-O-Ru(NCH 5C)

(CDHRu-0O-Ru(Cl)

Raman Intensity

(H,0)Ru-O-Ru(OH ,)

the oxygen atom of a coordinated water molecule or a hydroxide
anion. The two bpy ligands at each Ru center are arranged in
the cis geometry. The coordinating atoms in the equatorial
positions are bent away slightly from the bridging oxygen atom.
The important bond distances and angles for this complex are
compared to the analogous distances and angles for fbpy)
(H20)RU"ORU" (OH,)(bpy)](ClO4)4:2H0, [(bpy)CIRU"-
ORUVCI(bpy)](ClO4)3'H-0, and (tpy)(bpy)O800sY(bpy)-
(tpy)INa(ClOy)s+3H,0 in Table 3°

Resonance Raman SpectraLow-energy resonance Raman
spectra of [(bpyH20)RU"ORU"(OH,)(bpy)]*" at pH= 1,
[(bpy)CIRU"ORU"Cl(bpy)]?* at pH = 1, and [(bpy}(CHs-
CN)RU"ORU"(NCCHg)(bpy)]?" in CH3CN are compared in

(HO)Ru-O-Ru(OH)

Raman Intensity

Figure 2. In Figure 3 are shown spectra for [(ph@d)O)RuU" - H-O)Ru-O-Ru(OH

ORU"(OHy)(phen}]*" (pH = 0) and [(phenHO)RU"ORU" - (H,ORu T al 2), T Y
(OH)(phen)]?" (pH = 7). The spectra were measured at room 100 200 300 400 500
temperature in buffered aqueous solutions with excitation (647.1 Raman Shift (cm 1)

nm) into thg intense absorption band_near 6407ﬁnRarr_1an Figure 3. Low-energy resonance Raman spectra of [(pi{BIQ)RU"-
band energies for these complexes with proposed assignment®Ry' (OH)(phen)]?* (phosphate buffer, pH= 7) and [(pheny
are listed in Table 4. (H20)RU"ORU"(OH,)(pheny]** (1 M triflic acid, pH = 0). The

The spectrum of [(bpy{H20)RU"ORU" (OH,)(bpy)]** is conditions were as in Figure 2. Raman band energies are listed in Table
typical of u-oxo RU"—RuU" complexes with an intense band ™
appearing at 384 cm and 14 additional medium-intensity bands  [(bpy).CIRu" ORU" Cl(bpy);]>*, as compared to the aqua and
between 100 and 500 cth The intense 384-cm band has hydroxy complexes, new bands are observed at 120, 321, and
been assigned as the symmetricaHR+Ru stretch ¢5(Ru— 441 cntt andv{Ru—0O—Ru) shifts to 380 cm.
O—Ru))8 Above 500 cm?, weak overtones and combinations The same general pattern of Raman bands is evident in the
associated withvRu—O—Ru) are observed as are bands low-energy region with 1,10-phenanthroline (phen) rather than
attributed to the ring modes of bpy. Near-resonance Raman2,2-bipyridine (bpy) as the ancillary ligand in the-oxo
excitation at 514.5 nm (Figure 4) demonstrates that the intensestructure (Figure 3), but energy shifts are observed. Bands are
feature at 384 cmrt is a convolution of an intense band at 383 observed at 180, 339, and 461 chfor the phen complexes

cm™! and weaker shoulders at 368 and 401-ém The which can be assigned to phen modes by comparison to
intensities of the bpy bands are notably enhanced with higher resonance Raman spectra of [Ru(piErn) Raman bands for
energy excitation. the bpy complexes at 133, 239, 254, 300, 419, and 485'cm
Raising the pH from 1 to 7 results in [(bpgHO)RU"ORU" - appear at 129, 236, 267, 306, 429, and 495 cfar the phen
(OH)(bpy)]?t as the dominant form in solutidf. A slight shift complexes. These energy differences suggest some influence

from 384 to 382 cm* occurs forvgRu—O—Ru), but otherwise 0 the polypyridyl ligands on the Raman bands in this region.
the spectra are nearly identical. In the Raman spectrum of Between 500 and 1000 crh Raman bands associated with
combination modes afs(Ru—O—Ru) and the first overtone are
(9) Roecker, L. E. Ph.D. dissertation, The University of North Carolina 8IS0 observed. Bands associated with the ring modes of the
at Chapel Hill, 1983. phen ligand are also evident at higher energy.
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Table 3. Comparison of Important Bond Distances (A) and Angles (deg) in [¢@HyD)RU" ORU" (OH,)(bpy)](ClO4)4:2H;0
[(bpy)2(H20)RU" ORUY (OH)(bpy)](ClO4)s-2H,0, [(bpy):CIRU" ORUYCI(bpy)](ClO4)3-H-0, and
[(tpy)(bpy)O<' 00" (bpy)(tpy)](ClQs)eNar3H0

(H20)RU"ORU"(OH,) (H20)RU"ORUY(OH) CIRU"ORUYCI os'"oogY
Distances
M(1)-O 1.869(1) 1.847(12) 1.845(9) 1.861(8)
M(2)-0 1.869(1) 1.823(12) 1.805(9) 1.877(8)
L—M(1) 2.136(4) (L= H.0) 2.148(11) (L= H.0) 2.357(4) (L=CI")
M(2)—L’ 2.136(4) (I = H,0) 1.978(14) (L= OH") 2.339(4) (L=CI")
Le-eL'a 4.725(5) (HO:+-OHy) 5.555(2) (HO-:-OH) 5.777(5) (Ci--Cl)
Angles
L—M(1)—0 89.4(2) (L= H,0) 94.7(5) (L= H.0) 95.1(3) (L=CI")
O—M(2)—-L' 89.4(2) (L' = H,0) 99.2(5) (L = OH") 93.6(3) (L =CI")
M(1)—-O—M(2) 165.4(3) 170.0(7) 170.7(5) 169.0(5)
L—M(1)—M(2)—L'® 65.7 (HO:*+OHy) 117.2 (HO-+-OH) 117.0 (Ci--Cl)

aDistance of separation between adjacent cis ligands acrogsdRe bridge.? Torsional angle of L, Lalong the direct M(1}M(2) axis.

Dissolving solid [(bpy)(H20)RU" ORU" (OH,)(bpy)](ClO4)4 for [(bpy)z(H20)0g" 00V (OH,)(bpy)]°t are not present in the
in acetonitrile results in complete replacement of the aqua spectrum of (tpy)(bpy)3$00sY (bpy)(tpy)P+.
ligands with solvent molecules after ca. 24%In resonance In the spectra of the two MOM' —bpy complexes between
Raman spectra of [(bpyCHsCN)RU" ORU" (NCCHg)(bpy)]** 500 and 1000 cr, Raman bands for bpy appear along with
and [(phen)CHsCN)RU"ORU" (NCCHg)(phen)]**, bands be-  the first overtone and combinationsia{M—0O—M). The high-
low 500 cm! are narrowed relative to those of the aqua energy regions of these two spectra are dominated by bands
complexes ands(Ru—O—Ru) shifts to lower energy. Major  from the ring vibrations of the bpy ligands. Some of the
changes in the spectrum of the bpy complex include a new bandintensity near 760 and 1030 charises from Raman bands of
at 428 cnt! along with gains in relative intensity for bands at  the buffer. The band energies from the Raman spectra of these
339 and 419 cm'. The band at 213 cmt and the doublet near  complexes are presented in Table 5 with suggested assignments.
300 cnt! for the aqua complex both shift by about 10 o

lower energy. Discussion
No significant isotopic shifts were observed upon incubation . o
of [(bpy)(H-0)RU"ORU" (OH,)(bpy)]** in D210 or Hy180 One of the questions we hoped to address in this study was

consistent with earlier resulfs.Spectral subtractions do show ~h€ change in structure that occurs in th@xo core upon
slight derivative shapes at the intense band near 383 amd oxidation of [(bpy}(H;O)RU"ORU" (OH,)(bpy),]*". Another
for the band near 800 crh, but there are no other notable Was the structural effect of the loss of a proton induced by the
differences. Spectra for [Ru(tpy)(bpy)(QRE* (tpy is 2,2: mclTleased acidity of the R{raqua group upon oxidation of
6,2"-terpyridine) in B0, D,1%0, or 0 were measured with ~ RUY" (from pa = 0.4 to Ka = 5.9). Ultimately, the loss of
457.9-nm excitation and show no measurable isotopic effects POth protons and electrons is a key in meeting the mechanistic
as well. demands of water oxidation, 28 — O, + 4H" + 4e".
Changes are observed in the Raman spectrum of [gopy)  Oxidation to RU'ORUY causes a decrease in RO—Ru
(H,0)RU"ORUY (OH,)(bpy)]5* by raising the pH from 0to 2 bond distances in [(bpyH20)Ru" ORUY(OH)(bpy)](ClO4)4
to 7, but they are slightv{(Ru—O—Ru) shifts from 392 to 389 (1823 and 1.847 A) compared to [(bp{#)20)Ru" ORU" (OH;)-
to 386 cn1? coinciding with changes from Ru(QH-Ru(OH) (bpy)l(Cl04)42H0 (1.869 A). There is a structural asymmetry
to Ru(OH)—Ru(OH) to Ru(OH)}-Ru(OH) (Figure 5). The in the bridge which is expected, given the different coordination
Raman band at 319 crhin the pH= 0 spectrum is due to a  €nvironments at the metal ions. The shorter bond distance to
vibration of the buffer. For the chloro complex{(Ru—O— the Ru ion bound to the hydroxy ligand suggests an asym-
Ru) appears at 395 cth In the spectra of [(bpyJHO)RU" - metrical electronic distribution in the bridge consistent with the
ORUY(OH)(bpy)}]3*, and [(bpy)CIRU" ORUY Cl(bpy)]*+ major oxidation state distribution (®)RU"ORUY(OH). Even so, the
differences include new bands near 270 and 438'@ompared ~ Ru—N distances to the bpy ligands are not significantly different
to a single band at 433 crh for [(bpy)a(H-O)RU"ORUY- at the two Ru ions._ The_importanc_e of RO—Ru_yr bonding
(OHy)(bpy)]®t and [(bpy}(H20)Ru" ORUY (OH)(bpy)]**. In in the bridge is evident in comparing the RO distances in
the spectrum of the chloro complex, there is a band at 182cm  the bridge to those of the terminal RO of the aqua (2.148
compared to 175 cr# for the aqua complex. In the spectrum A) and hydroxyl (1.978 A) ligands. The bond lengths in the

of the acetonitrile derivative [(bpyICH:CN)RU' ORUY (NCCHy)- bridge are significantly shortened compa_red to the more typical
(bpy)]5*, the Raman bands are narrower witfRu—O—Ru) Ru—0O single bond length for the aqua ligand.
appearing at 384 cm. Bond angles are also affected by electron content. The Ru
In Figure 6 are shown resonance Raman spectra of [fbpy) O—Ru angles in [(bpy(H0)RuU"ORUY(OH)(bpy)](ClO4)s
(H0)RU"ORUY (OH)(bpy)]**, [(bpy)(H20)08"' 008" (OH,)- (170.0(7y) and [(bpy}CIRU" ORUY Cl(bpy)](ClO4)s"Hz0 (170.7-
(bpy)]®*, and [(tpy)(bpy)O% OOSY (bpy)(tpy)P" in H.O buff- (5)°) are very similar and larger than those for [(lfiAO)RuU" -
ered at pH = 1. The spectra of [(bpyjH.0)Od"- ORU"(OH,)(bpy)](ClO4)s:2H,0O (165.4(3)) and [(bpy)-
004 (OH,)(bpy)]5+ and [(bpy}(H-0)Ru" ORUY (OH)(bpy)]+* (NO)RU"ORU" (NO,)(bpy)](ClO4)4-2H,0 (157.2(3Y).10
are similar, withvg(M—0O—M) at 386 cn1?, an intense band at In u-oxo complexes of R, it has been suggested that the
136 cnT?, and~10 additional bands between 100 and 500&m  bridging angle is determined by a balance between the electronic
An intense band appears at 370¢rfor [(tpy)(bpy)Od'O0gV- preference for a particular conformation at the bridge and

(bpy)(tpy)P™ which is not observed for the Ru complexes. nonbonding repulsion between the ancillary ligafdsHoff-
Additionally, Raman bands at 177, 211, 244, 314, and 350tcm

(11) Mukherjee, R. N.; Stack, T. D. P.; Holm, R. B.. Am. Chem. Soc.
(10) Phelps, D. W.; Kahn, M.; Hodgson, D.Idorg. Chem1975 14, 2486. 1988 110, 1850.
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Table 4. Raman Band Energies (cf) with Excitation at 647.1 nm and Assignments of the Major Contributors to the Normal ®lodes

[(bpy)(L)RU" ORU" (L)(bpy)2]** [(phen)(L)Ru" ORU" (L)(phen}]**
L =H0 L=0OH" L=CI~ L = CHiCN L =HyO L=0OH L = CHsCN assignt
120
133p 132 132sh 132p 129 130 133 O0s(RUORU)
161
170dp 170 172 174 dp v(bpy)
180 180 182 v(phen)
202 dp
213 dp 213 213
211
239p 239 240 241p 236 236 240
247 247
254 254 253 v(bpy)
267 267 269
292 292
286 288
295
300 p 301 300 sh 296 p 306 306 310 v(Ru—N)/v1o(bpy)
318 318
329 329 329 326 sh
334 334
339 339 339 v(phen)
343 dp 343 341 339dp v(bpy)
368 sh, p 368 sh 368 sh 364 p 372 sh 372sh 370 v1g(bpy)
384p 382 380 378p 382 382 375 v(RUORU)
400 sh 400 sh 400 sh 400 sh 400 sh
419 419 421 419dp
429 429 421
438 dp 437 438 428 dp 435 435 437
441 441 dp
461 461 460 v(phen)
468 p 468 468 467 p v(bpy)
472 472
485 p 486 486 484 p
495 495 496
523 v(phen)
551 560 v(phen)b(RuORu)+ 170 (180)
616 v(RUORU)+ 236
646 654 v(RUORU)+ 254 (267)
666 vi(bpy)
728 v(RUORU)+ 343
750 v(phen)
760 br Z2(RuORu)
765 2v(RUORu)»(bpy)
820 sh 820 sh vad RUORU)
882 v(phen)
1041 vis(bpy)
1060 v(phen)
1110 1111 v13(bpy) v(phen)
1176 viz(bpy)
1213 v(phen)
1272 v10(bpy)
1308 v(phen)
1318 vo(bpy)
1455 v(phen)
1494 v7(bpy)
1517 v(phen)
1563 ve(bpy)
1607 vs(bpy)

ap and dp indicate polarized or depolarized band from depolarization ratio measurements. sh signifies a band present as a shoulder of a stronger
band. The notatiom(bpy) is from: Strommen, D. P.; Mallick, P. K.; Danzer, G. D.; Lumpkin, R. S.; Kincaid, 1J.Rehys. Chem199Q 94,
1357.

mann and co-workers have conducted molecular orbital calcula- orbitals at the bridging O results in a lowest occupied set of
tions on Fe-O—Fe (d—d° systems and shown that a bond two filled, largely Oz orbitals, two filled nonbonding, largely
angle of less than 180s favored when ligand interactions are  dz orbitals, n(dr), and two half-filled antibonding orbitals,
not a factot? In complexes of Ru, there is evidence for strong largely dr in charactery*(dr). Bending along the RHO—
electronic coupling between Ru ions across ghexo bridge Ru axis removes the degeneracy of the antibonding orbitals,
and, as noted above, structural evidence for significant and double occupation of the lower of the two leads to an
bonding. A simple molecular orbital analysis predicts that electronic stabilization. This tends to decrease the @¢Ru
mixing two sets of two d orbitals at each Rl with two p bond angle toward 120as found, for example, in [(L)(acac)-
RuU"ORU" (acac)(L)](PR)2 (L is 1,4,7-trimethyl-1,4,7-triazacy-
(12) Tatsumi, K.; Hoffmann, RJ. Am. Chem. Sod.981, 103 3328. clononane; acac is pentane-2,4-dionate).
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Raman Shift(cm‘l)

Figure 6. Resonance Raman spectra of (A) (tpy)(bpy)0©O<Y (bpy)-
Raman Shift (cm ‘1) (tpy)I°* (pH = 1) from 100 to 900 cm 2, (B) [(bpy)(H-0)RU"ORUV-
; OH)(bpy}]*" (pH = 2), and (C) [(bpyXH-0)O0g" OO<" (OH)(bpy)]*>*
F 4. R R it f O)RU"ORU"- (
(Cl)gl—lijzr)?bpy)z]ﬁsiﬂnz?g/etriﬂiacn:::ri] dsgeHc:ru;n f?oé(ti%yg tg 1700 crri- (p_H =0) between_lO'O and 1700 cfa The spectra were measured_
The spectrum was measured with 514.5 nm excitation : with 514.5 nm excitation at room temperature. Raman band energies
P ' ' are listed in Table 5.

T T T T 1 T T T
200 400 600 800 1000 1200 1400 1600

I, v Table 5. Raman Band Energies (cf) with 514.5 nm Excitation
for [(bpy)(H-O)RuU"ORUY(OH)(bpy}]*t (RU"ORUY),
[(bpy)2(H20)0<" 008V (OHy)(bpy)]®" (0s"'00gY), and
[(tpy)(bpy)O<¢' 00 (bpy)(tpy)P* in H,O/Triflic Acid, pH = 1,
with Proposed Assignments of the Major Contributor to the Normal
> Mode
g (tpy)(bpy)OS$!- _
k= RU"ORUWY 0O¢"00¢Y 00<Y(bpy)(tpy)P* assignt
g 136 136 138 O(MOM)
g 174 177
~ 214 210
242 245
250 sh 254 249 v(bpy)
294 297 300 v{(M—N), v15(bpy)
321 314
I T r 3 348 350
100 200 300 400 500 370 sh 371 372 vig(bpy)
R ) 1 389 385 386 v(MOM)
aman Shift (cm "7) 404sh  400sh
Figure 5. Resonance Raman spectra of [(2f}O)Ru" ORUY (OH,)- 423 432 425
(bPY)X]>*" (pH = 0), [(bpy):(H-0)RU"ORU"(OH)(bpy}]** (pH = 2) P P P (oY)
I \2 + = 4
and [(bpy}(HO)RU"ORUY(OH)(bpy}]* (pH = 7). 486 491 489
If two or more electrons are removed from &-dP ion, a 525 518 520 vs(MOM) + 136
linear conformation is favored. A linear geometry has been 670 %873 677 vibpy)(tpy)
observed for all-oxo complexes of electronic configuration 689 V;ZMBK,I) +p%/00
d"—d"with n < 5. Examples are [(NEsCrOCr(NHs)s]Cl4H20O 728 »(tpy)
(dB—dB), K4[ClIsRUORUCHH 0 (d*—d*), and K[ClsOsOO0sC]- 734 v(MOM) + 348
H,0 (c#—d*).1* In these cases, the* levels resulting from the 764 765 vie(bpy)/triflate
bridged-based interactions are empty. There is no longer an ;gg gg br gg br 2‘6'\(4'\2)0'\/"\"))
electronic basis for bending, and a linear geometry is preferred g5, ZEE(MOM))JF 433
to minimize nonbonding ligand repulsions. In the-d* salts 847 850 VZ(MOM) + 461(463)
[(bpy)2(H20)RU"ORUY (OH)(bpy)k](ClO4)4, [(bpy)CIRU"- 868 865 v(MOM) + 486(491)
ORUVCl(bpy)](ClO4)3-H,0, and [(tpy)(bpy)O800s" (bpy)- 1032 triflate
(tpy)]Na(ClOy)6-3H;0, the M—O—M bond angle is~17C, a 1042 1046 Vls(gpy)
compromise between linearity and the smaller angle observed ﬂgg 1113 vi3(bpy)
In [(bpy)g(Hzo)RlJ”ORlJ”(OHz)(bpy)z](C|O4)4'2Hzo, for ex- 1175 1179 v1(bpy)
ample. The intermediate structure probably represents a balance 1229
between electronic stabilization derived from the bridge interac- 1280 1279 v1o(bpy)
tion and repulsive interactions between the nonbridging ligands. 1318 1322 vo(bpy)
The decrease in electronic occupation in the antibondifig iisg iisg
; ; i ve(bpy)
_(dn) brldge orbitals also appears in the shortenee-Ruength 1564 1564 ve(bpy)
in the bridge. 1605 1607 vs(bpy)

13) Schneider, R.; Weyhermuller, T.; Wieghardt, K.; Nuber,liorg.
(13) Chem.1993 32, 492y5. 9 g The structural changes that are observed are relevant to the

(14) Campbell, J. R.; Clark, R. J. Hlol. Phys.1978§ 36, 1133. possible role of the bridge in water oxidation. The tendency
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toward linearity presumably leads to a linear bridge for the
higher oxidation states R{+O—RuV (d*—d*) through RY—
O—RUW (d®*—d®). Itis already apparent in oxidation of R+
O—RU" to RU"-0O—RUV by the increase in RuO—Ru bond

Inorganic Chemistry, Vol. 35, No. 20, 1996891

across thei-oxo bridge is extensive. The same issue arises for
[(tpy)(bpy)Og'O0<Y (bpy)(tpy)INa(ClQ)s3H20. In this case,
the Os-O—0s angle (169.9 is near 170 and there is structural
asymmetry in the OsO bridge bonds. The difference in ©6©

angle. Oxidation causes other changes as well. One is thebond lengths &4 = 0.016 A) is considerably less than in

increase in the BD—Ru—O angle from 89.4(2)in [(bpy).-
(H20)RU"ORU"(OH,) (bpy)](ClO4)4-2H,0 to 94.7(5) for H,O—
Ru—0 and 99.2(5)for O—Ru—OH in [(bpy)(H:0)RU"ORUV-
(OH)(bpy)](ClO4)4. This causes a bendingway of the O

[(bpy).CIRU" ORUYCl(bpy)]3" (A = 0.040 A). This may be
a consequence of a greater degree of mixing and electronic
delocalization for Os.

Resonance Raman Spectra.Resonance Raman spectros-

atoms cis to the bridge. This is caused by increased nonbondingcopy has been extensively utilized in the study (ebxo

electrorr-electron repulsion between Otand HO compared
to H,O and BO and between these groups and the-Rd-Ru
bridge. In the higher oxidation state ®Re-O—RU and RY—
O—RuW forms, considerable nonbonded electr@bectron
repulsion is expected betwearbonded Ru-0xo groups across
theu-oxo bridge and between theelectrons of the oxo group
and those of theu-oxo bridge. This presumably leads to
relatively large O-Ru—0O angles and an increase in the @
separation distance across the bridge.

The O+-O separation distance depends on both the Bt
Ru bridge angle and the €Ru—Ru—O torsional angle. In
[(bpy)2(H20)RU"ORU" (OH,)(bpy)](ClO4)s-2H,0 the O--O
distance is 4.725(5) A and the-®Ru—Ru—O torsional angle
65.7. In [(bpy)x(H20)RU"ORUY(OH)(bpy)](ClO4)s, the O--O
distance is 5.555(18) A and the torsional angle 117 &t least
for Ru"'—O—RuU" there is no obvious electronic effect dictating
the magnitude of the torsional angle. In the diammine complex
[(bpy)2(NHz)RU"ORU" (NH3)(bpy)](ClO4)4, the angle is 28.45
It is ~0° in [(bpy)2(NH3)RU"ORU" (OH)(bpy)](ClO4)3.1516

On the basis of this analysis, oxidation past'RiO—RuY
is expected to lead to a linear RO—Ru array. In oxidation
states Rl —O—RuW’ (d*—d®) and RY—O—RuW’ (d*—dd), linear

complexes. Measurements on JRUORuUCE]*" and related
ions have revealed spectra which include multiple overtone and
combination progressior4. u-Oxo iron complexes have been
studied as models for the binuclear iron sites in hemerythrin
and ribonucleotide reducta&e.

Absorption spectra of M—O—M" (M = Ru, Os) complexes
include a characteristic, high-absorptivity band in the region
600—700 nm with an additional band appearing between 350
and 450 nm. Excitation into the lower energy band results in
significant enhancement of the-MD—M symmetric stretchy(s
(M—0—M)). A bent M—O—M structure is predicted to have
three Raman-active modeg(M—0O—M), an asymmetric
M—0O—M stretch fa{M—0—M)), and a symmetric MO—M
deformation §M—0—M)), with v(M—0O—M) the most in-
tense. Scattering from [(opyH-O)RU" ORU" (OH,)(bpy)]*"
following higher energy excitation (e.g. Figure 4) reveals that
r(M—0—M) is less enhanced and the pattern of enhaneed
(bpy) bands is similar to those enhanced upon scattering from
metal-to-ligand charge transfer (MLCT) excitation of [Ru
(bpy)]?™ and related polypyridyl complexé®. These observa-
tions are consistent with a MLCT origin for the higher energy
band?°

structures can be predicted with cis-oxo groups bent significantly —Hurst and co-workers have applied resonance Raman spec-

away from theu-oxo core and &Ru—0 angles exceeding 90

troscopy to [(bpy)(H20)RU" ORU" (OHy)(bpy)]*" and higher

Nevertheless, an appropriate combination of torsional rotation Oxidation state8. With 80 substitution at the bridges(Ru—

around the RttO—Ru axis and bending of the oxo groups
toward each other along the RO—Ru axis would provide a
basis for G-O coupling and @ formation. These motions

O—Ru) was definitively identified as an intense Raman feature
between 370 and 400 crhin the various oxidation states of
the dimer. The data were interpreted as being consistent with

define the reaction coordinate for one of the pathways proposed@ change toward a linear structure in the higher oxidation states.

for O, evolution from RY—O—RuW".5

Some questions remain concerning the identification of the

There is evidence for strong electronic coupling across the higher oxidation state forns.

u-oxo bridge in the short RuO bond distances, and an
additional question of interest is the electronic distribution in
the mixed-valence ions. Specifically, in Re-O—RUV is the
appropriate oxidation state descriptiod'MO—M' with local-

ized oxidation states (class Il in the Robin and Day scheme) or

M"5—0O—M"'5 with delocalized oxidation state)s?

Because the difference in proton content induces a coordina-

tion asymmetry, it is not possible to address this question in
[(bpy)2(H20O)RU"ORUY(OH)(bpy)}]**, but it can be addressed
in [(bpy)CIRU"ORUY Cl(bpy)](ClO4)3:H20. In this ion, the

Ru—Cl bond distances are 2.357 and 2.339 A and the Ru atom

with the shorter Rt-Cl bond also has the shorter R@(bridge)
bond distance (1.805(9) vs 1.845(9) A). These structural
differences point to an asymmetrical electronic distribution, at
least, in the solid state. The difference between the twe Ru
Cl bond distancesX = 0.018 A) is smaller than in other
oxidation state comparisons. The average difference betwee
[RU" (bpy):CloJCl (2.322 and 2.328 A) and [Ribpy)Cl;]
(2.426 A) is 0.102 A. There may be localized oxidations states
in [(bpy).CIRU"ORUY Cl(bpy)]3*, but electronic delocalization

(15) Ishitani, O.; White, P. S.; Meyer, T. lhorg. Chem.1996 35, 2167.

(16) Ishitani, O.; White, P. S.; Meyer, T. J. Unpublished results.

(17) (a) Robin, M. B; Day, PAdv. Inorg. Chem. Radiocheni967, 10.
(b) Creutz, C.Prog. Inorg. Chem1983 30, 1.

To gain further insight on Raman assignments, infrared
spectra were also acquired. The infrared spectrum of [tbpy)
(H20)RU"ORU" (OH,)(bpy)](Cl04)42H,O between 400 and
1000 cnt! as a KBr pellet includes bands at 421, 625, 650,
666, 733, 774, 810, 900, and 965 tn The bands at 421,
650, 666, 733, 774, 900, and 965 thean be attributed to bpy
vibrations. The intense band at 625¢is a CIQ~ band which
leaves the 810 cri band to be assigned ag(Ru—O—Ru). In
the Raman spectrum of [(bpyH.0)RU" ORU" (OH,)(bpy)]**,

a band appears near 820 chwhich is presumably,{Ru—
O—Ru).

Following incubation of [(bpyXH.O)RU"ORU"(OHy,)-
(bpy)]*t in D,O and KO, there were no substantial Raman
band shifts. Difference spectra reveal slight shifts-@cnt?)
in vRu—O—Ru) and changes in regions of the spectrum where
2v(Ru—0O—Ru) andvad Ru—O—Ru) appear. No single Raman

n

(18) (a) Solbrig, R. M.; Duff, L. L.; Shriver, D. F.; Klot, I. M. dnorg.
Biochem1982 17, 69. (b) Plowman, J. E.; Loehr, T. M.; Schauer, C.
K.; Anderson, O. Plnorg. Chem.1984 23, 3553. (c) Loehr, T. M,;
Shiemke, A. K. InResonance Raman Spectra of Heme and Metallo-
proteins Spiro, T. G., Ed.; Biological Applications of Raman
Spectroscopy, Vol. 3; Wiley and Sons: New York, 1988; p 439.

(19) Strommen, D. P.; Mallick, P. K.; Danzer, G. D.; Lumpkin, R. S.;
Kincaid, J. R. JPhys. Chem199Q 94, 1357.

(20) Graff, D.; Omberg, K. Unpublished results.

(21) Chronister, C.; Binstead, R.; Devenney, M. Work in progress.
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band can be assigned to a symmetricaHRH, stretch, which with 514.5 nm excitation add additional insight. Both bpy and
is unfortunate, since this would be an important vibration to tpy bands are enhanced relative to the intengsl—O—M)
monitor in the oxidation chemistry. Similarly, replacement of pand. There is presumably considerable MLCT overlap with
H20 with hydroxide, chloride, or acetonitrile led to no changes n(dr) — 7z*(dxx) (Os—0—0s) in this excitation region. Bands
in the Raman spectra which could suggest an assignment forg; 249 and 372 cnit, which have significant bpy character, are
v(Ru~L) (L = H20, hydroxide, chloride, or acetonitrile). especially enhanced, particularly in the spectrum of [(tpy)(bpy)-
The absorption bands in the 66000 nm region are (;135|gned 04004V (bpy)(tpy)F*+. An intense band appears at 138 dm
g " h ) .
to n(dr) — 7*(dx) transitions of the R#O—Ru bridge: The This band and the totally symmetrical bands for the Ru oxo

absence of enhancements fgfRu—L) (L = H,O, OH", CI, - . S
CH:CN) shows that they are, at best, weakly coupled to this complexes in the same region may have signific(M —O—

transition. In spectra acquired with MLCT excitation (457.9 M) character resonantly enhanced bysr)(d- 7*(dr) excitation.
nm) of [RU'(tpy)(bpy)(OH)]2*, there was no change in Raman A intense band at 300 cm is reasonably assigned to a mode
bands below 600 cnt upon incubation of the complex im0, predominantlyv{(Os-N) in character but mixed with internal
H»180, or D,160. Bands appear at 249, 292, 318, 376, 443, bpy motions. A related band appears near 300 cfor the
463, 476, 500, and 542 crh reminiscent of the abundance of Ru—bpy complexes in Table 4. These tentative assignments
Raman bands in this region for tleeoxo complexes. leave the 239-cmt band for RU'—O—RuU" the one remaining,
Given the absence of definitive conclusions from the isotope unassigned symmetrical stretch in the low-energy region of the
studies, no Raman bands below 500 ¢éran be definitively  spectrum. This band does not substantially change with isotopic
assigned todg(Ru—O—Ru) or v(Ru—OH). The numerous o Jigand substitution. All isotope studies were conducted by

vibrations in this region can be viewed as highly mixed with ,cupation of the complex in the appropriate buffer; synthesis
normal modes formed from local modes of the R—Ru of specifically labeled complexes will assist in definitive

bridge, vs(Ru—OH,), and the bpy or phen ligands. From the assignments
depolarization ratio measurements (Table 4) the bands at 133, '

239, and 300 cmt in the spectrum of [(bpyfH.0)RU"ORU" - The assignments 0f(M—0—M), vadM—0O—M), andv¢{M-
(OH)(bpy)]*" are totally symmetrical vibrations and may N) and the tentative assignment 8§M—O—M) will be
contain contributions from the symmetrical RO—Ru defor- important in the characterization of the higher oxidation states
mation or the symmetrical RtOH; stretch. of the water oxidation catalyst. Monitoring these Raman bands
In the infrared spectrum of [(bpyH-O)Ru" ORUY(OH)- as a function of oxidation state will provide structural details

(bpy)](ClO4) in a KBr pellet, ba|r|1ds appear analogous to those for the higher oxidation states where it will not be possible to
g}_':hg spﬁc:]rum OL[(bpﬂHZO)thu ORdhEOH?(bpygﬂ(Cl%‘)“'t, obtain crystal structures. The comparison of the structural data
2 Which can be assighed 1o perchiorale or bpy vVIbralions. ¢, p i _o_Ry!" and Ri'—O—RUY demonstrates a change

The band analogous tee{Ru-O-Ru) at 810 cm for toward linear geometry upon oxidation, which is reflected in
1l 1l . i i ’
[(opy)(H20)RU" ORU" (OH)(bpY)(CIOa)s- 280 is shifted to the Raman spectra. Additionally, resonance Raman excitation

796 cnT?, showing that there is a slight shift to lower energy

for this band upon oxidation. profiles will allow a probe of differences in electronic structure
From the Raman data for the RtrO—RUY complexesys between oxidation states.

(Ru—O—Ru) appears as an intense band near 390 ¢or all

derivatives. Again, no single band can be attributeds{Bu— Acknowledgment. This work was supported National
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(H20)RU"ORUY (OH)(bpy)]** in D,O or H,'80 causes a slight
shift in vs(Ru—O—Ru). A small change is also noted in the
Raman band at 349 crh which could suggest some Rl
character in this band. Slight changes also occur in the
difference spectrum near 800 chnconsistent with a slight shift
in v, Ru—O—Ru).

Resonance Raman spectra of [(tpy)(bpy)O©sY (bpy)-
(tpy)]®" and [(bpy}(H20)0<"' 008 (OH,)(bpy)]>t acquired 1C9603480
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nates, bond distance and angles, and thermal parameters (7 pages).
Ordering information is given on any current masthead page. Structure
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