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The molecular structures and physicochemical properties of diruthenium complexes with ligand-unsupported
Ru-Ru bonds, generally formulated as [Ax{ Ru(DTBCat),}] (DTB = 3,5- or 3,6-di-tert-butyl; Cat>~ = catecholate),
were studied in detail by changing the countercations. First, the binding structures of the cations in a family of
[{A(DME),}} o Ruy(3,5-DTBCat)s}] (n = 2 for A* = Li* and Na* and n = 1 for A* = K* and Rb*) were systematically
examined to reveal the effects of the cations on the molecular structures and electrochemical properties. Second,
the complex (n-BusN);[Ru,(3,6-DTBCat),] with a cation-free structure was synthesized using tetra-n-butylammonium
cations. The complex clearly demonstrates first that the ligand-unsupported Ru—Ru bonds are essentially stabilized
by the dianionic nature of the catecholate derivatives without any other bridging or supporting species. In contrast,
the redox potentials and absorption spectra of the complexes can sensitively respond to the countercations depending
upon the polarity of the solvents.

1. Introduction physicochemical studies of dimetallic structures containing

counteranionsare well-investigate8l,because most of the

. . . counteranions have coordination ability to the axial position

erable attention has been paid to the development of di- Y POSIT
of the metat-metal bond, and easily construct polymeric

metallic complexes with metaimetal bonds. These stu- structures. The continuing study provides a diversity of
dies have revealed that the molecular structures and physi- ) 9 y P Y

. complexes, and has led to attractive properties depending
cal properties of metalmetal-bonded compounds are af- . .
o . : on the counteraniohOn the other hand, the effects of cations
fected by oxidation statéssubstituents on the ligands,

and counterion$ Particularly, the synthetic, structural, and on st.ructures and physical propertlg s in the .SOhd s.tate and
solution have been less well-described for dimetallic com-
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Countercation Effects on Diruthenium Catecholate Complexes

Scheme 1. Synthetic Scheme for Diruthenium Complexes with Ligand-UnsupportedRRuBonds

R' R B By
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Ruy(OAc),Cl + 4 _— - ) — > (BuNp| By tay
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g K'e)Ro'd) R oo R " R p
) ' R \A/ R tBu tBu
R',R®=—t-Bu, RZR*=-H (1)
R',R*=—£Bu, RZR®=-H (2) [Ax{Rux(DTBCat),}] (n-BugN),[Ruy(3,6-DTBCat),]
R'R®=-t-Bu, R%R* = -H (2e)

A" =Li*(1a), Na*(1b), K*(1c), Rb*(1d)
R'R*=t-Bu, RZR®=H
A*=Na* (2b)

plexes accompanying byountercationsrepresented by and the polycrystalline samples @b and 2e have different
[M2Xg]™™ (X = halogen atomj[M»(COs)4]" 8 [M(SQy)4]"" 2 compositions, these are distinguished by adding “s” in a subscript
and [My(HPQy)4]".10 form after each abbreviation number for single crystalline samples.
In the preceding paper of this seriéswe reported the 2_.3. Proced_ure for Preparation. For 1a, 1c, and 1d,_ the foI-_ _
synthesis and the structural and physicochemical diversity lowing synthetic procedure was used. A THF suspension containing

. . . Rw,(OAC)4Cl, 4 equiv of 3,5-DTBCath] and 8 equiv of AOH (A
of a variety of diruthenium complexes, generally formulated _ Li+ (1a), K+ (10), and RE (1d)) were stirred for a day at room
J— . — 12 ! !
as [Na{Rw(RsCatp}] (n = 2 or 3; Ry = Fa, Cla,** Bra, Hy, temperature. The red-purple suspensions were dried under vacuum,

3,5-dit-Bu, and 3,6-di-Bu), and clearly demonstrated that  5nq then extracted with THF. The crystalline products were obtained
the complexes with ligand-unsupported-RRu bonds can  py slow diffusion of DME onto the solutions.
sensitively respond to redox reactions and ligand substituents [{Li(DME) ,} ,{ Rux(3,5-DTBCat);}] (1a). Ru(OAc),Cl (237
on the basis of the greater degree of freedom in their mg, 0.50 mmol), 3,5-DTBCat{445 mg, 2.00 mmol), and LiOH
molecular structures. Although special attention had not beenHz0 (168 mg, 4.00 mmol) were combined in THF to afford the
paid to the interaction between the [RR;Caty]> 3~ units red-purple crystals ofa Yield: 175 mg (24%). Anal. Calcd for
and countercations in the literature, the countercations, Na CrzHi2d-i201eRw (18): C, 59.32; H, 8.30. Found: C, 59.10; H,
bind to the Q4 atoms of RCaf~ in all of the complexes. ;'0815'( fg’s_o‘(’)')s_?'\(‘)'g((’lﬁ‘)#”m (M ~-cm™) in THF): 294 (27800),

. . . . . e , sh).
T e T S0 o1 (KOME s’ 0T 10, 0RO i o

. . . . 0.25 mmol), 3,5-DTBCath (222 mg, 1.00 mmol), and KOH
we describe the effects of the cation both in the solid state (112 mg, 2.00 mmol) were combined in THF to afford the red-

and in solution with various alkali-metal cations;"LNa", purple crystals oflc. Yield: 171 mg (51%). Anal. Caled for
K*, and RB. Furthermore, the challenging synthesis of a CgH,,K,01.RW (10): C, 57.29; H, 7.51. Found: C, 56.75; H,
complex with a cation-free structure was carried out to 7.27. UV—vis—NIR (Ama/nm (/M ~2cm2) in THF): 298 (24600),
minimize the effects of cations, and its structural and 494 (16800), 720 (sh).

electrochemical properties were compared with those of the [{Rb(DME)}»{ Rux(3,5-DTBCat)s}] (1d). Ru(OAc)Cl (119
cation-bound complexes. We describe the effect of coun- mg, 0.25 mmol), 3,5-DTBCati{222 mg, 1.00 mmol), and RbOH
tercations on the molecular structures and physical properties(205 mg, 2.00 mmol) were combined in THF to afford the red-
of dinuclear complexes to give a new route for developing Purple crystals ofld. Yield: 172 mg (48%). Anal. Calcd for

CeiHioOLRDRW, (1d): C, 53.58; H, 7.03. Found: C, 53.27; H,
h fuln f the MM-bon m molecular 762 1100-12
Luﬁ‘lgiiz Wheos orhe bonded system as a molecular - o "vis—NIR (iys/nm (/M- 1-cir ) in THE): 299 (26400),

486 (17700), 570 (sh), 720 (sh).

(n-BusN),[Ruy(3,6-DTBCat),] (2€). A THF solution of2b (226
mg, 0.20 mmol) was combined with a THF solution containing

2.1. Materials and Methods.Tetraacetatodiruthenium chloride  n-BuyNPF; (155 mg, 0.40 mmol) with stirring at room temperature.
(Ru(OAC),CI), 1 [{Na(DME)} o Rux(3,5-DTBCat)}] (1b),*t and
[Nax{ Rux(3,6-DTBCat)}] (2b)l! were synthesized by literature  (7) (a) Cotton, F. A.; Harris, C. Bnorg. Chem1965 4, 330. (b) Brencic,
methods. The other chemicals were purchased from Aldrich %'.V(;.;C?g%%ii %ng%?gehrgﬁfg% Z; (gif??‘tt&’;’ (F:'Oft‘(');n'?eFE.‘o:.r;’
Chemical Co. (1,4,7,10,13,16-hexaoxacyclooctadecane (18-crown- Hall, W. T. Inorg. Chem1977, 16, 1867. () Cotton, F. A.; Mott, G.
6)), Tokyo Chemical Industry Co., Ltd. (3,5-th+t-butylcatechol N. J. Am. Chem. S0d.982 104, 6781.

_ _ ; (8) (a) Lindsay, A. J.; Wilkinson, G.; Motevalli, M.; Hursthouse, M. B.
(3,5-DTBCatH}) and tetrar-butylammonium hexafluorophosphate J. Chem. Soc.. Dalton Tran$987, 2723. (b) Cotton, F. A.: Labella,

2. Experimental Section

(n-Bu4NPF5)), Wako Purg Chemical Ind_ustries, Ltd. (Iith?um L.; Shang, M.Inorg. Chem.1992, 31, 2385.
hydroxide monohydrate (LiOHH,0), Nacalai Tesque, Inc. (sodium (9) (a) Cotton, F. A; Falvello, L. R.; Han, S$norg. Chem.1982 21,
hydroxide (NaOH) and potassium hydroxide (KOH)), and Kanto 2889. (b) Kuzmenko, I. V.; Zhilyaev, A. N.; Fomina, T. A.; Porai-

Kagaku (rubidium hydroxide (RbOH)). All of the solvents (tet- Koshits, M. A.; Baranovsk, 1. BRuss. J. Inorg. Cherr.983 34,

rahydrofuran (THF),n-hexane (hexane), 1,2-dimethoxyethane (10) (a) Bino, A.; Cotton, F. AAngew. Chem., Int. Ed. Engl979 18,
(DME), and N,N-dimethylformamide (DMF)) were distilled by 462. (b) Cotton, F. A.; Han, S.; Conder, H. L.; Walton, R.IAorg.
standa_rd methods under a dinitroger_l _atmosphere. All synthetic (11) %ﬁ'gfﬁﬁg?ﬁﬂzghé%i}, K.; Kitagawa, $1org. Chem.2005 44,
operations were performed under a dinitrogen atmosphere. 3799-3800.

2.2. Abbreviations for the ComplexesEach alphabet character  (12) Kondo, M.; Hamatani, M.; Kitagawa, 3. Am. Chem. S0¢998 120,
followed by a number is assigned on the basis of the type of 455

: . . . 13) (@ étephenson, T. A.; Wilkinson, G. Inorg. Nucl. Chem1966 28,
countercations included in each complex; (&), Na' (b), K* (c), 2285. (b) Mitchell, R. W.; Spencer, A.; Wilkinson, G. Chem. Soc.

Rb" (d), andn-BuyN* (€) (Scheme 1). Because the single crystals Dalton Trans.1973 846.
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Table 1. Coordination Geometry around the Alkali-Metal Cations"}Bound to [Ru(RsCat)]? /3~

AT geometry environment bond distances/A

[Na(THF)] Na*® distorted Sp Na(©u)2(H20)3 Na—Oca = 2.500-2.515, Na-Op,0 = 2.384-2.566
[{Na(THF)(H:O)1.5} 2 distorted Sp Na(€)2(H20)3 Na—Oca = 2.401-2.516, Na-Op,0 = 2.408-2.463
{Rw(ClsCaty(THF)}]2P distorted Sp Na(@ir)s Na—Orpe = 2.32-2.39
[Na{ Na(acetone)(kD)} 2 Nat  distorted Sp Na(@4)3(Oacetond(H20)  Na—Ocar= 2.361-2.68, Na-Oacetone= 2.33, Na-Op,0 = 2.32
{Rwy(BrsCat)}]-2acetond distorted Sp Na(@4)3(Oacetond(H20)  Na—Ocar= 2.322-2.66, Na-Oxcetone= 2.29, Na-Op,0 = 2.31

distorted Sp Na(©u)3(H20), Na—Oca= 2.472-2.63, Na-Op,0 = 2.35-2.37
[Na{Na(DMF)}, Na" distorted Sp Na(@u)4(DMF) Na—Oca= 2.327-2.594, Na-Opyr = 2.226
{Ru(HCat)} ]2 distorted Td  Na(Qa)4 Na—Ocq= 2.287-2.323

distorted Sp Na(©u)2(DMF) Na—Ocar= 2.3172.583, Na-Opme = 2.25
[{Na(THF)(H:0)} 2 Na" distorted Sp  Na(@u)2THF)(H20). Na—Oca = 2.384-2.464, Na-Orpr = 2.296, Na-On,0 = 2.418-2.442
{Ru(ClsCaty(THF)z}]2P
[{Na(THF)} 2 Na* distorted Sp  Na(@x)s(THF), Na—Ocq = 2.471-2.639, Na-Orur = 2.36-2.37
{Ru(Br4Caty(THF)3} ]2 distorted Sp  Na(@u)3(THF)2 Na—Ocg = 2.478-2.509, Na-Orpe = 2.31-2.32
la Lit distorted Oh Li(Qa)2(DME)4 Li—Oca= 2.067-2.377, Li-Opye = 2.047-2.335
1b? Na" distorted Oh Na(@x)2(DME)¢ Na—Ocat= 2.294-2.408, Na-Opme = 2.322-2.493
1c K+  distorted Tpr  K(Qa)a(DME)d K—Ocq = 2.777-2.875, K—Opye = 2.642-2.816
1d Rb*  distorted Tpr  Rb(Qa)a(DME)d Rb—Oca = 2.897-2.968, Rb-Opye = 2.797-2.935
2bd Nat  distorted Td  Na(@a)2(THF), Na—Oca= 2.30-2.35, Na-Ornr = 2.25-2.47

aReference 112 Reference 12¢ Oh = octahedral, Sp= square pyramidal, TeF tetrahedral, and Tp# trigonal prism.? Each DME chelates to the A
cation.

The resultant suspension was stirred for a day, giving a red-purple crystallographic software package from Molecular Structure Corp.
suspension, which was evaporated to dryness and then extracted here is a highly disorderedBu group, C(26)-C(28), inla

with THF. Slow diffusion of hexane onto the solution gave a single
crystal of -BusN),[Ru,(3,6-DTBCat)]-hexane 2e;), which easily
loses the cocrystallized solvent under vacuum. Yield: 220 mg
(70%). Anal. Calcd for GHisANOsRW, (26): C, 67.39; H,
9.77; N, 1.79. Found: C, 67.29; H, 9.81; N, 1.73. Y¥s—NIR
(Amadnm (/M~1-cm™) in THF): 303 (23600), 396 (9300), 510
(11100), 650 (sh).

3. Results and Discussion

3.1. Connection Modes of the Na Cations to
[Rux(R4Cat)]>®~ Units. Figure 1 schematizes the structures
of the complexes [NARW(RsCat)}] (n=2 or 3; R, = Cly,

Bry4, Ha, 3,5-dit-Bu, and 3,6-di-Bu), including the connec-

2.4. Physical MeasurementsAbsorption spectra were recorded lt.|0n rEOdeS of th? Na cations to thed@?]t ato”.‘s' Table ]t; .
on a Hitachi U-3500 spectrophotometer over the range-B280 ists the structural parameters around the cations. Two basic

nm at 296 K. Electrochemical measurements were carried out with M0des are i?slind .in Conngcting the *Naations“.to the
a BAS model 650A electrochemical analyzer. A standard three- [RUx(RsCat)f %~ units. The first mode, called the *in-plane
electrode system was used with a glassy carbon working electrode connection”, was found irib and 2bs (Figure 1a), where
platinum-wire counter electrode, and Ag/iAGH:CN electrode as  each Nd cation binds to two independent@atoms coming
reference (all of the potentials in the figures and table are given asfrom two cofacial RCa€~ anions. The N& cations are
volts vs ferrocene/ferrocenium (Fc/Fg. _ further chelated by DME1() or coordinated by THF2b),

2.5. Crystallographic Data Collection and Refinement of  exhibiting a distorted octahedral or tetrahedral coordina-
Stru_ctures. All crystall_ographlc measgrements were pe_rform(_ad oN tion geometry. On the other hand, the second mode, called
a Rigaku mercury diffractometer with a CCD two-dimensional 4 “out-of-plane connection”, was found in [Na(THF)
detector Wlth Mo Kx radlgtlon employing a graphite monochrp- [{ Na(THF)(HO): & of Ri(Cl.Caty(THF)} ] 1112 (Figure 1b).
mator. The sizes of the unit cells were calculated from the reflections . .

The N& cations connect two §: atoms coming from two

collected on the setting angles of seven frames by changibyg > .
0.5 for each frame. Two or three differeptsettings were used, ~ Parallel ChkCat™ anions of each [Ru(QCat)] half. The

andw was changed by C°%er frame. Intensity data were collected  connection modes i{ Na(THF)} o Rux(BraCatu(THF)z} ]
in 480-1080 frames with anw scan width of 0.5, Numerical (Figure 1c), [NdNa(acetone)(ED)} o Rux(BrsCat)}]-2ace-
absorption corrections were performed. All of the crystallographic toneé! (Figure 1e), and [NeNa(DMF)}{Ru(HsCat)y}]t
data are summarized in Table 1. The structures were solved by the(Figure 1f) are combinations of in-plane connection and out-
Patterson methdfland expanded using Fourier technigifeshe of-plane connection. The # molecules also take part in
final cycles of the full-matrix least-squares refinements were based the bridging structures i{ Na(THF)(HO)} o{ Rux(Cl,Caty-
on the observed reflectionl_s(> 3o(l) for 2e,andl > 4<_7(I) for the (THE);}]1412 (Figure 1g), where the Nacation having the
others). All of the calculations were performed using the teXsan in-plane connection mode and a® molecule bridge two
Ocat atoms coming from the two cofacial La€~ anions
by hydrogen bonds (§::*H—O = 2.82 and 3.00 A).

The connecting structures of the Naations to the
[Rux(R4Cat)P "3~ units are among the fascinating features

(14) PATTY: Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman,
W. P.; de Gelder, R.; Israel, R.; Smits, J. M. Wwhe DIRDIF program
systemTechnical Report of the Crystallography Laboratory; University
of Nijmegen: Nijmegen, The Netherlands, 1994.

(15) DIRDIF94: Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman,
W. P.; de Gelder, R.; Israel, R.; Smits, J. M. Whe DIRDIF program
systemTechnical Report of the Crystallography Laboratory; University
of Nijmegen: Nijmegen, The Netherlands, 1994.

(16) teXsan: Crystal Structure Analysis Packaddolecular Structure
Corp.: The Woodlands, TX, 1985, 1992.
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Figure 1. Schematic representation of connection modes of alkali-metal catiohsh@und to the [Re(RsCaty]2/3~ units: (a)1a, 1b, and 2bs, (b)
[Na(THF)][{ Na(THF)(H:O)1.5} f Rux(ClaCatly(THF)},1+12 (c) [{ Na(THF )} Rux(BraCath(THF)2}],** (d) 1c and 1d, (e) [N& Na(acetone)(ED)}o{ Rue-
(BrsCat)y}]-2acetoné?l (f) [Na{Na(DMF)}{ Ru(HsCat)y}],*t (9) [{Na(THF)(HO)}{ Ru(ClsCath(THF)}].1112 The axial ligands, substituents of the
catecholates, and solvent molecules that bind to the dddéions are omitted for clarity.

Table 2. Crystallographic Data of{ A(DME)} o{ Rwx(3,5-DTBCat)}] (n = 2 for AT = Li* (1a) andn = 1 for K* (1¢) and Rb (1d)) and
(n-BusN)2[Rux(3,6-DTBCat)]-hexane 2&;) with [Ru,]®" Cores

la 1c 1d 2¢
formula Gr2H120L12016R W CeaH10K2012R W CeaH100012RR U CosH166N20gR Wy
fw 1457.75 1341.82 1434.56 1654.49
cryst syst monoclinic trigonal trigonal monoclinic
space group P2;/c R3 R3 C2i/c
color of cryst purple purple purple purple
a A 11.1297(3) 30.572(3) 30.511(2) 25.481(7)
b, A 16.192(1) 19.026(5)
c, A 21.645(2) 19.309(3) 19.4609(1) 22.818(6)
B, deg 100.7951(4) 116.243(3)
v, A3 3831.6(4) 15629(1) 15689(1) 9921(4)
temp, K 223 223 223 223
z 2 9 9 4
Dcalca grcm™3 1.263 1.283 1.366 1.108
no. of refins 6898 4868 5392 6829
no. of params 415 361 361 451
GOF 1.67 1.13 1.33 1.07
Rint 0.014 0.026 0.019 0.040
R, Ra¢ 0.033, 0.062 0.032, 0.042 0.049, 0.071 0.048, 0.067

al > 4.00(1). °1 > 3.00(1). °R = F|IFol — IFell/ZIFol, Ru = [TW(IFo| — IFc)ZZwiFol*2

of the present complexes, especially for the development of systematic isolation and crystallographic structural charac-

molecular assemblages based on cattamion interactions.  terization of a series of A(DME)} o{ Ruy(3,5-DTBCat)}]

In fact, some of the complexes form infinite polymeric (n= 2 for A = Li* (1a) and N& (1b) andn = 1 for K*

chains!! on the other hand, the cations prevent the formation (1c) and Rl (1d)) with four different countercations, which

of a ligand-unsupported MM-bonded complex isolated were introduced from LiOH, NaOH, KOH, and RbOH for

from the cationic moieties. With these experimental results the deprotonation of 3,5-DTBCatH{Scheme 1).

in mind, the following subjects must be experimentally = The crystallographic data and the structural parameters of

demonstrated and reasonably understood. The structurathe complexes are listed in Tables 2 and 3. The molecular

effects of the cations on the [RiR,Cat)F /3~ units should structures depicted in Figure 2 demonstrate that the crystal

be carefully examined, because the structures of the com-systems ofla—1d can be classified into two class€sThe

plexes with ligand-unsupported MM bonds are expected complexes with Li (1a) and Na& (1b) cations were

to be very sensitive to the coordinative interaction and the crystallized in the isomorphous monoclinic space group,

electrostatic interaction of the cations. Electrochemical while those with K (1c) and RB (1d) cations were in the

studies, for example, will answer the question of how the isomorphous trigonal space group. In both isomorphous

cations affect the properties of the complexes in solution. classes, the two complexes have quite similar unit cell
3.2. Size Effects of the Cations on the Molecular  parameters, although the complex with a smaller cation in

Structures of a Family of [Ax{Rux(3,5-DTBCat)s}] (A each class has a slightly smaller cell volume. Interestingly,

= Li*, Na", K*, and Rb"). To show the cation’s effects on  the isomeric forms of the [Ru(3,5-DTBCdt)unit in

the structures, the size and nature of the cation were alteredla—1d do not vary with the cations; that is, all the complexes

using a series of alkali-metal cations under conditions of - _ —

constant substituents and oxidation state of the diruthenium‘*”) lhg Ce;yfalnf‘%?gg)c gf"tt)afblg‘rzelals(zf;"f,"é’s': ”;g”f;gggpilgczz

complexes. Our synthetic attempts led to success in the 100.146(3), V = 3911.5(9) &, 223 K, R = 0.040,R, = 0.055.

Inorganic Chemistry, Vol. 44, No. 11, 2005 3813
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Figure 2. Whole molecular structures of fARW,(3,5-DTBCat)}] (A" = (al—a3) Li* (1a), (b1-b3) Na" (1b), (c1-c3) K* (1¢), and (d+-d3) Rb" (1d))
including the countercations: top view (top line), side view 1 (middle line), side view 2 (bottom line). Hydrogen atoms are omitted for clarityod®olor
Ru, deep green; C, gray; O, red;-tRb, violet.

Table 3. Structural Parameters of A(DME)n} o{ Rux(3,5-DTBCat)}] (n = 2 for At = Li* (1a) and Na (1b) andn = 1 for K* (1¢) and Rb (1d)),
[{Na(THF)Y} { Rux(3,6-DTBCat)}] (2bs), and -BusN)2[Rux(3,6-DTBCat)]-hexane 2e;)

Ru—Ru/  Ru—Ocafav)/ C—Ocafav)/ deviation Ru—Ru—Ocafav)/ isomeric twist angle no. of assembled

complex A A A A d/A deg form f/deg  axial ligands structure

la Li* 2.1706(3) 1.968 1.366 0.4998(7) 104.23 cis,cis-anti 2.10 0 discrete

1b? Na* 2.1698(6) 1.969 1.363 0.486(1) 104.26 cis,cis-anti 1.58 0 discrete

1c K+ 2.1820(5) 1.968 1.368 0.423(1) 102.41 cis,cis-anti 0.97 0 discrete

1d Rb* 2.1795(6) 1.970 1.366 0.426(1) 102.49 cis,cis-anti 1.10 0 discrete

2bg2 Na* 2.140(2) 1.97 1.37 0.509(5) 105.2 50.8 0 discrete

26 n-BuyN*  2.1449(7) 1.970 1.357 0.506(2) 104.87 48.9 0 discrete

aReference 11.

havecis-configulated [Ru(3,5-DTBCaf) halves, and these  two Opuwe atoms from a DME. The increase of the size of
are combined in an eclipsed form so that each half is relatedthe cation induces the elongation of the-@ distances, as
by 180 rotation around the RuRu bond!® Each Ru atom  given in Table 1.

has a five-coordinated square pyramidal geometry formed The Ru-Oca and C-Ocq bond distances ofa, 1c, and

by an adjacent Ru atom and four O atoms from two coplanar 1d are in the range of 1.9681.970 and 1.3661.368 A,
dioxolene ligands, while there is a vacant site in the axial respectively. These values are comparable to thodd,&f
position. The binding modes of the cations can also be indicating the dianionic nature of the ligand moieties. Only
divided into two categories, depending on the size of the small changes are observed in the-FRu bond distances
cations. As shown in Figure 2a,b, both cationd@&and1b of the four complexes; those b andlb are slightly shorter
have a distorted octahedral geometry and are effectively than those olcandld, with the variation smaller than 0.015
coordinated by two @;atoms of two cofacial 3,5-DTBCét A. The deviation is much smaller than those of the-fRwu
anions (Figure 1a) and fourdge atoms from two DME bond distances caused by the one-electron oxidations
molecules. The L+Ocaand Li—Opmwe bond distances dfa (ca. 0.03 A) or the substituent effects (ca. 0.08'AThe

are shorter than the corresponding-Nac,: and Na-Opwe most prominent difference is found in theevalues and
distances oflb. When the size of the cation increases to Ru—Ru—Ocyangles, which reflect the degree of warp around
that of K" or Rb", the coordination geometry of the cat- the [Ry] cores. Thed valued® for 1candld are significantly
lons changes to a dIStOI‘_ted trigonal prism geometry. In (18) Seven possible isomers are (aigcis-synisomer, (b) ecis,cis-anti
these complexes, the cations locate between two [RU(3,5-" " isomer, (c, d) tweistransisomers, (e) aranstranssynisomer, and
DTBCat)] planes by the out-of-plane connection as shown (f, 9) two transtrans-anti isomers, where the two isomers in two sets
in Figure 2¢.d and are coordinated by foug.Catoms of (c, d and f, g) are mirror images of each other (see the Supporting

. . Information).
3,5-DTBCat™ anions (Figure 1d) and further chelated by (19) See Chart 3 in ref 11.
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Table 4. Redox Potentials (V vs Fc/E} of [A{Rw(3,5-DTBCat)}] (A* = Li* (1a), Na" (1b), K™ (1¢), and Rb (1d)), [Na{ Rux(3,6-DTBCat)}]
(2b), and 0-BusN)2[Rux(3,6-DTBCat)] (22

redox potentials/VAEpy/V)
complex A R4 rest potential/V/ [Re]®/[Rug]>"
la Li* 3,5-DTB —0.56 —-0.3% —1.16 (0.11)
1bP Na* 3,5-DTB ~0.59 -0.33 —1.41(0.21)
1c K+ 3,5-DTB —0.59 -0.3% —~1.52 (0.16)
1d Rb* 3,5-DTB —0.68 —-0.3% —1.58 (0.10)
2bp Nat 3,6-DTB —0.99 -0.35 (0.11) —0.74 (0.09) —1.46 (0.27)
2e n-BusN* 3,6-DTB -1.01 -0.34(0.15) -0.75 (0.11) -2.38(0.12)

aTHF solution containing 2 mM complex and 0.2 MBUsNPFs, 10 mV/s.” Reference 11¢ Eqp

reduced by ca. 0.060.08 A, and the RttRu—Oc, angles
simultaneously narrow by ca® 2ompared with those dfa
and 1b. These results can be interpreted by the differences
in the connection mode of the cations. As a result, complexes
1c and1d form slightly compacted structures with smdlll
values compared with those df and 1b. However, the
effects of the cations seem weak in the solid state compared
with those of the substituents or oxidation states.

3.3. Cation-Dependent Redox PropertiesTurning now
to the electrochemical properties of this series of compounds,
interesting electrochemical features were observed, as de-
scribed below. As shown in the preceding regéadomplex
1b undergoes a quasi-reversible one-electron redox couple
at—1.41 V, which is attributable to the reduction of the fRu
core from [Ruy]®* to [Rw]>". Systematic CV studies indi-
cate that the overall features of cyclic voltammograms for
la—1dremain unchanged, demonstrating a quasi-reversible
reduction process in the potential region-ef.16 to—1.58
V and irreversible oxidation from-0.30 to—0.33 V (Table
4). Interestingly, the redox potentials of the oxidation process
show relatively small variations over the four complexes,
while those for the reduction were significantly negatively
shifted as the cation size increased (Figure 3a and Table 4).
The half-wave potentials of the first reduction process were
shifted negatively upon going from1.16 V forlato —1.41
and—1.52 V for1b andlc, respectively, and finally te-1.58
V for 1d. The reduction potential dfd is greatly shifted by
approximately 0.4 VV compared with that fba. The observed
shifts of the redox potentials parallel the pattern in size/charge
ratio of the cationsr{pni(Li*) = 0.90 A, rignic(Na*) = 1.16
A, rionie(K™) = 1.52 A, rionie(Rb") = 1.66 A) and may result
merely from ion pairing, with the strongest interaction
occurring with the ion of greatest ionic potential, "Li
However, the results do not eliminate the possibility that the
cations still bind to the [Rif3,5-DTBCat)]>~ units in
solution as well as in the solid state. This is because the
blndlng aﬁlnlty of the alkali-metal cations to the O atom Figure 3. (a) Cyclic voltammograms of [{ Ru(3,5-DTBCat)}] (A =
are generally in the same order of'L+ Na" > K* > Rb', Li* (1a, red line), N& (1b, blue line), K* (1c, green line), and Rb(1d,

; ; ; : ; black line)) without 18-crown-6. Conditions: 2 mM THF solution containing
which is closely associated with the hydration enéﬁgy' 0.2 M n-BuyNPFs, 10 mV/s, room temperature,.N(b) Differential pulse

18-crown-6 was added to try to ensure that the speciesvoltammogram of [¥{ Rw(3,5-DTBCat)}] (1c) without 18-crown-6 (red
observed |n|t|a”y was Complexed with the alkali-metal line) and Wiﬂ;i 1 equiv (blue line) anld 2 equiv (green line) of 18-crown-6
. . . . in THF. Conditions: 1 mM THF solution containing 0.1 MBusNPFs,
cations. Flgure 3b Shows the .dlf'fe'rentlal pulse voltammogram room temperature, Al E increment 0.004 V, pulse width 0.05 s, sample
for 1c with K* cations, which is known to exhibit the  width 0.0167 s, pulse period 0.2 s.
strongest binding affinity to 18-crown2The first reduction

process on the [RIF* core oflc, which appeared at1.48 V, is quasi-reversible. Addition of 1 equiv of 18-crown-6
results in increases of the two peaks-dt.76 and—2.23 V;

(20) Metelski, P. D.; Swaddle, T. Wnorg. Chem.1999 38, 301. at the same time, the original peak tends to decrease in
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intensity. Further addition of 1 equiv of 18-crown-6 causes
increases of the intensity of the two peaks, with a decease
of the original peak. The redox potentials obtained after the
addition of 2 equiv of 18-crown-6 are shifted in potential
by 0.32 and 0.75 V, respectively, relative to thatlof The
appearance of two new peaks could be reasonably understood
by the presence of diruthenium complexes bound with one
K* cation and without a K cation, which are generated by
removing complexed Kcations by 18-crown-6. Thus, these
results demonstrate the electrostatic effect 6fbound in
close proximity to the [Ry(3,5-DTBCat)]?" units.
Significant cation-modulated electrochemical effects are
principally due to the cation-bound molecular structures,
where the ionophore moiety is very close to the redox center
of the [Rw(3,5-DTBCat)]?~ units. The negative shift of the
reduction potentials could be reasonably understood in terms
of the efficacy of the electrostatic stabilization effect of the
cation against the electrochemically generated(R6-
DTBCat)]®~ species. A greater stabilization effect is estab-
lished inla with the Li* cation by its strong coordination ) ) ) S
and smalkio (resulting in a high positive charge density). TS () Sde and 1) op siews of ionic units BN IR,
When the size of the cation increases, both effects weaken solvent molecules are omitted for clarity. Color code: Ru, green; C, gray;
thereby destabilizing the [R(B,5-DTBCat)]®" species, and O, red.

the reduction potential shifts negatively. _ _
complexes are almost unchanged, as listed in Table 3. The

3.4. Inherent Stability of the Ligand-Unsupported . . S )
Ru—Ru Bonds. The previous section demonstrated that R_u—_Ru bond distance dle; is 2.1449(7) A which is quite
similar to the value of 2.140(2) A for cation-bouiths. In

although the countercations do not induce a drastic perturba->" """ 4 A
tion in the intramolecular structural parameters of the 2ddition, thed and6 values® are found to be 0.506(2)
respectively, nearly equal to 0.509(5) A

complexes, they play important roles in their electrochemical and 48.9 for 2e,
properties. These results clearly demonstrate that the anioni(f’lnd 50_'8 for 2bs. All these data §trong|y support th?
nature of the [Ry(R«Cat)]2*~ moieties provides a means conclusmn.that structural effects coming from the connection
to tune the properties of the complexes through both the ,Of the cathn could almostib(.a negligible. Therefore, the
electrostatic interactions and the binding interactions of the |r!herent ability of th? BCaf” ligands stably to form the
cations. It is, however, important that any structural and direct Ru-Ru bonds is r.'OW proved. o
electronic effects derived from the binding structures of the ~ In contrast to the static molecular structure, the situation
cations shown in Figures 1 and 2 could not be excluded atS€ems to be different in solution. As shown in Figure 5, the
this stage. In other words, the ambiguity in the inherent Cyclic voltammogram of2e measured in THF solution
ability of the RCaf~ ligands to stabilize the ligand-un- consists of a quasi-reversible redox couple-at38 V and
supported RerRu-bonded structures still remains. two quasi-reversible redox couples-a0.75 and—0.34 V

The treatment o2b with n-Bu;NPF; smoothly results in as the_ﬂrst and gecond oxidation processes, rgspectlvely. The
a cation exchange reaction, leading to the formatiomef ( reduction potential of the complex shifts negatively compared

BwiN),[Rux(3,6-DTBCat)]-hexane 2e) at room temperature. with that of2b by ca. 0.9 V, reflecting the decreasing stability

) . . o\
The molecular structure depicted in Figure 4 clearly shows of thg dlruthenlum complgx with th? [Bﬁ core. The
the formation of a cation-free structure, in keeping with a negative shift of the reduction potential is just the same as

direct Ru-Ru bond, which is retained even after the cation the experimental result for the addition of 18-crown-6 to the

exchange reaction. Any bridging mode could not be found solution containinglc (see section 3.3). Therefore, these
within the [Rw(3,6-DTBCat)]2~ unit, and then-Bu,N* results can be commonly understood in terms of the
cations exist far from the anionic c'omplex Two cofacial €lectrostatic and the binding effects of the cations, which
[Ru(3,6-DTBCat)] halves are linked by the I.%tRu bond directly affect the stability of the reductive products.

and no axial ligand was found on the Ru atoms, forming a  Figure 6 shows the U¥vis—NIR spectra of2b and 2e

pseudo square pyramidal coordination geometry similar to méasured in THF and DMF. The spectrum2if in THF
that of 2bg 11 consists of a strong charge-transfer band at 514 nm with a

Comparison of the structural parameters2bf and 2e. shoulder at 700 nm. On the other hand, a new band appears

could be apparently useful to determine the cation effects in 2und 400 nm in the spectrum 2éin THF. Interestingly,

the solid state. Surprisingly, the structural parameters of both & Similar absorption band around 400 nm could be observed
also in the spectrum dfb measured in DMF solution. The

(21) Pederson, C. J.; Frensdorff, H. Kngew. Chem., Int. Ed. Engl972 observed spectral differences could be most plausibly at-
84, 16. tributed to the solvent polarity. In solvents with low polarity
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Figure 5. Cyclic voltammograms of [NdRw(3,6-DTBCat)}] (2b, red
line) and @-BusN)2[Rux(3,6-DTBCat)] (2e blue line) in THF. Condi-
tions: 2 mM THF solution containing 0.2 M-BusNPFs;, 100 mV/s, room
temperature, N

Figure 6. UV—vis—NIR spectra of [Na{ Rux(3,6-DTBCat)}] (2b, red
lines) and (-BusN);[Rux(3,6-DTBCat)] (2¢ blue lines) in THF (solid lines)
and DMF (dashed lines) at room temperature.

(THF), the alkali-metal cations still bind to the [K@,6-
DTBCat)]?" unit with Na—Ocy bonds or closely pair
ionically with the core by static interactions, while both
interactions would be weakened in solvents with relatively
high polarity (DMF). A similar trend can be found in the
spectra ofltb measured in THF and DMF (Figure S3 in the
Supporting Information). As a result, one can then differenti-

Table 5. UV—vis—NIR Absorption Spectral Data of
[A{Rw(3,5-DTBCat)}] (AT = Li* (1a), Na" (1b), K* (1c), and Rb
(1d)), [Nax{Rw(3,6-DTBCat)}] (2b), and 0-BusN)2[Rux(3,6-DTBCat)]
(29

complex R AT peak maxima/nme(M~1 cm™1)

1&  3,5-DTB Li* 294 (27800), 501 (16500), 700 (sh)

1  35-DTB Na 299 (29000), 420 (sh), 518 (15200), 700 (sh)
1b¢  3,5-DTB Na 303 (24200), 375 (9000), 527 (11800)

1¢®  3,5-DTB K* 298 (24600), 494 (16800), 720 (sh)

1> 3,5-DTB Rb 299 (26400), 486 (17700), 570 (sh), 720 (sh)
2beb  3,6-DTB Na' 293 (17800), 514 (12700), 700 (sh)

2be 3,6-DTB Na 304 (21700), 390 (7900), 507 (9500), 700 (sh)
2¢  3,6-DTB n-Bu,N* 303 (23600), 396 (9300), 510 (11100), 650 (sh)
2¢  3,6-DTB n-BuN* 303 (22400), 389 (8300), 507 (9600), 700 (sh)

aReference 112 Each spectrum was measured in THEach spectrum
was measured in DMF.

structure on the basis of UWis spectral patterns, together
with their electrochemical properties. (See Table 5 for
la—1d, 2b, and2e)

4., Conclusion

In this study, we have examined the effects of the
countercations affecting the structural, electrochemical, and
spectrochemical properties of the diruthenium complexes
with ligand-unsupported RtuRu bonds containing catecho-
late derivatives. The results of the study can be summarized
as follows. (1) The anionic nature of the diruthenium
complexes provides considerable catteanion interactions
through both electrostatic and binding interactions. In addi-
tion to the binding structure in the solid state, these
interactions play an important role in the electrochemical
properties in solution. Moreover, recent preliminary results
indicate that an isomeric form of [R{8,5-DTBCat)]?",
which can be from seven different isomeric forms (see the
Supporting Information), is able to change to another by
heating in solution. (2) Formation of the complex with a
cation-free structure leads us to conclude that the high
negative charge of l£af~ can stably form direct RuRu
bonds without any bridging and supporting species. The
results of this study illustrate successive strategies of
controlling the characteristic structures and properties of
ligand-unsupported MM systems by countercations and
open a new route to design multifunctionaHW-bonded
complexes.
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