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The ruthenium bis(bipyridine) complexeis-[Ru(bpyblm(OH,)]?*, cis-[Ru(bpyk(Im)2]?*, cis-[Ru(bpyh(N-Im);]%*,
cis-[Ru(dmbpy}Im(OH,)]?*, cis-[Ru(dmbpy}(N-Im)(OH)]?"(bpy = 2,2-bipyridine, dmbpy= 4,4-dimethyl-
2,2-bipyridine, Im= imidazole, N-Im= N-methylimidazole), have been synthesized under ambient conditions

in aqueous solution (pH 7). Their electrochemical and spectroscopic properties, absorption, emission, and lifetimes

were determined and compared. The substitution kinetics afis{&u(bpypIm(OH,)]2" complexes show slower
rates and have lower affinities for imidazole ligands than the corresponidifigu(NHz)sm(OH,)]?" complexes.

The crystal structures of the monoclirdis-[Ru(bpyk(Im)2](BF4)2, space group= P2i/a, Z = 4, a = 11.344(1)

A, b=17.499(3) Ac = 15.114(3) A, ang = 100.17(1), and tricliniccis-[Ru(bpyk(N-Im)(H-0)](CRCOOY-H,0,

space group= P1, Z = 2,a = 10.432(4) Ab = 11.995(3) A,c = 13.912(5) A,o. = 87.03(3}, B = 70.28(3},

andy = 71.57(2), complexes show that these molecules crystallize as complexes of octahedral Ru(ll) to two
bidentate bipyridine ligands with two imidazole ligands or a water anb-amethylimidazole ligand cis to each

other. The importance of these molecules is associated with their frequent use in the modification of proteins at

histidine residues and in comparisons of the modified protein derivatives with these small molecule analogs.

Introduction and a rich redox chemistry that have led to their use in the study
of radiation-induced and photoinduced electron transfer reac-
tions1p2a30 Other bis(bipyridine)Ru(L) complexes with
pyridine derivatives show significantly lower quantum vyields
‘and shorter lifetimes at room temperatfire.

In order to compare the properties of the ruthenium site in
ruthenium modified proteins such ass-[Ru(bpy)}L(protein)]
(L = Im) with small molecule analogues, we have studied the
spectral, electrochemical, kinetic, and structural properties of a
series ofcis-[Ru(bpyp(OHy)L] (L = N-methylimidazole (N-
Im)) and cis-[Ru(bpy}L,] (L = imidazole (Im)) ruthenium

Tris(bipyridine)ruthenium(il), [Ru(bpy)?", and bis(bi-
pyridine)ruthenium(ll)cis-[Ru(bpyyL,]?" derivatives have been
used as donors and acceptors in studies of long range intramo
lecular electron transfer in peptides and protéirfs.Protein
modification with functionalized tris(bipyridine)ruthenium(ll)
derivatives has resulted in the binding of these derivatives to
lysine and cysteine residuésProtein modification withcis-
[Ru(bpy)(OHy),] andcis-[Ru(bpy)k(OH,)L] results in proteins
bound to the ruthenium center at the imidazole nitrogen of

hlst|d|ng res'd.ueé.t')yzaﬁb . . bipyridine complexes with one and two imidazole ligands,

. I_Droteln derivatives such ass-_[R_u(bpy)zL(protelr_l)]_(L - respectively. Some of the spectral and electrochemical proper-
imidazole (Im)), where the protein is bound to the imidazole of ¢ forcis[Ru(bpy)Ls] (L = Im and N-Im) have been reported
the histidine residue, exhibit relatively long-lived excited states earlier, primarily in organic medi&” In this work we report

on the synthesis and properties of these complexes under
conditions suitable for protein modification experiments.

T Present address: Department of Chemistry, Brookhaven National
Laboratory, Upton, NY 11973.
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L., Scott, R. A., Eds.; Advances in Chemistry 226; American Chemical were reagent grade. Imidazole (Im) was recrystallized from water. The
Society: Washington, DC, 1990; pp 9100. ) solvents were spectrophotometric grade and were used as is. The
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Transfer in Biology and the Solid State, Inorganic Compounds with . A
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Stayton, R. S.; Sligar, S. G.; Durham, B.; Millett, & Am. Chem.
So0c.1993 115 6820-6824. (e) Willie, A.; McLean, M.; Lieu, R,; (5) Juris, A.; Balzani, V.; Barigelletti, S.; Campagna, S.; Belser, P.; Von
Hilgen-Willis, S.; Aunders, A. J.; Pielak, G. J.; Sligar, S. G.; Durham, Zelewsky, A.Coord. Chem. Re 1988 84, 85.
B.; Millett, F. Biochemistry 1993 32, 7519-7525. (f) Durham, B.; (6) Sullivan, B. P.; Salmon, D. J.; Meyer, T.lhorg. Chem 1978 17,
Pan., L.; Long, J.; Millett, FBiochemistry 1989 28, 8659. 3334.

(3) (a) Langen, R.; Chang, |.; Germanas, J. P.; Richards, J. H.; Winkler, (7) Long, C.; Vos, J. Glnorg. Chim. Actal984 89, 125.
J. R.; Gray, H. BSciencel995 268 1733. (b) Winkler, J. R.; Gray, (8) Johnson, E. C.; Sullivan, B. P.; Meyer, T.Idorg. Chem.1978 17,
H. B. Chem. Re. 1992 92, 369. 2211.
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M trifluoroacetic acid (HTFA) and degassed with argon for 0.5 h. The crystal structures were solved by Patterson methods (SHELXS 86).
pH of this cis-[Ru(bpy)H20).]?" solution was adjusted to pH 11.5 by  All non-hydrogen atom positions and anisotropic displacement param-
dropwise addition of degassd M NaOH. To this solution 25 mg of eters were refined using full-matrix least-squares methods based upon
L (0.37 mmol) was added and the reaction mixture was stirred under F,2 (SHELXL93)1® All hydrogen atom coordinates were calculated
argon atmosphere for 2 h. The progress of the reaction was monitoredwith bond distances of 0.95 A. Crystallographic datadisfRu(bpy)-

with HPLC. At the end of the reaction the solution was concentrated (N-Im)(H,O)](CRCOOQOY), andcis-[Ru(bpyk(Im);](BF). are presented

to dryness by rotary evaporation. A few dropsloM HTFA were in Table 4. Selected bond distances and bond angles are given in Table
added slowly to the solid cis-[Ru(bpyl)(OH)](TFA). When this 5. The atomic coordinates for the structures are given as Supporting
mixture was cooled in an ice bath for about 2 h, a wine-red solid cis- Information.

[Ru(bpy)(L)(H2O)](TFA). precipitated. This solid was filtered and

washed with several volumes of ether and dried thoroughly in a vacuum Results and Discussion

desiccator. The solid was redissolved in a minimum of water and Synthesis:The preparation ofis-[Ru(bpy)L(H,0)]2+, L =

purified on C-18 column (2.5 cnx 2.5 cm gravity column packed . S . .
with C-18 resin (particle size-50 um)) by eluting with 5% ethanol in imidazole or pyridine ligands, reported here is based on the

water. The purity of the final product was confirmed by electrochem- following reactions (eqs 13). In this sequence, theis-[Ru-

istry and HPLC. Yields ranged from 60 to 70%. CrystalTisf[Ru-

(bpy)(N-Im)(H20)](CRCOOQY) suitable for X-ray diffraction studies cis-[Ru(bpy)z(HZO)z]2+ +OH —

were obtained by slow evaporation of solvent from a concentrated . 4

solution of cis-[Ru(bpy)(N-Im)(H,0)J2* in methanol. cis-[Ru(bpy)(OH)(H,0)]" + H,O (1)
cis-[Ru(dmbpy)(Im)(H 20)](CFsCOO),. The same procedure was

used as described for the cis-[Ru(byl)(H20)](TFA)., except the pH ; + .

of [Ru(dmbpy}(H.0),]>" solution was adjusted to 11.0. cis-{Ru(bpy)(OH)(H0)]" + L
cis-[Ru(bpy)2(L) 2*" and cis-[Ru(dmbpy)a(L) 22" (L = Im, N-Im). CiS—[Ru(bpy)z(L)(OH)]+ + H,0 (2)

These complexes were prepared according to literature procedures.

Crystals suitable for X-ray diffraction were obtained by slow evapora- . n

tion of methanol from a concentrated solutionci[Ru(bpy)(Im).]- cis-[Ru(bpy)(L)(OH)]" + 2CFR,COOH—

(BFa)a. ; +
Instruments and Techniques. HPLC of the complexes was carried CIS_[Ru(bpy)Z(L)(H20)](CF3COO)Z tHEG)

out using a Waterg-Bondapak C-18 reverse phase column. -uNs .

spectra were recorded on a Hewlett Packard 8452A diode array (PPY)2(OH)(H20)]", generated by the addition of base under

spectrophotometer. Reduction potentials of complexes were determinednert atmosphere, undergoes substitution by only one ligand L

by cyclic voltammetry using a three-electrode configuration (glassy (€q 2) to formcis-[Ru(bpyx(OH)L]*. Rapid addition of CE

carbon working electrode, SCE reference electrode, platinum auxillary COOH (eq 3) generates the cis-[Ru(bgy(H.0)]%", which can

electrode) with a BAS 100A instrument (Bioanalytical Systems, West be crystallized as a TFA salt. The same procedure was also

Lafayette, IN). used for the relatedis-[Ru(dmbpy}L(H,0)J>" complexes where
Emission spectra were measured in 1-cm quartz cells using a Spex| = N-methylimidazole (N-Im) and dmbpy: 4,4-dimethyl-

Industries Fluoromax spectrofluorimeter. The solutions used for 2,2-bipyridine.

emission studies were thoroughly degassed with argon. Emission ,The synthetic procedures described in this paper were

guantum vyields were determined at room temperature by comparingd | d for th f using th theni bipvridi
the emission of samples of known concentration to the emission of a eveloped for the purpose of using these ruthenium bipyridine

standard sample of [Ru(bp§3* (¢em = 0.089 in 4:1 EtOH/MeOH complexes to modify electron transfer protetfs.Earlier
solution)1*12 Luminescence decay measurements were performed with Procedures for the preparation of cis-[Ru(bhyH,0)1**

a PRA single photon counting syst€mising a PRA 510B lamp (68 complexes by the reaction of cis-[Ru(bpyEI]* with silver

kV, Y, atm of H, 30—35 kHz flash rate, and 23 mm electrode perchlorate in ethanol/water or acetone/water solution under
spacing). The excitation wavelength was 470 nm, and the emission reflux conditiong1718are not easily adaptable to the substitution
wavelengths were 610 or 670 nm. The emission was detected with aof the resulting ruthenium complexes on proteins.

cooled Hamamatsu R929 photomultiplier. The first-order decay curves  (Jy/—yis Spectra and Electrochemistry: The absorption
were fit using an iterative Levenberd/arquardt fitting routine. spectra of theeis-[Ru(bpyp(N-Im)(H-0)](CFsCOO) and cis-

The rate of water substitution by imidazole és-[Ru(bpy)(Im)- Ru(b Im)-1(BE.)» complexes are shown in Table 1. Also
(H20)?* was studied under pseudo-first-order conditions (fm]Ru- [Shoflvr?yl)‘zo(r ():ﬂgn gaizson i% Table 1 are the corres. ondin
(I)]) at 25 °C, pH 7.5, [Ru]= 7.0 x 10° M, and [Im] = 0.056-0.45 P ! P 9
M. The reactions were monitored by recording the intensity changes complexes where the bpy is replaced by dmbpy. Small changes

at the emission maximum of the product as a function of time and the in the metal-to-ligand Charge_ transfer band (MLCT¥(Bu)—
concentration of imidazole ligand using a Spex Fluoromax spectro- #*(bpy)) are observed (ranging from 486 nm to 494 nm). All

fluorometer. The kinetics of aquation of imidazole frame-[Ru(bpy)- the complexes show bands at arouhd= 340 nm (MLCT
(Im)2]2* were studied by monitoring the decrease in intensity of (dz(Ru)—m2*(bpy)) and bands at about= 240 and 290 nm
fluorescence at its maximum emission using initial rate methbds. (m—a* transitions of bipyridine ligands).

X-ray Crystallography. Single-crystal X-ray diffraction data were The cyclic voltammetric measurements in 0.1 M NaTFA (pH
collected for crystals afis-{Ru(bpyk(N-Im)(Hz0)](CF:COO} andcis- = 3.0) for the complexes are also reported in Table 1. All the

[Ru(bpy)(Im),](BF4). using a CAD4 diffractometer with graphite- ;
monochromatized Mo K radiation ¢ — 0.710 73 A). For each data complexes showed a reversible wave for the Ru(lll)/Ru(ll) redox

collection, the intensities of three standard reflections did not change couple_ Ira?glng fr(?m 0'79ht0|k1i0 \é V.S NgIE 'I_'(?_e redox
significantly throughout the experiment. The data were corrected for potentials for complexes with alkyl-substituted bipyridines were

Lorentz effects and polarization. On the basis oftrecans, absorption  [OWer than the corresponding unsubstituted analogues because
effects were minor, and no absorption corrections were made. The the electron-donating inductive effect of the methyl groups
makes Ru(ll) more electron rich, thus raising the energy of the

(11) Bargawi, K. R.; Murtaza, Z.; Meyer, T. J. Phys. Cheml1991, 95,
47 (15) Sheldrick, G. M. SHELX 86, Program for the Solution of Crystal

(12) Cdok, M. J.; Thompson, A. £hem. Br.1984 914. Stucture. University of Gottingen, Germany, 1986.
(13) Synder, S. W.; Demas, J. N.; deGraff, B. Anal. Chem 1989, 16, (16) Sheldrick, G. M. SHELX 93, Program for Crystal Structure Refine-
2704. ment. University of Gottingen, Germany, 1993.

(14) Espenson, J. HChemical Kinetics and Reaction Mechanisms (17) Marmion, M. E.; Takeuchi, K. J. Am. Chem. Sod988 110, 1472.
McGraw-Hill: New York, 1981. (18) Kalsbeck, W. A.; Thorp, H. Hinorg. Chem 1994 33, 3427.
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Table 1. UV—Vis Spectroscopic and Electrochemical Data étsBis(bipyridine)ruthenium(ll) Complexes
Amax M (€ x 1074, M~tcm™)

complex E12 (V vs NHE)
[Ru(bpy)(Im)(H.0)]2+ 242 (2.93) 290 (7.50) 340 (0.963) 486 (1.21) 0.85
[Ru(bpy)2(N-Im)(H 20)]2* 242 (2.77) 290 (6.77) 340 (0.900) 486 (1.14) 0.83
[Ru(bpy)2(Im) ]2+ 242 (1.91) 292 (4.71) 340 (0.660) 490 (0.746) 1.00
[Ru(dmbpy}(Im)(H.0)]2* 248 290 336 490 0.79
[Ru(bpyk(N-Im),]2* 244 292 340 490 1.01
[(Ru)(dmbpy}(Im)z} 2+ 246 290 338 492 0.87
[Ru(dmbpy}(N-Im)z]2* 248 290 340 494 0.87
20.1 M NaTFA (pH= 3). " References 6, 7, and 23.
Table 2. Emission Properties dfis-Bis(bipyridine)ruthenium(ll) . o ke
Complexes cis-[Ru(bpy,(Im)(H,0)]"" + Im <==
complex Aem NM Dem x 104 7, NS cis—[Ru(bpy)z(Im)z]2+ + HZO (4)
[Ru(bpy)2(Im) ]2+ 662 26.0 61.0
2+
Egﬂgg?yi%xlm)j]a ggg 28'8 ;1(2)'8 from 0.018 to 0.14 M. The plot df,psvs imidazole concentra-
[Ru(dmbpy)(N-Im),]* 666 26.0 47.0 tion was found to be linear with an intercept near zero (within
[Ru(bpy)(Im)(H0)1?* (665p <0.55¢ c experimental error). The rate of substitutikpwas found to
[Ru(bpy)z(zN-lm)(H 20)]# (666) <0.700 c be (7.04 1.0) x 104 M~1 st at 25°C for an ionic strength
[Ru(bpy)]** 603 420 580' of 0.03-0.3 M. The aquation rate constatt £), determined
a|n 50 mM phosphate buffer (pE 7.0) at room temperatur&The by measuring the decrease in fluorescence intensitysgRu-

quantum yield was determined as the lower limit from the fluorescence (bpy)(Im)2]?* (in the absence of light) is (2.& 0.5) x 10°®
spectra. ThfiS;g\;}/ e[gis(zion)gut’v)lr}tzlim yi%':? [an)z?ll\?(l) r?(’b‘;'l'gf)f]gp the 51 From these two rate constants, the affinity of this
presence o o IRulbpyim)af* " Or [RU(DPYRIN-IM)(F2%) ruthenium(ll) complex for imidazole i€ = 3+ 1 x 1ML,
which was undetectable in the HPLC or DPP at pH The lifetime : ; .
was nondetectable<(10 ns) with the experimentaﬁ)l setup usédh Thes_e_ stu_dles were carried out at pH .7'5 Whert_e Fhere IS
aqueous solution. negligible interference from the deprotonation of the imidazole
ligands (the [, of the first and second imidazoles @is-[Ru-
highest occupied molecular orbital and reducing the Ru(ll) (bpy)(Im);]** are 11.9 and 13.3 while that of the excited state
capacity forz-back-donation. is 10.8)7 The substitution rate constant determined for imida-
Emission Spectra. The emission properties ofs-[Ru(bpy)- zole here is similar to the rates observed for related nitrogenous
(N-Im)(H20)]2*, cis-[Ru(bpy)(Im);]2* and related complexes ligands on ruthenium polypyridine complexes (Tablé%3£In
at 25C are summarized in Table 2. Very small differences cis-[Ru(bpyk(Im)(H20)]?** the rate of substitution of water by
are observed between the emission maxima of the rutheniumnitrogenous ligands is more than 2 orders of magnitude slower
complexes. However major differences are found among the than the rate of substitution on similar [Ru(B)s(H20)]**
emission quantum yields and lifetimes of the excited states. As complexes. Furthermore, the affinity of imidazole (Im)cis-
seen in Table 2, the presence of aCHligand reduces the  [Ru(bpyk(Im)(H20)]** (K = 300 M™?) is more than 4 orders
emission quantum yield by at least two orders of magnitude of magnitude smaller than the affinity of imidazole to [Ru-
and decreases the lifetime significantly (cal0 ns)? The  (NHg)s(H20)]2* (K~ 2.8 x 10°P M~1).24 A similar study with
emission lifetimes of theis-[Ru(bpyk(Im)2]2t and other bis- L = pyrazine (pz), a much weaker base than imidazole, showed
(imidazole) derivatives is reduced from 70 ns for cis-[Ru(bpy) that its affinity tocis-[Ru(bpy)(pz)(OH)] is only K ~ 20 M1,
(N-Im)2]2* to 42 ns forcis-[Ru(dmbpy}(Im)2]2*. This corre-  Whereas the affinity of [Ru(NJs(H20)]*" for pyrazine isK >
lates with a trend in théy, of the corresponding Ru(li/il) ~ 10° M~1.22
complexes. The lifetimes of the complexes were determined The rates and equilibria of the ruthenium(ll) complexes for
in phosphate buffer at pH 7 to enable comparison with the imidazole ligands are important in understanding the time course
corresponding ruthenium-modified proteins under similar condi- of protein modification ofcis-[Ru(bpyk(Im)(H20)]?* on his-
tions. tidine residues and the residence time of the resulting modified
Rates and Equilibria for the Substitution of Imidazole on protein species. Further studies on these model complexes in
cis-[Ru(bpyy(Im)(H0)]?". The difference in fluorescence comparison to the modified proteins may elucidate the role that
intensity between the reactant and product in eq 4 provides athe proteins play in modifying the properties of these bound
convenient method for monitoring the formation and hydrolysis ruthenium complexes.
of imidazole in this reaction. The rate was studied at total The comparison between thes-[Ru(bpy)L(OH,)] and the
imidazole concentrations ranging from 0.056 to 0.45 M at pH correspondingis-[Ru(NHz)4sL(OH>)] complexes clearly shows
7.5. At pH 7.5, the effective imidazole concentration (after a substantial decrease in the rates of substitution of the bipyridine
correction for the protonation of imidazoleK¥.174) ranged series (Table 3) and also a decrease in the affinity for
monodentate ligandd:22

(19) gﬁgrenlsltggs%fi gcgdsby, K. A.; Hodgson, D. J.; Meyer,.Tndrg. Crystal Structure. The crystal structures afis-[Ru(bpy)-
(20) Heeg, M. J,; Kroener, R.; Deutsch, Acta Crystallogr.1985 C41, (N'Im)(HZO)].(CF'**COOk and C|s-[Ru(bpyk(Im)2](BF4)2 are

684. shown in Figures 1 and 2, respectively, and the relevant
(21) Isied, S. S.; Taube, Hnorg. Chem.1976 15, 3070. crystallographic data and bond distances and angles are given
(22) Davies, N. R.; Mullins, T. LAust. J. Chem1968 21, 915. in Tables 4 and 5
(23) Allen, N. R.; Craft, P. P.; Durham, B.; Walsh,ldorg. Chem 1987, ;

26, 53. The structure o€is-[Ru(bpy)(N-Im)(H,0)](CFRCOO)-H,O
(24) Sundberg, R. J.; Martin, R. Ehem. Re. 1974 74, 471, (Figure 1a) consists of an octahedral Ru(ll) coordinated to two

(25) The low emission quantum yield and lifetime of the aquo complexes pigentate bipyridine ligands with a water molecule and a N-Im
is presumably related to the presence of-aldtate of similar energy

to the MLCT state and/or the dissipation of energy of the excited state li9and that areeis to each other. The RN distances for the
to solvent by H-bonding of solvent water to coordinated water. bipyridine ligands are 2.042.05 A, the RuN(imidazole)
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Table 3. Substitution Rates for Imidazole and Related Ligands on
Ruthenium(ll) Bipyridine and Ammine Complexes

[RUN),OQ(H0)" + L — [RUN),()(L)]* + H,0

complex L k(L mol~ts™?) ref
[Ru(bpy)k(Im)(H0)J>* Im 2.0x 10 this work
[Ru(bpyk(H20)]?* py 1.1x 1073 22
[Ru(bpyk(H20):)2* CHCN  80x 1073 23
[Ru(bpy)(terpy)(HO)]>?t  py 9.16x 1075 22
[Ru(bpyk(py)(H20)2* CH N 10x 1075 23
[Ru(terpy)(bpy)(HO)]?"  isn 7.0x 10°° 21
[Ru(terpy)(en)(HO)]>* isn 3.0x 1072 21
[RU(NHg)s(Im)(H-0)]2*  isn 1.0x 10t 21
[RU(NHz)4(py)(H20)1?" isn 0.7x 107t 21

a|lm = imidazole; isr= isonicotinamide; terpy= 2,2,2"'-terpyridine;
en = ethylenediamine; CECN = acetonitrile; py= pyridine.

Figure 1. (a) ORTEP diagram and atom labeling schemeciefRu-
(bpy)(N-Im)(H20)](CFRCOO)-H,0. Ellipsoids are drawn at the 30%
probability level. The H atoms, water solvent molecule and counter
ions are omitted for clarity. (b) ORTEP diagram showaig[Ru(bpy)-
(N-Im)(H20)](CRCOO)*H.0 including the solvent water and trifluo-
roacetate counter ions.

distance is 2.08 A, and the R® bond distance is 2.13 A. These

Reddy et al.

Figure 2. ORTEP diagram and atom labeling scheme d&[Ru-
(bpy)(Im).](BF4).. Ellipsoids are drawn at the 30% probability level.
The H atoms and counterions are omitted for clarity.

Table 4. Crystallographic Data for
cis-[Ru(bpyk(N-Im)(H20)](CRCOO), and cis-[Ru(bpyk(Im),](BF4)2

[Ru(bpyk(N-Im)-  [Ru(bpy)(Im)2]-
(H20)](CRCOO0) (BF4)2
empirical formula GgH26FsNsOsRU CGgH22B2FsNgRuU
fw 757.62 721.21
a A 10.432(4) 11.344(1)
b, A 11.995(3) 17.499(3)
c A 13.912(5) 15.114(3)
a, deg 87.03(3) 90.00(1)
B, deg 70.28(3) 100.17(1)
y, deg 71.57(2) 90.00(2)
V, A3 1551.8(9) 2953.1(8)
A 2 4
cryst syst triclinic monoclinic
space group P1 P2,/a
scan mode w:0 1)
p(calcd), g cm® 1.621 1.622
cryst dimens, mm 0.2% 0.08x 0.02 0.18x 0.14x 0.04
T, K 293 (2) 293 (2)
AP A 0.71073 (Mo k)  0.710 73 (Mo k)
abs coeff, mm? 0.593 0.614
6 range, deg 222 2-22
tot. no. of reflcns measd 4305 3805
obsd [I>20(1)] 2504 2062
Re[1>20(1)]2 0.072 0.047
Rue [I1>20(1)]2 0.176 0.084
GOR 1.017 1.008
residuals, e A3 +0.91t0—0.73 +0.46 to—0.44

®Re = Y |Fol — IFdl/3|Fol; Rur = {SW(Fo* — FA/3[W(F]}2
GOF=[YW(Fe2 — F®)/(Nops — Nparm)]*2. ® Graphite monochromatized.

network centered on the inversion center at the origin of the
unit cell. Two trifluoroacetate ions, related by inversion, form
the “arms” of a chair-shaped, eight-atom ring with the included

distances are in good agreement with values reported for similarwaters at the ends (€0 distances 2.69 and 2.73 A) to complete

complexed?20 The dihedral angles between the planes of the
bipyridine and N-Im ligands are 87(bpy#1—bpy#2), 58
(bpy#1—N-Im) and 87 (bpy#2-N-Im). There is one water
molecule of solvation per ruthenium complex, resulting in a
formula of [Ru(bpy)}(N-Im)(H20)](CRCOO)-H,0.

The water of solvation is important for the hydrogen bonding
network in the crystal packing motif. The hydrogen bonding
scheme is shown in Figure 1b. The ligand water molecule is
hydrogen bonded to one trifluoroacetate ion{Q distance 2.62
A) and the water of crystallization connects one ruthenium

the network (Figure 1b).

The F atoms in Cfshow considerable disorder (i.e. large
thermal parameters) as is common forsGfuctures. The final
refinement cycles for theis-[Ru(bpy):(N-Im)(H20)](CFRCOO)
structure included restraints for all the-€ bond distances (1.32
A) and the G-C bond of the anion (1.50 A), and intramolecular
nonbonded &-F and F--F distances (2.37 and 2.10 A,
respectively). In the difference-Fourier map the maximum
residuals are located close to the heavy Ru atom (0%edAd
only moderate residuals (0.5 é/&r less) are near the two

complex to its enantiomer across a symmetric hydrogen-bondingdisordered Cksites. For the H atom refinement, the isotropic
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Table 5. Selected Bond Lengths (A) and Angles (deg) for
cis[Ru(bpyk(N-Im)(H20)](CFRCOO)-H,0O and

cis-[Ru(bpy)(Im)2|(BF4).

[Ru(bpyk(N-Im)(H20)(TFA),

Ru—N (4) 2.036 (10)

Ru—N (1) 2.040 (9)

Ru—N (2) 2.051 (9)
N@4)-Ru-N(1)  90.4 (4)
N(4)-Ru-N(2)  99.3 (4)
N(1)-Ru-N (2)  78.3(4)
N(4)-Ru-N(3)  79.1(4)
N(1)-Ru-N(3)  97.2 (4)
N(@2)-Ru-N(3)  175.3(4)
N(4)—Ru-N(5)  90.3 (4)
N(1)-Ru-N(5)  174.0 (3)

ReN (3)
Ru-N (5)
R&-O (1W)

N(2)-Ru—N(5)

N(3)-Ru—N(5)

N(4}-Ru—O(1W)
N(1)}-Ru—O(1W)
N(2}-Ru—O(1W)
N(3)-Ru—O(1W)
N(5)-Ru—O(1W)

cis-[Ru(bpy)(Im)2](BF4).

Ru—N(2) 2.037(6)
Ru—N(4) 2.042(7)
Ru—N(1) 2.047(6)

N(2)—Ru—N(4) 89.3(3)

N(2)—Ru—N(1) 78.9(3)

N(4)—Ru—N(1) 96.4(3)

N(2)—Ru—N(3) 95.7(3)

N(4)—Ru—N(5) 79.1(3)

N(1)-Ru-N(3)  173.1(3)

N(2)-Ru-N(5)  177.3(3)

N(4)—Ru—N(5) 90.0(3)

displacement parameterdi{,) were restrained to be equal for
all the H atoms of one type; for phenyl group H atobhg, =
0.7 A2, for all methyl group H atom#Jis, = 0.101 &, and for
all the water molecule H atomisdis, = 0.086 A.

The cis[Ru(bpy)(Im)2](BF4). structure is a monomeric

Ru-N(3)
Ru-N(5)
Re-N(7)

N(1)-Ru—N(5)
N(3}-Ru—N(5)
N(2)-Ru—N(7)
N(4)-Ru—N(7)
N(1)}-Ru—N(7)
N(3)-Ru—N(7)
N(5)-Ru—N(7)

2.043 (9)
2.081 (9)
2.131 (10)

95.7 (4)
88.7 (3)
171.6 (4)
93.1 (4)
88.9 (4)
92.8 (4)
87.1 (4)

2.050(6)
2.093(6)
2.096(7)

98.6(3)
86.8(2)
91.3(3)
177.4(3)
86.2(3)
98.4(3)
89.6(3)
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octahedral Ru(ll) with two bidentate bpy ligands, and two
imidazole ligands that areis to one another. All the Ru-N
distances (2.042.05 A for the bpy ligands; 2.692.10 A for

the Im ligands) are as expect®®® The dihedral angles
between the calculated ligand planes aré @py#1-bpy#2),

53 (bpy#1-Im#1l), 83 (bpy#1l-Im#2), 84 (bpy#2-Im#l), 50
(bpy#2-Im#2), and 67 (Im#1—Im#2). In [Ru(bpy}(Im)2]-
(BF4)2 the crystal packing does not involve hydrogen bonding
to the BR anions. The two anions are disordered, and were
modeled with 2-fold disorder to a moderate refinement. The
final refinement cycles for the [Ru(bpy)m),](BF4). crystal
structure included restraints for all the—B bond distances
(1.370 A) and F+F (2.237 A) intramolecular distances. The
isotropic displacement parameters for the phenyl group H atoms
(Uiso = 0.058 A2) were refined and restrained to be equal.
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