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A combination of synthetic methods involving mononuclear precursors of predetermined ckifaliby A-[Ru-
(ppR(COX]%"; pp = 2,2-bipyridine or 1,10-phenanthrolifieand chromatographic techniques has allowed the
isolation of themeso(AA) andrac (AA/AA) diastereoisomers of the dinuclear compleXé&ai(ppy} 2(u-HAT)] 4+

{HAT = 1,4,5,8,9,12-hexaazatriphenylé¢neThe enantiomers of theac forms have been separated, and
characterization of all species has been achieved by NMR and CD studies. Additonally, the homaéh\3l (

and heterochiral A2A/A?A) diastereoisomers of the trinuclear complex€RU(pp)}s(u-HAT)]é*, and the
enantiomers of both forms, have been isolated and identified. Emission studies of all the dinuclear species at
room temperature indicate the relative luminescence quantum yields and the emission lifetimes significantly decrease
for themesacompared with theac diastereoisomers. No significant differences were detected at room temperature
in the diastereoisomeric forms of the trinuclear compounds. However, in a glass at low temperature (80 K), the
luminescence lifetimes of the trinuclear heterochiral diastereoisomer were slightly shorter than those of the
homochiral form.

Introduction in di- and trinuclear species. Examples are known in each of
these categories, and studies have addressed synthetic strategies
for homo- and heterometallic polynuclear speéigsphoto-
physical propertie&?-12 and their interaction and photoreactions
with various polynucleotides~16
In the studies of polynuclear complexes, the inherent problem

of stereoisomerism has not been elaborated, although it has been
acknowledge&!? In recent studies, we have reported the
Oseparation of stereoisomers of ligand-bridged dinuclear spe-
cied”18 and the synthesis of mononuclear and dinuclear
complexes with predetermined stereochemi&tdp. In the
present work, these techniques were applied to obtain all the

Complexes of the @metals ruthenium(ll), osmium(ll), and
rhenium(l) containing polypyridyl ligands have received con-
siderable recent attention because of their potential use in
photochemical molecular devices and as light-sensitive probes
in biological systems:2 This interest is related to their spectral
properties, photophysical characteristics (particularly in terms
of the longevity of the excited states), inertness in a variety of
oxidation states, and the redox characteristics of both the groun
and excited statés.

Nq stereoisomers of the mono-, di-, and triruthenium(ll) complexes
N N incorporating the ligand HAT, and studies of the photophysical
z characteristics are reported. Studies of the stereochemical
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T James Cook University of North Queensland. (13) Lecomte, J.-P.; Kirsch-De Mesmaeker, A.; Kelly, J. M.; Tossi, A.;
* UniversiteLibre de Bruxelles. Gorner, H.Photochem. Photobioll992 55, 681.
§ Director of Research at the FNRS (Belgium). (14) Casu, M.; Saba, G.; Lai, A.; Luhmer, M.; Kirsch-De Mesmaeker, A.;
® Abstract published i\dvance ACS Abstract§eptember 1, 1997. Moucheron, C.; Reisse, Biophys. Chem1996 59, 133.
(1) Balzani, V.; Scandola, FSupramolecular PhotochemistrEllis (15) Lecomte, J.-P.; Kirsch-De Mesmaeker, A.; Orellana].®hys. Chem.
Horwood: Chichester U.K., 1991. 1994 98, 5382.
(2) Pyle, A. M.; Barton, J. KProg. Inorg. Chem199Q 38, 413. (16) Lecomte, J.-P.; Kirsch-De Mesmaeker, A.; Feeney, M. M.; Kelly, J.
(3) Kirsch-De Mesmaeker, A.; Lecomte, J. P.; Kelly, J. Mp. Curr. M. Inorg Chem 1995 34, 6481.
Chem.1996 177, 25-76. (17) Reitsma, D. A.; Keene, F. R. Chem. Soc., Dalton Trans993 2859.
(4) Juris, A.; Barigelletti, S.; Campagna, S.; Balzani, V.; Belser, P.; von (18) Kelso, L. S.; Reitsma, D. A.; Keene, F. Rorg. Chem.1996 35,
Zelewsky, A.Coord. Chem. Re 1988 84, 85. 5144,
(5) Masschelein, A.; Kirsch-De Mesmaeker, A.; Verhoeven, C.; Nasielski- (19) Rutherford, T. J.; Reitsma, D. A.; Keene, F.JRChem. Soc., Dalton
Hinkens, R.Inorg. Chim. Actal987 129 L13. Trans.1994 3659.
(6) Didier, P.; Ortmans, |.; Kirsch-De Mesmaeker, A.; WattsJRnorg. (20) Rutherford, T. J.; Quagliotto, M. G.; Keene, F.IRorg. Chem1995
Chem.1993 32, 5239. 34, 3857.

S0020-1669(96)01374-2 CCC: $14.00 © 1997 American Chemical Society



4466 Inorganic Chemistry, Vol. 36, No. 20, 1997 Rutherford et al.

influence of interactions of such complexes with mononucle-  The SPC measurements were performed with an Edinburgh Instru-
otides and DNA will be reported subsequently, as well as ments FL-900 spectrofluorimeter equipped with a nitrogen-filled

investigations of analogous polynuclear heterometallic species.discharge lamp and a Peltier-cooled Hamamatsu R-928 PM tube. The
emission decays were analyzed with the Edinburgh Instruments software

Experimental Section (version 3.0), based on nonlinear least-squares regressions using a
modified Marquardt algorithm.
Physical Measurements. *H, selective'H decoupling, NOE dif- Microwave Techniques. Reactions were performed in a modified

ference, and COSY experiments were performed on a Bruker AspectSharp microwave oven (Model R-2V55; 600 W, 2450 MHz) on
300 MHz NMR spectrometer using GON as the solvent. Electronic  medium-high powef® Reactions were carried out in a round-bottom
spectra were recorded in acetonitrile solution on a Hewlett Packard flask filled with a condenser, using ethylene glycol as the solvent.
HP-89532K spectrophotometer using quartz cells. Materials. 1,4,5,8,9,12-Hexaazatriphenylene (HAT) was supplied
All electrochemical experiments were performed under argon in an by Professor D. P. Rillema (University of North Carolina, Charlotte,
inert-atmosphere drybox using a Bioanalytical Systems BAS 100A NC).° Ethylene glycol (Ajax, 95%), Ru@ixH.O (Strem, 99%), 1,10-
electrochemical analyzer. Measurements were made in acetonitrile/ phenanthroline (phen; aldrich, 996), 2,2-bipyridine (bpy; Aldrich,
0.1 M [(n-C4Hg)4N]PFs solution using a platinum button working  99+%), potassium hexafluorophosphate (KPRIdrich 98%), am-
electrode and a Ag/Ag(0.01 M AgCIQy/0.1 M [(n-C4HgN]CIO, in monium hexafluorophosphate (MPHs; Aldrich, 99.99%), tri§3-
acetonitrile) reference electrod¢@.31 V vs SSCE). Cyclic voltam- [(trifluoromethyl)hydroxymethylenefi-camphoratpeuropium(lil){ [Eu-
metry was performed with a sweep rate of 100 mV/s; differential pulse (tfc)s]; Fluka, 97%, and laboratory reagent (LR) solvents were used
voltammetry was run with a sweep rate of 4 mV/s and a pulse without further purification unless specified. TrimethylamM@xide
amplitude, width, and period of 50 mV, 60 ms, and 1 s, respectively. dihydrate (Fluka) was purified by sublimation at 1ZDunder vacuum.
Elemental analyses were performed within the Department of Chemistry [Ru(bpy}Cl2]-2H,0,2* [Ru(phen)Cl,]-2H,0,?®> A- and A-[Ru(phen)-
and Chemical Engineering at James Cook University of North Queen- (CO)](PFs)2,2° and A- and A-[Ru(bpy)(CO)](PFs)2?° were prepared

sland. according to literature methods. Sodium toluene-4-sulfonate (Sigma,
ORD (optical rotary dispersion) spectra were recorded on a Perkin- 98%), (—)-O,0'-dibenzoylt-tartaric acid (Fluka,>99%, []* =

Elmer 141 polarimetemi a 1 dmcell. Specific rotation ai: [o]; = —117), and di-4-toluoyle-tartaric acid (Aldrich, 97%,d]*° = +138)

100u0/cl, wherea = absolute rotation (degy,= concentration in g/100 were used without further purification: aqueous solutions of sodium

cm?, andl = cell path length (in dm). Molecular rotation &t [M]; (—)-O,0'-dibenzoylt-tartrate and sodium-)-di-4-toluoyl-o-tartrate

= molecular weightx [0];/100. CD (circular dichroism) spectra were  were prepared by neutralization of the respective acids with sodium

recorded in acetonitrile solution at concentrations-e81x 1075 M at hydroxide.

the University of Wollongong using a Jobin Yvon Dichrograph 6 Chromatography. All chromatographic procedures were carried

instrument. All CD spectra are presentedfasvs A (nm). out using SP-Sephadex C25 cation exchanger as the support and
Photodecomposition/Photoracemization Studies.All solutions aqueous sodium toluene-4-sulfonate, sodiun)-Q,0'-dibenzoylt-

were prepared under argon in an inert atmosphere drybox and theirtartrate, or sodium-)-di-4-toluyl-o-tartrate as the eluent. The support
UV-—visible spectra recorded using stoppered 1 cm quartz cells. Was contained in a column approximately 100 cm loag cm in
Samples were irradiated with a low-pressure mercury lamp: the diameter. When necessary, the column was sealed, enabling the
irradiation time was 7.5 h, which corresponded to the time for 50% complex to be recycled several times down its length with the aid of
photodecomposition of a reference complex [Ru(ps@}), in a peristaltic pump: in these cases, an “effective column length” (ECL)
acetonitrile/0.2 M [(GHs):N]Cl solution. Photodecomposition studies ~ for the separation represents the total length of support traveled by the
were carried out in acetonitrile, water, or aqueous phosphate buffer sample. All chromatography was carried out in subdued light.
(pH 7) solutions and monitored by variations in the B¥isible spectra, Syntheses. [Ru(bpyXHAT)](PF )2 was synthesized by the litera-
with photoracemization tested by cation exchange chromatography (SP-ture metho8 as well as by the alternative method described below.
Sephadex C25) using sodium toluene-4-sulfonate solution as the eluent. A suspension of HAT (100 mg, 0.4 mmol) in ethylene glycol (20
Luminescence Spectra and Lifetimes.The noncorrected relative ~ M) was heated in the microwave oven for 2 min to complete
emission spectra of thenesoand rac dinuclear compounds were  dissolution, and [Ru(bpylo]-2H,0 (74 mg, 0.14 mmol) was added
recorded with a Shimadzu RF-5001 PC spectrometer equipped with ain three portions over 4 _min. The resultgnt re_d-brown solution was
Hamamatsu R-928 red-sensitive photomultiplier (PM) tube. The heated for_a further 2 min and the reaction mixture allowed to cool
corrected emission spectra were obtained using an Edinburgh Instru-and then filtered to remove excess ligand. The crude product was
ments FL/FS 900 spectrofluorimeter equipped with a red-sensitive Purified by the method described by Masschetetial® The complex
Hamamatsu R-928 PM tube and an ultrasensitive liquid-nitrogen-cooled Was rechromatographed (SP-Sephadex C25 cation exchanger with 0.125
Ge detector (spectral response-0187 um). M sodium to_Iuene—4—squonate a_s_eluent) and the product precipitated
The emission lifetimes were determined from decays following Tom the major band by the addition of KPEnd reprecipitated from
single-shot pulsed-laser excitation, and also by time-resolved single acetone/water solution by the addition of kPFYield: 96 mg (70%J°
photon counting (SPC). The use of the two different techniques  Resolution of [Ru(bpy)(HAT)(PF¢). was achieved by cation
confirmed the reproducibility of the measurements and reliability of ©€*change chromatography using 0.1 M sodium di-4-tolusiartrate
the data treatment: it was undertaken because the luminescence is fafS the eluent (ECL~ 400 cm). The two bands were collected and
into the long-wavelength region of the spectrum where detector responsePT€ciPitated with KPEand reprecipitated as above. By comparisons
is lower, so that artifacts may appear during the measurements. TheWith similar complexes of known configuratiéhband 1 (the first band

data in Table 2 correspond to average values obtained from the two €luted) was assigned as(—)-[Ru(bpy(HAT)](PFs). and band 2 (the
techniques. second band) a&-(+)-[Ru(bpyk(HAT)](PFs)2.

[{Ru(bpy)2} 2(e-HAT)](PF¢)4a was synthesized by the literature
method as well as by the alternative method described below.

A suspension of HAT (50 mg, 0.21 mmol) in ethylene glycol (50
cm?®) was heated for ca. 2 min in the microwave oven to complete

Under pulsed-laser excitation, the emission lifetimes were determined
with a modified Applied Photophysics laser kinetics spectrometer
equipped with a Hamamatsu R-928 PM tube. The excitation source
was composed of a frequency-doubled neodymium YAG laser (Con-
tinuum NY 61-10) coupled \_N'th a dy_e_laser (_Contlnuu_m ND 60; dye (22) Demas, J. MExcited State Lifetime Measurememsademic Press:
DCM; Aexe = 640 nm) and with the mixing option (Continuum UVX), New York, 1983.
producing a 400 nm beam (10 ns pulse width, maximum of 27 mJ/ (23) Mingos, D. M. P.; Baghurst, D. R. @Chem. Soc. Re 1991, 20, 1.
pulse; measurements at ca. 8 mJ/pulse). Kinetic analyses of the(24) Togano, T.; Nagao, N.; Tsuchida, M.; Kumakura, H.; Hisamatsu, K.;

luminescence decays were performed by nonlinear least-squares regres- _ Howell, F. S.; Mukaida, MJnor.g. Chim. Actal992 195, 221.
sions using a modified Marquardt algoritt#?2 (25) Sullivan, B. P.; Salmon, D. J.; Meyer, T.ldorg. Chem.1978 17,

3334.
(26) Microanalyses (C, H, N) on these compounds were within acceptable
(21) Bevington, P. RData Reduction and Errors Analysis for the Physical limits (+0.4%), after allowance was made in some cases for inclusion

SciencesMcGraw Hill: New York, 1969. of hydration in the crystal.
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dissolution, and [Ru(bpyTl;]-2H,0 (218 mg, 0.42 mmol) was added
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(PRs)2 was converted to the Ckalt by anion exchange chromatography

in four portions over 8 min, during which time the solution changed and'H NMR experiments performed in GON.

color from red/brown to purple/black. The mixture was refluxed for a

[{Ru(phen)} s(u-HAT)](PF ¢)4 was synthesized and purified under

further 4 min and allowed to cool. The crude mixture was purified conditions identical to those described foRU(bpyY} 2(u-HAT)](PFe)a,

according to the method described by Masschedeal® The complex

but using [Ru(phenrLl;]-2H,0 as the starting material. Total yield:

was rechromatographed (SP-Sephadex C25 cation exchanger with 0.151%; diastereoisomeric proportions weneso{ band 3 /rac {band 2

M sodium ()-O,0'-dibenzoylt-tartrate as eluent), during which
procedure diastereoisomeric separation was achieved (ECh cm).

= 51/49%
Resolution of { Ru(phen)} »(#-HAT)](PF )4 was carried out in a

The two bands were collected and each was precipitated by addition manner identical to that described foRuU(bpy}](u-HAT)](PFe)s. The
of a saturated solution of KRF The separated diastereoisomers were  CD { CH;CN Amax, NM (A€)} data are as followsAA: 255 (304), 270
dissolved in acetone/water, reprecipitated by the addition of a saturated(—210), 296 (-257), 399 (19).AA: 255 (—298), 270 (214), 296 (247),

solution of KPF, filtered off, and washed with distilled water and

diethyl ether. The products were separately dissolved in acetone and

399 (—17).
[{Ru(phen)} s(u-HAT)](PF ¢)s was synthesized and purified under

loaded onto a short column of silica gel, washed with acetone, water, conditions identical to those described RLI(bpy}} s(u-HAT)](PFo)s,

and acetone, and then eluted with acetone containing 5% RNHThe

but using [Ru(phenrLl;]-2H,0 as the starting material. Total yield:

acetone was removed and the brown-black product collected by filtration ggos diastereoisomeric proportions were heterockiiaind 3/homo-

and washed with cold distilled water and diethyl ether. Total yield:

240 mg (70%); diastereoisomeric proportions weeso{ band 3 /rac
{band 2 = 54/462%6
Resolution ofrac-[{ Ru(bpy)2} 2(#-HAT)](PF 6)a. The sample from

band 2 of the above synthesis was resolved chromatographically (SP

Sephadex C25 cation exchanger) using 0.15 M sodiui,0'-
dibenzoylt-tartrate was the eluent (ECk 400 cm). The resolved

chiral {band 2 = 80/20%

Resolution of homochiral [Ru(phen)}s(u-HAT)I(PFe)s was
achieved by cation exchange chromatography using 0.2 M sodijm (
0,0'-dibenzoylt -tartrate as the eluent (ECL 330 cm). The two bands

“were collected and precipitated with KPRnd reprecipitated as

described above. Bands 1 and 2 were assigned\toand A3,
respectively (see Discussion). The @OH;CN; Amax, NM (A€)} data

products were collected and isolated as described above. Bands 1 ange a5 follows. A® 217 (91), 259 (336), 278-220), 295 (-236).

2 were assigned as th®A and AA enantiomers, respectively. The
CD { CH3CH; Amax, NM (A€)} data are as followsAA: 269 (51), 288
(—162), 319 (94), 397 (23). AA: 269 (—51), 288 (158), 319 (91),
397 (—20).

[{Ru(bpy)2}s(u-HAT)](PF )]s was synthesized according to the
literature methotland by the alternative method described below.

HAT (50 mg, 0.21 mmol) and [Ru(bpy@l2]-2H,0 (450 mg, 0.854
mmol) were added to a solution of ethylene glycol (3°srand the

mixture was refluxed in the microwave oven (medium-high) for 8 min.

On cooling, distilled water (ca. 150 éwas added and then a saturated
solution of KPF until precipitation was complete. The mixture was
stored overnight at 4C and the product collected by filtration and
purified according to the method described by Masschedeil.® As

A3 217 (—94), 260 326), 277 (220), 295 (226).

Stereoselective Syntheses &fA-[{ Ru(bpy)2} 2(u-HAT)](PF 6)s and
A3-[{Ru(bpy)z} s(u-HAT) } (PFe)s. A suspension of HAT (5 mg, 0.0213
mmol) in 2-methoxyethanol (5 cihwas degassed with dry,Mor 15
min.  A-(—)-[Ru(bpyx(CO)](PFs)2*° (64 mg, 0.0852 mmol) and
trimethylamine N-oxide (40 mg, 0.51 mmol) were added, and the
reaction mixture was stirred at room temperature in subdued light for
11 days. A further addition of trimethylaminé-oxide (15 mg, 0.2
mmol) was made after approximately 6 days. The reaction produced
both dinuclear and trinuclear products, which were separated by SP-
Sephadex C25 cation exchange chromatograpty{{ Ru(bpy}} »(u-
HAT)]*t was eluted with a solution 0.3 NaCl in water/acetone (5:3)
and A3-[{ Ru(bpy}} s(u-HAT)]¢" with a solution 0.5 M NaCl in water/

a further purification step, the product was rechromatographed (SP- 5cetone (5:3). AA-[{ Ru(bpy}} 2(u-HAT)]** and A[{ Ru(bpy)} s(u-
Sephadex C25 cation exchanger using 0.3 M sodium toluene-4-sulfonatq_|AT)]e+ were further purified separately by cation exchange chroma-

as the eluent). Diastereoisomeric separation also achieved (ETL

tography with elution by 0.2 and 0.3 M sodium toluene-4-sulfonate

cm), the two products were collected following the addition of saturated go|ytion, respectively. The products were collected as described above.
KPFs to the separated bands and repreciptated as described above fotje|d: AA-[{Ru(bpy)} 2(u-HAT)(PFe)a, 23% (8 mg)A>-[{ Ru(bpy}} =
the dinuclear species. Total yield: 430 mg (86%); diastereoisomeric (, HAT)](PFo)s, 24% (12 mgf® The CD data are as followsAA

proportions were heterochirah{A/A?A) {band 3/homochiral A%/
A3 {band 2 = 83/17%

Resolution of [ Ru(bpy)z} s(#-HAT)](PFe)s. The sample isolated
from band 2 of the above synthesi®3A3)-[{ Ru(bpy}}s(u-HAT)]-

{CH3CN; Amax, NM (A€)}: 269 (69), 288 {156), 319 (-96), 397 (20).
A3 {Amax NM (A€)}: 261 (—23), 275 (89), 291 £126), 327 96),
374 (13).

Stereoselective Syntheses oSA-[{ Ru(phen)} o(u-HAT)](PF 6)4

(PF§)6, was r(_esolved by cation exchange chromatography using 9.2 M and AS[{Ru(phen)s} s(u-HAT)](PF ¢)s. The syntheses and purification
sodium +)-di-4-toluoyl-p-tartrate as the eluent. Bands 2a (eluted first) \yare performed under conditions similar to those describedvivr

and 2b were collected and the diastereoisomers isolated as describegr py(bpy)} ,(u-HAT))(PFe)s andA%-[{ Ru(bpy)} s(u-HAT)](PFe)s, but

above and assigned a8 and A3, respectively (see Discussion). The
CD {CHzCN; Amax NM (A€)} data are as follows.A3: 261 (—23),
275 (87), 291 £136), 327 (103), 374 (14). AZ 261 (25), 275
(—102), 291 (127), 327 (101), 374-(5).

[Ru(phen)(HAT)](PF ¢). was synthesized and purified under condi-
tions identical to those described for [Ru(bgidAT)](PFs)2, but using
[Ru(phen)Cl;]-2H,0 as the starting material. Yield: 80%.

Resolution of [Ru(phenk(HAT)](PF¢). was achieved by cation
exchange chromatography using 0.1 M sodiun)-Q,0'-dibenzoyl-
L-tartrate as the eluent (ECk 300 cm). The two bands were collected
and precipitated with KPFand reprecipitated as above. By compari-
sons with similar complexes of known configurat®rhand 1 was
assigned aa\-(—)-[Ru(phen}(HAT)](PFe)2 {[a]sas = —973 ([M] 546
= —9582), [a]s7s = —1104 ([M]s7s = —10872); CH;CN solutior}
and band 2 aa-(+)-[Ru(phen)(HAT)](PFe)2 {[0]546 = +987° ([M] 546
= +9719’), [(1]573: +1142 ([M] 578 = +11246’), CH:CN SOlUtiOf}.
The CD{CHsCN; Amax NM (A€)} data are as followsA: 254 (150),
264 (—186), 294 (-118), 399 (16). A: 254 (—152), 264 (183), 295
(118), 399 ¢-16).

Enantiomeric purity was confirmed byH NMR using the chiral
lanthanide-induced shift reagent {i8s[(trifluoromethyl)hydroxymeth-
ylene]-d-camphoratpeuropium(lll), [Eu(tfcy]. [Ru(phen}(HAT)]-

usingA-(+)-[Ru(phen)(CO),](PFs). rather tham\-(—)-[Ru(bpy:(CO)]-
(PFR)2; the reaction mixture was stirred for a further 3 days. Yield:
AA-[{Ru(phen} »(u-HAT)](PFe)a, 19% (7 mg);A%-[{ Ru(pheny} s(u-
HAT)](PFes)s, 28% (15 mgP® The CD data are as followsAA {CHs-
CN; Amax NM (A€)}: 255 (—267), 270 (195), 296 (260), 399-1).

A3 {Amax TM (A€)}: 218 (—93), 260 (-309), 277 (210), 295 (224).

Results and Discussion

Synthesis. The various {Ru(pp}} n(HAT)] @)+ specieq pp
= 2,2-bipyridine (bpy) or 1,10-phenanthroline (phgrave
been synthesized previously by the reactiomaquiv (W =
1-3) of [Ru(pp}Cl;] with HAT in methanol/water (1/1) under
reflux> In the first of two alternative synthetic methods
developed in the present work, the reaction of the same starting
materials in ethylene glycol solution under microwave condi-
tions?® produced reaction yields equivalent to or increased over
those produced by the conventional method, but with a ca. 50-
fold decrease in reaction time. The second method involved
decarbonylation of chirah- or A-[Ru(ppk(CO)]%" in 2-meth-
oxyethanol solution in the presence of the ligand HAT. Such
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decarbonylation reactions are known to proceed with retention
of stereochemical integrity of the metal center when undertaken 300 |
at room temperature and subdued ligf#0 In the present case,
due to the low solubility of HAT in the 2-methoxyethanol 200
solvent at low temperatures, the mixture was stirred fol 8
days, after which time both the di- and trinuclear complexes 100
were isolated in ca. 20% vyield. N
Stereochemistry. The development of synthetic methodolo- @ ¢
gies involving enantiomerically pure building bloéRsand
chromatographic techniquéshas enabled us to isolate indi- -100
vidual stereoisomers (diastereoisomers, enantiomers, and/or
geometric isomers) in these and related syst€mghis has 200
allowed assessment of the effect of stereocisomerism on physical
properties such as electrochemical and photophysical charac-

300 | i

teristics, and on the interaction with chiral assemblies such as v

mononucleotides and DNA. Such studies have previously been ' ' ' ! '
limited because stereoisomerically pure polynuclear complexes 250 300 350 400 450
were not available. In addition, in earlier investigations of wavelength (nm)

polynuclear polypyridyl complexes of rutheniti?}?® the  Figure 1. CD spectra ofA%[{ Ru(phen)} s(u-HAT)]®* (=), A-[{Ru-
existence of stereocisomerism complicated structural determina-(pheny} »(u-HAT)]** (- --), A-[Ru(phen)}(HAT)]?* (—— -), and

tions and characterization: for example, NMR spectroscopy has A-[Ru(phen}(CO)]?* (——).
been of limited value because the diastereocisomeric complexes
have nonequivalent NMR spec#a°

The chromatographic separation of stereoisomers forms a
most important part of this study. Cation exchange chroma-
tography was employed, using SP-Sephadex C25 as the support,
with aqueous sodium toluene-4-sulfonate, sodiun)-Q,0'-
dibenzoylt-tartrate, or sodium+)-di-4-toluoyl-p-tartrate solu-
tions as the eluents. While the technique is based on a cation
exchange mechanism, the mode of isomer separation is influ-
enced by a differential association between the stereoisomers
of the complex with both the anion of the eluent and the chiral
support. The precise nature of the associations is currently under
investigation and appears to have components involving specific
z-stacking and hydrophobic interactiofs.

Mononuclear Complexes. [Ru(bpyp(HAT)]?2 and [Ru-
(phen}(HAT)]2" were each chromatographically resolved into
enantiomeric forms using the chiral eluents 0.1 M sodit) (
di-4-toluoyl-p-tartrate and 0.1 M sodium~)-O,0'-dibenzoyl-
L-tartrate, respectively. The enantiomers of each compound
showed equal and opposite ORD and CD spectra (shown for
[Ru(phen}(HAT)]?* in Figure S1, Supporting Information), and
IH NMR studies of A- and A-[Ru(phen}(HAT)]2" in the
presence of the chiral lanthanide-shift reagent [Euftfcdn-
firmed optical purity. The absolute configurations were
determined by comparisons of the CD spectra with related
complexes with known absolute configurations (Figuré®1).

Dinuclear Complexes. [{ Ru(bpy}} 2(u-HAT)]4+ was chro- Figure 2. Chem 3D representation of diastereoisomeric forms of
matographically separated into ttae (AA/AA) andmesoAA) [{Ru(bpy)}2(u-HAT)]*": (A) rac {AA (=AA)}; (B) meso{AA}.
diastereoisomeric forms (Figure 2) using 0.15 M sodiuf}( Hydrogen atoms are omitted for cIarit)_/; the no_tation_shown is the same
0,0'-dibenzoylt-tartrate as eluent, the separation being ob- for the phen analogues and is used in the discussion ofHHeMR
served within 15 cm of travel. Bands 1 (eluted first) and 2 spectra.

((jeiggtee(:egiz%?rr:gzs vx:z;e e(i?i:/eerlm”;ide:t)aéjl'e h“"?f)o ?\lnl\(le;ach dibenzoylt-tartrate as eluent, thereby confirming it as tae

o , resp s Isned by charaCs,m: pands 2a and 2b were assigned as Alze and AA

terization and comparison with an authentic sample ofAhe

. . . - ot enantiomers, respectively. The absolute configurations of the
isomer deliberately symhesmed usifgRu(bpyR(CO), as two bands were established by comparison of the CD spectra
the precursor. In addition, band 2 could be chromatographically

: ; with that of the ster lectively synthesized-[{R -
resolved (ECL~ 400 cm) using 0.15 M sodium—)-O,0'- (,u-HA'?)]“o* e stereoselectively synthesized-[{Ru(bpy}} >
@ K F Reoord. Chem. Re. | Diastereoisomeric separation, resolution, and the assignment
eene, r. oora. em. , IN press. . : _ 4+
(28) Denti, G.; Campagna, S.; Serroni, S.; Ciano, M.; BalzaniJ.\Am. of absomte conflg.uratlons of Ru(pheng} 2(u-HAT)]*" were
Chem. S0c1992 114 2944, achieved as described above foR[(bpy)}} 2(u-HAT)]**. The
(29) 'aenéi, IG $te\;r<|)ni, S-;C%amngr;ibg.z; iigi)cse_vz%g, g/d;7Juris, A.; Ciano, diastereoisomeric separation (EGL8 cm) and the subsequent
., balzani, V.Inorg. im. Act . i H H i
(30) Hua, X.: von Zelewsky, Alnorg. Chem 1995 34, 5791, resolution of Fherac fo_rm into |ts_ enantiomers (ECk- 300
(31) Fletcher, N. C.; Atkinson, I. M.; Reitsma, D. A; Keene, F. R. CM) were achieved, with the elution ordeéx/, AA, andAA)
Unpublished results. being identical to that of the bpy analogue above. The CD
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Figure 3. CD spectra for stereoisomeric forms dfRu(pheny} -
(u-HAT)]**: AA synthesized fromA-[{ Ru(phen)} (CO))?" (- - -);
AA (—) andAA (— — —) from chromatographic separation.

spectra of the chromatographically separated and AA-[{ Ru-
(phen)} 2(u-HAT)]#* forms, and theAA enantiomer stereose-
lectively synthesized fromA-[Ru(phen)(CO)]?*, are shown

in Figure 3, and for the bpy analogues in Figure S2 (Supporting
Information).

Trinuclear Complexes. [{Ru(bpy}}s(u-HAT)}®" was chro-
matographically separated into the homochirAf/A3) and
heterochiral A2A/A2A) diastereoisomeric forms (Figure 4)
using 0.3 M sodium toluene-4-sulfonate as eluent. Bands 1 and
2 were determined to be th&?A/A%A and A3/AS diastereo-
isomers, respectively, by NMR spectroscopy @ysymmetry  gigyre 4. Chem 3D representation of diastereoisomeric forms of
of A%A3, compared to th€, symmetry ofA2A/A2A, resulting [{Ru(bpy)} s(u-HAT)]*: (A) heterochiral A2A}; (B) homochirak A3
in a simplified spectrum foA3/A3 (see below), and comparisons  (=A?3)}. Hydrogen atoms are omitted for clarity; the notation shown is
with the spectrum of the stereoselectively synthesix&tbrm). the same for the phen analogues and is used in the discussion of the
The AYA3 diastereoisomer (band 2) was chromatographically 'H NMR spectra.
resolved using 0.2 M sodiumH)-di-4-toluoylD-tartrate as the
eluent. Bands 2a and 2b were assigned asAhend A3 300
enantiomers, respectively, by comparisons of the CD spectra
(Ae values) with the CD spectrum of the stereoselectively 200
synthesizedA3 form.

Resolution of theA2A/A?A diastereoisomer was attempted 100 1
using a range of eluents at varying concentrations, but without
success. However, thA2A and A2A enantiomers may be @
obtained by a combination of chromatographic separations and <
stereoselective syntheses: the resolted and AA forms of
[{ Ru(bpy}} 2(u-HAT)]*+ were separately reacted withc-[Ru-
(bpy)Cly], resulting in the two diastereocisomeric mixturk¥
A?A and A%/A2A, respectively, which were separated chro-
matographically, thus realizing th€?A andA2A forms. Since
the absolute configuration of the precursor compléRY-

(bpy)} 2(u-HAT)]*" is known, the absolute configuration as-

-100

-200

-300

1 L | J

signments ofA’A- and A?A-[{ Ru(bpy}} s(u-HAT)]®* may be 200 300 400 500 600 700

made. The same technique has been used to isolate the wavelength (nm)

stereoisomers of mixed Ru/Os trinuclear SySt_é?nS- Figure 5. CD spectra for sterecisomeric forms dfRu(pheny}s-
[{ Ru(phen)} s(u-HAT)]®* was chromatographically separated (4-HAT)]*: A3 synthesized fron-[{ Ru(phen} (COY]?* (- - -); A3

into the A3/A3 and A2A/A2A diastereoisomeric forms using 0.3  (—) andA® (= — —) from chromatographic separation.

M sodium toluene-4-sulfonate as eluent (EEL8 cm). Band ) ) ) _
1 (eluted first) and band 2 (eluted second) were determined toassigned as tha3® and A2 enantiomers, respectively. Enanti-
be A2A/A?A and A¥A3 in a manner similar to that described ~omer assignment and purity were achieved by comparisons of
for [{ Ru(bpy)} s(u-HAT)]¢+. TheA3AS3 diastereoisomer (band the CD spectra Ae values) with the CD spectrum of the
2) was resolved using 0.2 M sodium-)-O,0'-dibenzoylt.- stereoselectively synthesizéd form. The CD spectra of the

tartrate as eluent (ECk- 250 cm). Bands 2a and 2b were A3- and A3-[{Ru(phen}s(u-HAT)]®* enantiomers are shown
in Figure 5, and the bpy analogues in Figure S3 (Supporting

(32) Rutherford, T. J.; Keene, F. Rorg. Chem.1997, 36, 3580. Information).
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With the characterization of the separated diastereocisomersnonequivalent phen ligands are orientated in a pseudoorthogonal
achieved, the stereochemical features of the synthetic proceduregeometry on the same face of the HAT bridging ligand (see
may be revisited. No difference was observed in the diastereo-Figure 2). The assignment of the HAT proton resonances for
isomeric ratios ac/mesoin [{Ru(pp}}2(u-HAT)]*" and ho- both diastereoisomers was based on coupling constants and the
mochiral/heterochiral in{[Ru(pp}} s(u-HAT)]®") between the relative degree of diamagnetic anisotropic interactions with the
conventional heating and microwave heating methods. The phen ligands. The singlet resonance (H10 and H11; see Table
diastereoisomeric ratios were approximately 50/@/(nesg 1) in both isomers was the most shielded due to the anisotropic
for [{ Ru(pp)} 2(u-HAT)]*" and 17/83 (homochiral/heterochiral) interaction with the four phen ligands.
for [{ Ru(pp}} 3(u-HAT)] ¢, which compare with the respective Ring b (see Figure 2) is orientated over the plane of two
statistical ratios of 50/50 and 25/75 and suggest that E|eCtr0niC|igands’ the phen across the bridge and the HAT bridging ligand,
or steric influences play little part in the determination of resulting in increased diamagnetic anisotropic effects (shielding
diastereoisomer proportions. effect) in the H8 and H9 protons. As H8 is affected significantly

IH NMR Studies. TheH NMR data for the mononuclear more by the phen across the bridge relative to that with HAT
complex and the diastereoisomeric forms of the di- and trinuclear (see influence of HAT on H8 and H3 in [Ru(pheftJAT)] 2"
complexes containing 1,10-phenanthroline (phen) terminal complex, Table 1), H8 ring b can be assigned to the most
ligands and the HAT bridging ligand are shown in Table 1. shielded H8/H3 resonance (dil= 5, 8 Hz) at 7.48 ppm. The
The 'H NMR data for the analogous series of complexes subsequent assignments for rings a and b were achieved as
containing 2,2bipyridine as the terminal ligands are given in described above. The upfield shift of H9 ring b (7.92 ppm)
Table S1 (Supporting Information). The notation for the phen relative to H9 (8.18 ppm) of [Ru(phesfHAT)]2" is attributed
and HAT ligands for the above complexes is indicated in Figures to the diamagnetic anisotropic interactions with the phenan-

2 and 4. throline across the bridge as H9 ring b experiences a less
In all cases, the phen ligands exhibited the expected Coup”ngShie'ding influence_ from the HAT Wlth two coordinated metal
constant value8 {J, 3= Jgo=5Hz,Jos= Jro= 1.5 Hz,J34 centers. The assignment of H9 ring d to 8.28 ppm (most

= J;¢ = 8 Hz, andJs s = 9 Hz (Js¢ variable due to second-  downfield dd,J = 5, 1.5 Hz) is in agreement with the above
order effects) and coupling patterns based on the symmetry argumentas H9 ring d is orientated over the plane of the electon

requirements of the above Comp|exes (|mq(phena(HAT)]2+ deficient HAT |Igand (tWO metal centers COOfdinated) and not

(C2 point group symmetry)AA/AA-[{ Ru(phen)} o(u-HAT)] 4+ in the shielding cone of the phen across the bridge and thus is

(C2) and AA-[{Ru(phen)}o(u-HAT)]** (Cy), A¥YA3-[{Ru- deshielded relative to H9 (8.18 ppm) of [Ru(phgH)AT)]2+.

(phen)} s(u-HAT)]8" (D3) and A2A/A2A-[{Ru(phen)} s(u- The assignments based on this discussion are shown in Table
1

HAT)]8" (Cy).

TheH NMR chemical shifts listed in Tables 1 and S1 were  The Cs symmetry of themesodiastereoisomer also requires
determined byH COSY spectra, selectié! decoupling, and ~ the nonequivalence of two phen ligands (similar coupling
NOE experiments and were assigned as described below.patterns torac isomer above and théH NMR spectrum
Connectivity between the H4 and H5, H5 and H6, and H6 and observed in Figure 6), which are orientated on the opposite faces
H7 protons in the individual ligands of complexes containing Of the HAT bridging ligand and the same ruthenium center (see
two or more nonequivalent phen ligands was confirmed by NOE Figure 2). The'H chemical shifts of the nonequivalent phen
experiments. The complete assignment of chemical shifts to ligands and the HAT bridging ligand were assigned in a similar
the ligands in the structure (given in Table 1) was based on the manner to those of thec isomer (shown above) and are listed
relative degree of diamagnetic anisotropic interactions betweenin Table 1.
adjacent ligands (these anisotropic interactions may occur H9 (ring b) was assigned to the most deshielded H2/H9 proton
between the phen and HAT ligands, the two phen ligands on resonance at 8.45 ppm (dd, = 5, 1.5 Hz) due to the
the same metal center, the phen ligands on the adjacent metatiamagnetic anisotropic interactions with the HAT ligand and
centers, or combinations of these interactions). the equivalent phen ligand across the bridge (see Figure 2). As

[Ru(phen),(HAT)] 2t. The C, symmetry of [ Ru(phen)- suggested above, H9 and H8 (ring b) are orientated in the
(HAT)]2* results in an AMX, AM'X’, and AX spectrum with deshielding cone of the equivalent phen, which is illustrated
three additional singlet resonances. The two AMX coupled by their downfield shift relative to H9 and H8 (ring b) of the
systems were assigned to the chemical shifts seen in Table 1rac isomer (compare Figure 2 and Table 1). The subsequent
by the reduced diamagnetic anisotropic interaction (less shield-assignments of rings b and a were achieved as described above.
ing influence) between H9 (8.18 ppm) and the electron deficient  As expected, théH chemical shifts of ring a between the
ligand HAT relative to H2 (8.00 ppm) and phen. The electron two diastereocisomers are near identical due their similar
density (and therefore the degree of anisotropic interactions) in environments. H9 (ring d) was assigned to 8.19 ppm Jdd,
these polypyridyl ligands has been shown to be influenced 5, 1.5 Hz) due the reduced diamagnetic anisotropic interactions
significantly more by the incorporation of nitrogen donor atoms with the HAT bridging ligand. The upfield shift H9 and H8
than by the number of aromatic rings (aromaticiy)Selective (ring d) relative to therac isomer (ring d) is a result of
IH decoupling of the H9 and H2 resonances and NOE effects anisotropic interactions between the equivalent phen ligands
between H4 and H5 confirmed the subsequent assignments inacross the bridge. This shielding influence is also observed in
Table 1. The expected coupling pattern was observed from thethe minor differences between H9 and H8 (ring d) of the
HAT ligand with H2/H11 assigned to 8.26 ppm @= 3 Hz) isomer and H9 and H8 (ring b) of Ru(phen)(HAT)]%*, as
on the basis of increased diamagnetic anisotropic interactionsH9 and H8 (ring d) should experience an increased deshielding
with the phen ligands. influence from the more electron deficient HAT bridge (coor-

[{Ru(phen)} 2(u-HAT)]4*. The C, symmetry of therac dinated to two metal centers).
diastereoisomer requires two nonequivalent phen ligands with  [{Ru(phen)}s(u-HAT)] 5". The D3 symmetry of the homo-
each phen exhibiting a spectrum consisting of AMXMAX', chiral (A%/A3) diastereoisomer requires the equivalence of the
and AB coupling patterns, and an AX coupled system and a six phen ligands (see Figure 4). As the two halves of the phen
singlet resonance from the HAT (see Figure 6). The two ligands are nonequivalent, tRel spectrum consists of AMX,
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B B
. . . . . x . . . 9.0 8.6 8.2 7.8 7.4 ppm
) 9.0 8.0 _ ppm Figure 7. 'H NMR spectra (300 MHz; CECN solution) of the
Figure 6. H NMR spectra (300 MHz; CECN solution) of therac homochiral (A) and heterochiral (B) diastereoisomerg BiJ(phen)} s-
(A) and meso(B) diastereoisomers of Ru(phen} o(u-HAT)]**. (u-HAT)] &+,

A'M'X", and AB coupling patterns with an additional singlet ent similar to theac dinuclear species). These comparisons
resonance from the HAT bridging ligand (see Figure 7). The g aqest that the chemical shift of H9 (ring b) is downfield
H chemical sh|ft_ assignments were achieved as described abov?elative to H9 (ring b) of theac dinuclear complex and is thus
and are sh_own in Table 1'. . assigned to 8.18 ppm. Comparison between the chemical shift
The assignment of H9 (ring b) and H2 (ring a) to 8.18 and of H2 (ring &) (7.75 ppm) and theac dinuclear H2 (ring c)

7.75 ppm (dd,J = 5, 1.5 Hz) was based on the following L . . !
argument: H9 (ring b) is orientated over the HAT ligand with (7'8(_) ppm) (S|m|I_ar rela_tlve enwronme_nt with respect t(.) other
three coordinated metal centers (reduced shielding environmenti€Minal ligands) is also in agreement with the above assignment.
compared with two coordinated metal centers) and over the The C; symmetry of the heterochirah@A/A2A) diastereo-

plane of the phen ligand across the bridge (shielding environ- isomer requires three nonequivalent phen ligands (see Figure

Table 1. Chemical Shifts (ppm) from 300 MH¥*H NMR Spectra of the Diastereoisomeric Forms R{i(phen)),(HAT)]?>* Complexes (P&
Salts; CRCN Solvent)

[{ Ru(pheng} o(u-HAT)]** [{ Ru(phenj} s(u-HAT)]**
[Ru(phen)]?*  [Ru(phen)}(HAT)]%" AAIAA AA ASIAZ APAINPA
phenring a (over phef) H2 8.05 8.00 7.96 7.98 7.75 7.89
H3 7.65 7.65 7.70 7.70 7.61 7.65
H4 8.61 8.66 8.68 8.68 8.58 8.56
H5 8.28 8.27 8.26 8.30 8.22 8.13
phenring b (over HATD H6 8.27 8.26 8.31 8.30 8.13
H7 8.66 8.64 8.76 8.77 8.56
H8 7.68 7.48 7.87 7.61 7.48
H9 8.18 7.92 8.45 8.18 8.01
phen ring c (over pheh) H2 7.80 7.94 7.78
H3 7.53 7.65 7.57
H4 8.59 8.55 8.61
H5 8.24 8.15 8.25
phenring d (over HATY H6 8.31 8.15 8.35
H7 8.80 8.59 8.87
H8 7.80 7.65 8.01
H9 8.28 8.19 8.66
phen ring e (over phefh) H2 7.93
H3 7.65
H4 8.57
H5 8.17
phenring f (over HAT} H6 8.17
H7 8.68
H8 7.85
H9 8.59
HAT
H 8.26 7.91 7.85 8.10 8.05
(H2/H11; d,J=3 Hz) (H11/H10; s) H2/H3/H6/H7/H10/H11;s) (H2/H3;s)
H 9.01 8.34 8.34 7.94
(H3/H10; d,J =3 Hz) (H2/H7; d,J= 3 Hz) (H6/H11; s)
H 9.39 9.10 9.10 7.92
(H6/H7; s) (H3/H6; dJ = 3 Hz) (H7/H10; s)

aH2, H9 (dd,J = 5, 1.5 Hz); H3, H8 (dd,] = 5, 8 Hz); H4, H7 (dd,J = 8, 1.5 Hz).
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4), thus producing a complicatéd NMR spectrum comprising
six AMX, possibly three AB coupling systems from the phen 300 |
ligands, and three singlet resonances from the HAT ligand (see
Figure 7). The three singlet HAT resonances were assigned

by comparison with thenesoandrac dinuclear complex and 200 - % \

the homochiral trinuclear complex (Table 1). /’ \\
H9 (ring d) and H9 (ring f) are assigned to the two most 100 k- p \

downfield H2/H9 resonances (dd,= 5, 1.5 Hz) at 8.66 and . / \

8.59 ppm, respectively, on the basis of reduced diamagnetic 2 / \

anisotropic interactions described for thmeso dinuclear < == A

complex (ring b) discussed above, and further information 800

gained by comparisons between the andmesasomers (i.e.,

the H9 (ring d) of therac isomer is downfield (8.28 ppm) 600

relative to H9 (ring d) of themesoisomer (8.19 ppm)). For

ring d of the rac isomer the phen ligand is in a similar 400

perpendicular orientation to ring d of the heterochiral form. This

results in a downfield shift relative to H9 (ring f), which contains 200

the phen ligands in a parallel orientation (similar to ring d in

themesadsomer). The subsequent assignments for rings d and

f were achieved as describe above. The third phen ligand was T T J

assigned by comparisons with the homochiral isomer (see above) 600 700 800 900

which indicate that the H9 proton orientated over the HAT Wavelength (nm)

bridge is downfield relative to the H2 orientated over a phen; Figure 8. Noncorrected emission spectra of the three stereoisomers

thus H9 (ring b) and H2 (ring a) were assigned to 8.01 and of [{Ru(phenj} o(u-HAT)]** for the same % of absorbed light, in (A)

7.89 ppm, respectively. The relative shifts of H2 and H9 (rings TRIS buffer at pH 7 and (B) CKCN solutions: the enantiomers of the

a and b) in comparison with H2 and H9 (rings a and b) of the rac form (—),_ and themesdorm (- - -). Excitation at 500 nm. Shimadzu
. . . . ... spectrofluorimeter, Hamamatsu R-928 PMT.

homochiral isomer can also be rationalized in a manner similar

to the above on the basis of the relative chemical shifts of the

rac and mesoisomers.

Electrochemistry and Electronic Absorption Spectroscopy. - A
Cyclic voltammetry and differential pulse voltammetry were
performed on the separated diastereoisonracs, and mese
[{Ru(pp)} 2(u-HAT)] 4+, and homochiral and heterochifdRu-
(pp)} a(u-HAT)]6" (where pp= bpy or phen), with the data
reported in Table S2 (Supporting Information) and are in 40
agreement with those reported previouslyThe absorption
spectra of {Ru(pp} n(HAT)] @+ (n = 1-3 and pp= bpy or B
phen) were also measured and are in agreement with those 20 [~ N
described previousl§1! ~

No significant differences were observed in the electrochemi- S
cal and spectral properties of the diastereocisomers in the T T T T — T
dinuclear and in the trinuclear series. 600 800 1000 1200

Photoinduced Stereoisomerism.The photoracemization of Wavelength (nm)
mononuclear tris(bidentate) complexes of the type [Ru@py) Figure 9. Corrected emission spectra in.® solution of (A) [Ru-
is known32 The related phenomenon may occur in polynuclear (phen}(HAT)]2* and (B) [ Ru(phen} »(u-HAT)]*+, measured with the
species, but is more appropriately designated as “photoinducedHamamatsu R-928 PMT—) and with the Ge detector (- --). For
stereoisomerism” since the complexes may exist in diastereo-comparable absorbance at the excitation wavelength (432 nm) and
isomeric and enantiomeric forms. comparable intensities _of excitation at that wa_lvelength, an intensity

. I L ratio of 15/1 can be estimated for the mono-/dinuclear compound.

In a semiquantitative investigation, the complexgs-, AA-,
and AA-[{ Ru(pp)} 2(u-HAT)]4+ and A3-, A3-, and A2A/A2A-
[{Ru(pp)} 3(u-HAT)]8" (pp = bpy and phen) were irradiated

I

80 —

60

Counts
T

excitation intensities (at 500 nm) and for comparable percentages
of absorbed light at the same excitation wavelength. There were

in acetonitrile, aqueous or buffered aqueous solution, with no significant differences in intensities for the enantiomers of
decomposition being monitored by spectroscopy and photoin- Y . .
the rac form, whereas thenesodiastereoisomer behaved as a

duced stereoisomerism by chromatography. In each system, . . - )
the diastereoisomers are readily separated and even very mino?"g.htIy weaker emitter both in v_vater a_nd n @(EI_J. _Moreoverz
interconversion would be detected because of the high absorp-f’jls IS genera_lly observed, th_e intensity of emission was higher
tion coefficients of the complexes involved. There was no in the orga.lmc solvent than in aqueous SO'”“?”'

detectable photoinduced stereoisomerism, although the chro- Comparison of the uncorrected spectra of Figure 8 (measured

1-2% in trimetallic complexes. spectrum of the dinuclear complex in Figure 9 (where the

Luminescence Spectra and LifetimeS.Figure 8 shows the emission afl > 800 nm was measured with an IR-sensitive Ge
uncorrected emission spectra of the three stereoisomexs ( detector) illustrates the experimental problems encountered in
AA, andAA) of [{ Ru(phen)} 2(u-HAT)]** in buffered aqueous ~ determining reliable quantum yields of emission for the bimetal-
(A) and in CHCN (B) solutions, recorded for comparable lic species. Indeed, an adjustment had to be made between the
two portions of the emission spectrum measured with the two
(33) Porter, G. B.; Sparks, R. H. Photochem198Q 123 13. different detectors under different optical conditions. Therefore,
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Table 2. Luminescence Lifetimes of the Diastereoisomers of the
Dinuclear and Trinuclear HAT-Bridged Species in Water and
CH:CN Solutions under Air at Room Temperature, Determined by
SPC and under Pulsed Laser Excitation

7 (ns)
complexes HO CH:CN
AA-[{Ru(bpy)} 2(u-HAT)]4+ 200 458
AA-[{Ru(bpy}} 2(u-HAT)]#* 200 455
AA-[{Ru(bpy}}2(u-HAT)]4+ 135 405
A3-[{Ru(bpy}}s(u-HAT)]&" 40 120
A3-A[{Ru(bpy}} s(u-HAT)] ¢+ 40 110
A3A3-[{Ru(bpy)} s(u-HAT)] &+ 40 105
A?AIA?A-[{ Ru(bpy)} s(u-HAT)] 6+ 34 110
AA-[{Ru(phen} »(u-HAT)]4* 310 690
AA-[{Ru(phen)} o(u-HAT)]*+ 306 680
AA-[{Ru(phen)} (u-HAT)] 4+ 225 635

a See Experimental Section. In water, the decays are single expo-

nentals. For the complexes in @EN, the lifetimes given correspond
to the highest % of contribution in the decays varying from 80 to 100%
(see text). Error~3%, estimated from the reproducibility of the lifetime
values determined by SPC and pulsed laser methods.

®.m values are not given, nor thinax of emissior which

cannot be easily differentiated for the three sterecisomers.
When the emissions of the trinuclear compourfd&u(pp)} s-

(u-HAT)]®" (pp = bpy or phen) were measured under the same

conditions as those for the dinuclear species which gave the

data presented in Figure 8, no significant differences in

luminescence intensity were detected between the different

diastereoisomers.

The emission lifetimes at room temperature in water ang-CH
CN solutions for the sterecisomers §Ru(ppl} 2(u-HAT)]**
and [Ru(bpy)}s(u-HAT)]6" are given in Table 2. For the
dinuclear compounds, the emission lifetimes were significantly
shorter for themesocomplexes than for the enantiomers of the
rac form. However, no differences were observed for the

trinuclear compounds, in accordance with the measurements o

the relative emission intensities given above. For these
measurements, the lifetimes were longer in3CN than in
water, as is generally the case.

The decay analyses for the data in Table 2 require additional (PP)}2

Inorganic Chemistry, Vol. 36, No. 20, 1994473

Table 3. Luminescence Lifetimes of the Diastereoisomeric Forms
of [{Ru(pp}}s(u-HAT)]®" in a MeOH/EtOH 1/4 Glass at 80 K,
Determined under Pulsed Laser Excitation

7 (ns), MeOH/EtOH

complexes (1/4) at 80 K
A3-[{Ru(phen)} s(u-HAT)] &+ 1676
A3 A3-[{Ru(phen)} s(u-HAT)] 8" 1655
A2AIA2A-[{Ru(phen)} s(u-HAT)] 8" 1517
A3-[{Ru(bpy}} s(u-HAT)] 8" 1855
A3A3-[{Ru(bpy)} s(u-HAT)] &+ 1800
A2AIA?A-[{Ru(bpy)} s(u-HAT)] &+ 1428

a All of the decays correspond to single exponentials. Erro8%,
estimated from the reproducibility of the lifetime values determined
by SPC and pulsed laser methods.

photostability is confirmed by the experimental observation that
photoinduced stereoisomerism does not occur for the diastere-
oisomers of either nuclearity. The problems of contamination
of the luminescence decays by other luminescent species under
pulsed excitation in CECN should thus be attributed to some
dark thermal decomposition, which is inhibited in a glass at
low temperature, as single-exponential decays were observed
under such conditions. The absence of detectable photoisomer-
ization establishes the accuracy of the emission quantum yields
and lifetimes for the individual diastereoisomers. Although the
photophysical differences between the sterecisomers are not
large, this paper demonstrates their existence. They are therefore
considered significant. For the first time there is evidence for
inherent differences in such properties between diastereoisomers,
and not differences arising from interactions with a chiral partner
such as DNA or a luminescent quencher.

On the other hand, it was also concluded previctidiyat
the nonradiative deactivation rate constakyg,of theSMLCT
states of the polynuclear HAT complexes are dramatically
smaller than those for the corresponding mononuclear HAT

fcompoundl.1 This indicates that the vibration modes are very

different in the mono- and polynuclear HAT compleXésn
origin of which may be the symmetry differences between each
species. As the symmetries of ttee andmesdorms of [ Ru-
(u-HAT)]** differ (as they do also for the homo- and

comment. Problems were encountered for the measurementd€terochiral forms of{[Ru(pp)} s(u-HAT)]®%), different vibra-

in CHsCN solutions, where for the same compound single-

exponential decays were not consistently observed, but were

tion modes would participate in the deactivation. This would
explain the difference observed in the excited state lifetimes
between the diastereoisomers.

contaminated by other emitting species which contributed up ' o .
to 20% to the total decays when analyzed according to It1S noted also that the absence of significant shiftd.gf

biexponential functions. This effect appeared under laser fOr absorption and emission in teBesoandrac diastereoiso-
excitation or in the SPC measurements (see ExperimentalMers of the dinuclear species is in accordance with the
Section) and probably originated from some (photo/dark) electrochemical data, where the p_otentlals of the first oxidation
decomposition in CKCN which produced monometallic species  (félated to the d level) and reduction waves (related to tire
with a much higheren (e.g., See the comparison between the !evel) are not significantly shifted for the different diastereo-
mono- and dinuclear compounds in Figure 9). This problem 'SOMers.

of decomposition in organic solvents was mentioned previ-
ously!! but does not occur in water.

In order to detect possible differences of luminescence By the use of a combination of chromatographic techniques
lifetimes between the diastereoisomers of the trinuclear com- and stereoselective synthetic methods, all sterecisomers of the
plexes, the measurements were performed in a MeOH/EtOH mononuclear {Ru(ppy(HAT)]?", dinuclear {Ru(pp)}2(u-

(1/4) glass at low temperature (80 K). Under those experimental HAT)] 4", and trinuclear{Ru(pp}} s(u-HAT)] & specie{ pp =
conditions, all the decays were observed as single exponential®2,2-bipyridine or 1,10-phenanthrolihéhave been isolated and
and, as shown in Table 3, the emission lifetimes of the characterized. While the existence of such isomers had been

Summary

heterochiral {Ru(pp}} s(u-HAT)] 8+ were slightly shorter than
those of the homochiral forms.

Photophysics of the Diastereoisomers. Conclusiondt was
shown previousB# that thermal activation from the emitting
SMLCT states to théMC states of the bi- and trimetallic HAT

recognized in earlier studies on the latter two systefisheir
isolation in the present work has allowed investigation of the
dependence of physical characteristics on the stereochemistry.
Photophysical studies revealed small but significant differences
between luminescence behavior of diastereoisomeric pairs in

complexes does not take place at room temperature becausé&oth the di- and trinuclear cases. While the differences between

the SMLCT—3MC energy gap is too large. The expected

stereoisomers of such complexes are relatively subtle for these
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small oligomers, it is clear that they will be magnified in larger

polymetallic systems with increased stereochemical complexity.

Acknowledgment. F.R.K. wishes to acknowledge the Aus-
tralian Research Council, and A.K.-D. and O.V.G. are grateful
to the “Communalité&ran@ise de Belgique” (ARC91/96-149)
and to the SSTC (PAI-IUAP 4/11 program) for financial support.
0O.V.G. thanks the IRSIA-FRIA for a Ph.D. fellowship. The
ligand HAT was kindly donated by Professor D. Paul Rillema
(University of North Carolina, Charlotte, NC). We thank David
Reitsma and Laurie Kelso for useful discussion, Sue Butler
(University of Wollongong) for the measurements of the CD

Rutherford et al.

spectra, and Fabien Dubois (Univertditbre de Bruxelles) for
luminescence measurements.

Supporting Information Available: Tables listing'H NMR
chemical shifts (300 MHz) for the stereoisomeric forms{&i(bpy})n-
(HAT)]2™ {n= 1—-3} complexes (CBCN solvent) and redox potentials
for diastereoisomers of{ Ru(pp}}2(u-HAT)]*" and [Ru(pp}}s(u-
HAT)]®* {pp = 2,2-bipyridine or 1,10-phenanthrolikeand plots of
CD spectra for the enantiomers dfHu(phen)(HAT)]?*, the enanti-
omers ofrac-[{ Ru(bpy}}»(u-HAT)]**, and the enantiomers of homo-
chiral [{Ru(bpy}}2(u-HAT)]*" (5 pages). Ordering information is
given on any current masthead page.

1IC961374P



