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A series of four hiphen (phen = 1,10-phenanthroline) ligands, 2,2'-biphen (1), 3,3'-biphen (2), 2,2'-dimethylene-
3,3'-hiphen (3), and 2,3'-dimethylene-3,2'-biphen (4), is prepared by coupling and Friedlander methodology. The
corresponding mononuclear Ru(ll) complexes, [Ru(1-4)(Mebpy),J?* where Mebpy = 4,4'-dimethyl-2,2’-bipyridine,
are prepared. These complexes show long wavelength electronic absorptions at 441-452 nm and emissions at
622-641 nm. Metal-based oxidations occur in the range 1.18-1.21 V, and ligand-based reductions, at —1.20 to
—1.30 V. The addition of Zn?*, Cd?*, or Hg?* ions results in a strong enhancement and red shift of the luminescence
of complex Ru-3. Alkali and alkaline earth metal ions barely affect the luminescence of Ru-3 while transition metal
ions such as Co?, Cu?*, Ni*, and Mn?* lead to efficient quenching of the Ru-3 luminescence. The luminescence
of Ru-2 and Ru-4 is quenched in the presence of Zn?* because of a conformationally induced reduction in electronic
communication between the two phen halves of the ligand. The addition of Zn?* has only a slight effect on the
luminescence of Ru-1 because of steric hindrance toward complexation.

Introduction metal complexes have been widely employed as luminescent

sensors because their emissive state is readily influenced by

Luminescence quenching and enhancement can be usedaring the steric or electronic environment of the metal
effectively for the design of chemical senséiEhis concept center. Ru(ll) diimines have proved to be particularly

involves constructing molecules with two functional com- ¢ qagile in sensor applications, because their emitting state

ponents, a specific receptor for the intended substrate and gy, gies and excited state redox properties are quite sensitive
reporter that will change its luminescent properties in the to variations in the coordinating ligands and the local

presence of the receptesubstrate interactiohTransition environmen€ Herein, we report the design and syntheses

" - of four bi-1,10-phenanthrolinesl{-4), their mononuclear
UH.g((j)u\.Nhom correspondence should be addressed. E-mail: Thummel@ Ru(ll) complexes (Chart 1), and the spectroscopic properties
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Chart 1 taken to remove the complexed nickel, Ni(0) coupling
dramatically improved the yielt®

7 N\ A NiCly, PPh3, Zn  NaCN 1

=N N= DMF, 50 °C
5 Cl

</\§?\>Br——»——»z
N\
6

The previously unreported bridged bipheéhand4 were
synthesized by the Friedider condensatidnof 8-amino-
7-quinolinecarbaldehyde) with 1,4-cyclohexanedion&’)
or 1,3-cyclohexanedionel().'° The condensation of and
8in a 1:1 or 1:2 molar ratio with piperidine as the catalyst
gave only the doubly condensed prod@¢ctthe monocon-
densed product could not be obtained. This is understandable
if one realizes that the condensations w&hoccur in a

neither ligand is expected to be planar, and rotation aboutStePWise fashion. Only one monocondensation product is
the biaryl bond will have a low energy barrier. The transoid 2vailable fromi7, thus activating the methylene group closest
conformation ofl will be favored to avoid a putative H3,-  (© the phen ring ir6 and directing the formation @. In
H3'-interactiort while the cisoid and transoid forms @  1.3-Cyclohexanediondp, the methylene group at the 2-posi-
should be of approximately equal energy. Ligaid a 2,2- tion is activated by two carbonyl groups and hence is more
dimethylene bridged derivative @ wherein the cisoid ~ reactive than the other methylene grodpsThus, the
conformation is enforced. Ligandlis a 2,3-biphen with a ~ condensation a8 and10in a 1:1 molar ratio using a mildly
3,2-dimethylene bridge which now enforces a transoid basic catglyst sgch as plper_ldme only gave 5,6,7,8—tetrar_1ydro—
conformation. In1-3, the bidentate binding sites are [2,3:b]pyr|doacr|d_—8-one.f(1) in 94% yield. The conde.nsatlon
equivalent while in one site is more sterically encumbered. ©f 11 with 1 equiv of8 in the presence Of' ethanolic KOH
For the mononuclear Ru(ll) complexes of these four provujed the doubly condensed spem'es,-ﬂ@ethylen.e-
ligands (Chart 1), the luminescent metal center is located 3,2-biphen €). However, the condensation 8ivith 2 equiv

near a vacant bidentate coordination site that remainsOf 10 using ethanolic KOH or piperidine as the catalyst did

accessible to added cations. Thus, these complexes fit thenOt readily afford4.

general model of a sensor system, and it will be demonstrated

that for certain cations luminescence is enhanced, for some, S piperidine | =N N= o

it remains nearly unchanged, and for others, it is diminished * SN” CHO EoH I\ 77\ 7 — 3
o
7

Ru-3

or quenched. NH, Reflux

8 9
Synthesis and Characterization

=N N=

The two unbridged biphens and2 were synthesized in Q 1equiv. 8 Co— ) 8, KOH ,
70%—80% Yyields by the Ni(0) coupling of 2-chlorophen O O  piperidine O "Eon
EtOH Reflux

(5)*° or 3-bromophen&).6 The reaction initially yielded a 10 Reflux 1

Ni(ll) complex of the coupling product which may be

demetalated by treatment with NaCN, thereby liberating the  Mononuclear complexeRu-3 and Ru-4 were prepared
free ligand. Although 3,3biphen2 is previously unknown, by treating the appropriate biphens with 1 equiv of [RugMe
2,2-biphenl had been earlier prepared by Case in 24% yield, bpy)Cl,] (Mebpy = 4,4-dimethyl-2,2-bipyridine) in re-
using an Ullmann coupling of 2-chlorophéWhen care is  fluxing ethanol. The dimethylene bridge in both ligands
offers some steric hindrance to complexation so Rat3

(3) (a) Kraus, E.; Ferguson, Prog. Inorg. Chem1989 37, 293. (b)
Kalyanasundaram, K2hotochemistry of Polypyridine and Porphyrin (8) Constable, E. C.; Elder, S. M.; Healy, J.; Tocher, DJAChem. Soc.,

ComplexesAcademic Press: San Diego, CA, 1992. (c) Juris, A, Dalton Trans.199Q 1669.

Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, P.; von Zelewsky, (9) (a)Thummel, R. PSynlett1992 1. (b) Cheng, C.-C.; Yan, S.-Qrg.

A. Coord. Chem. Re 1988 84, 85. React.1982 28, 37. (c) Hung, C.-Y.; Wang, T.-L.; Shi, Z.; Thummel,
(4) Rice, C. R.; Anderson, K. MPolyhedron200Q 19, 495. R. P.Tetrahedron1994 50, 10685.
(5) Halcrow, B. E.; Kermack, W. QJ. Chem. Soc1946 155. (10) For a preliminary report see: Thummel, R. P.; Chamchoumis, C. M.
(6) Tzalis, D.; Tor, Y.; Failla, S.; Siegel, J. Setrahedron Lett1995 In Advances in Nitrogen Heterocycles, Vo|.Moody, C. J., Ed.; JAI

36, 3489. Press: Stamford, CT, 2000; p 107.
(7) Case, F. HJ. Heterocycl. Chenll964 1, 112. (11) Majewicz, T.; Caluwe, PJ. Org. Chem1979 44, 531.
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5 Table 1. Photophysical and Electrochemical Data for Ru(ll)
L Complexes
absorptiod emissioft
Anax(Mm) e Ev??
complex (e, M~lcm %) (nm) Dem OX. red.
Ru-1 452 (12200) 622 8.&x10* 1.19(240) —1.30(180)
1 284 (68000) —1.62 (200)
- Ru-2 441 (13300) 641 8.x10°% 1.21(170) —1.21(110)
I 323 (33800) —1.59 (160)

283 (89500)
Ru-3  445(13000) 636 3.k 103 1.18(77) —1.20(90)

341 (47600) ~1.55 (87)
283 (95200)

Ru-4 444 (13700) 636 4.4 1073 1.19(78) —1.21(82)

0 . . : _ 368 (32200) —1.57 (93)
250 300 350 400 348 (29900)

315 (35500)
286 (85500)

a1075>Min CH30H at 25°C. b Solutions were 0.1 M TBAP in C¥CN;
the sweep rate was 200 mV/s. The number in parentheses is the difference
(mV) between the anodic and cathodic waves.

Wavelength (nm)

Figure 1. Electronic absorption spectra of bi-phen ligadds-), 2 (---),
3(---), and4 (~—-—- =), 1075 M in MeOH.

and Ru-4 were obtained in yields of 30% and 51%,

respectively. Whe2 and 1 equiv of [Ru(Mgbpy),Cl,] were 3, and 4 appear at 380, 364, and 367 nm, respectively,
refluxed in ethanol, however, only the dinuclear complex of considerably red-shifted from the 261 nm absorbance of
2 was formed, and no mononuclear complex was observed.1,10-phenanthroline. This observation confirms a strong
To facilitate formation of the mononuclear complex, 1 equiv electronic interaction between the two phen halves of these
of [Ru(Mebpy)Cl,] in EtOH—H,0 (3:1) was added drop- ligands in which a planar conformation is either readily

wise to a refluxing solution o2 over 2 h. ComplexRu-2 accessible 1) or enforced by dimethylene bridgin@ énd
was obtained in 20% yield and displayed a single sétiof  4). For ligand2, the two phen halves are twisted out of a
NMR resonances indicating free rotation about thé-Bghd. common plane because of H2,/Hehd H4,H2 interactions
Attempts to prepar®u-1 in refluxing ethanol or ethanel around the 3,3bond, and the absorption maximum is blue-
H.O were unsuccessful, probably because of steric hindranceshifted to 316 nm.

from the 2-phen group. ComplexRu-1 was ultimately The electronic absorption and luminescence data for the
prepared in 16% yield by heatingand [Ru(Mebpy).Cl;] mononuclear Ru(ll) complexes are summarized in Table 1.
in ethylene glycol for 30 min in a microwave reactéiThe For all four complexes, the absorption bands in the region

complex evidenced two sets of NMR resonances in a 2:1441-452 nm correspond to spin-allowed metal-to-ligand
ratio indicating the existence of two diastereomers, dependingcharge transfer'fALCT) transitions. The absorption bands
on the orientation of the appended, uncomplexegh&n found in the region below 400 nm can be ascribed to ligand-
group. The appearance of two diastereomers for a series oftentered {LC) transitions. ComplexeRu-2, -3, and -4
2-arylphens has been noted in earlier wbtk. exhibit strong LC bands in the region 318368 nm, similar
The two bidentate sites in ligands-3 are equivalent so  to bands observed for the free biphen ligands (Figure 1) and
that there is no uncertainty about the position of metal implying strong electronic interaction between the two phen
binding. For bipher, however, two isomers are possible halves of the complexed ligand. However, the comex1
for the mononuclear Ru(ll) complex. Binding at the less does not show any clear LC absorption at 3@00 nm,
hindered (unprimed) ring is verified by NMR. The protons although the free ligand absorbs strongly at 380 nm. This
H4, H9, and H9on 4 are all located near nitrogen and thus observation is consistent with the uncomplexed phen group
shifted downfield, resonating at 9.65, 9.15, and 9.10 ppm being held approximately orthogonal to the complexed one

for the free ligand. Binding of the Ru(Meepy) moiety is leading to the interruption of electronic communication

expected to strongly shield these protons and shift them tobetween these two halves of the molectle.

higher field. InRu-4, the signals for H4 and HYemain An analogous series of dinuclear Ir(lll), Ru(ll), and

relatively unchanged at 9.74 and 9.14 ppm indicating that Os(ll) complexes of 5/8biphen has been prepared by

binding must be at the site nearer to H9. Ni(0)-promoted homocoupling of the mononuclear com-
plexes!® These species do not evidence any communication

Properties of the Complexes between the two metal centers because of nonplanarity of

. . . the ligand system enforced by unfavorable H8,tdhd
The electronic absorption spectra of free ligades! all H4,H6 interactions surrounding the 55ond.

display strong absorption envelopes between 250 and 400 The room-temperature, steady-state luminescence spectra

nm, asspmatgd withr—z* transitions originating from the of Ru-1, -2, -3, and-4 show maxima at 622, 641, 636, and
phen units (Figure 1). The lowest energy absorbancds of

(14) Taffarel, E.; Chirayil, S.; Kim, W. Y.; Thummel, R. P.; Schmehl, R.

(12) Wu, F. W.; Thummel, R. Anorg. Chim. Acta2002 327, 26. H. Inorg. Chem.1996 35, 2127.
(13) Bonnefous, C.; Chouai, A.; Thummel, R.IRorg. Chem.2001, 40, (15) Griffiths, P. M.; Loiseau, F.; Puntoriero, F.; Serroni, S.; Campagna,
5851. S.J. Chem. Soc., Chem. Comm@00Q 2297.
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Figure 2. Luminescence titration spectra 8u-3 (1 x 1075 M) with
added ZnGl (0—4.5 x 1074 M) in MeOH at room temperature.

636 nm, respectively, which are typical for Ru(ll) polypyridyl
emission from a triplet MLCT excited state. The emission
maxima ofRu-2, -3, and-4 are red-shifted compared with
that ofRu-1, further confirming the more extensive electronic
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Figure 3. Luminescence titration spectra 8u-2 (1 x 10°5 M) with
added ZnGl (0—3.2 x 1074 M) in MeOH at room temperature.

inflection point which is consistent with 1:1 binding and
simple equilibriumt’

The luminescence titration could be analyzed according
to eq 1 whered, and< are the luminescence yields in the

delocalization in these three complexes. Among the four absence and presence ofPZy@;, is the final luminescence

complexesRu-2 is the most luminescent, ail-1 has the
lowest luminescence quantum yield.

The half-wave redox potentials for the four complexes
were measured in GJEN, and these data are summarized
in Table 1. The oxidation potentials are all very similar,
falling in the range 1.181.21 V. These oxidations are metal-

yield, andK is the binding constant for the formation of a
1:1 complext’” For Zr?t, this binding constant was estimated
to be 17800 M. When Cd" and Hg" were added to a
solution ofRu-3, a similar luminescence enhancement was
observed, and binding constants of 18620 br Cc*™ and
162200 M for Hg®" were measured.

based and indicate, as expected, that the electronic nature

of the Ru(ll) in all four complexes is nearly the same. The

oxidations are just slightly less positive than the value of

+1.23 V!¢ recorded for [Ru(phen)(bpyf*, because of the
somewhat better charge stabilizing ability of the Jolgy

o 1+ (@JTIKM]

@, 1+K[M]

1)

For comparison, the behavior of the analogdris-1,

ligand as compared to bpy. The reduction potentials are Ru-2, andRu-4 complexes was examined. When?Zmwas

typically ligand-based, and the complexes-2, -3, and-4

all show similar values for the addition of the first and second

added to a methanol solutioRu-2 (1 x 105 M), the
emission band underwent a bathochromic shift from 641 to

electron. These systems all experience some delocalizationgs7 nm and a progressive decrease in intensity to a minimum

in the bridging ligand due to the accessibility of a relatively
planar conformation a2, 3, and4 in their complexesRu-1

value of@/J, = 0.82 at [Zr#"] = 3.2 x 1074 M (Figure 3).
Similarly, the addition of ZA" to a solution ofRu-4 caused

prefers a considerable twist between the two phen halves of 5 \5thochromic shift of 10 nm and a decrease in emission

1 leading to a more negative reduction potential, which
approaches the value ef1.36 VA6 recorded for [Ru(phen)-

(bpy)]?".

Tuning the Electronic Properties of the Mononuclear
Complexes by Metal Binding

When Zi#t was added to a methanol solution RE-3,

the absorption spectrum showed little change, but the

intensity to@/J, = 0.95 at [Z/#'] = 8.4 x 10* M. The
introduction of Z#* to a methanol solution dRu-1 had no
significant effect on the emission, and only a slight increase
in intensity was observed at high [Z1). The addition of
Zr?* had little effect on the absorption spectra Rii-1,
Ru-2, andRu-4, but when added to ligarigl(up to 64 equiv),
it led to weak emissions at 640 and 760 nm.

From eq 1, the binding constants feu-1, Ru-2, andRu-4

emission spectrum underwent a bathochromic shift and a, i 72+ were estimated to be 620. 30200 and 2756:M

progressive increase in intensity that was3Z4rdependent

respectively. The binding constant fRu-2 is considerably

(Figure 2). After complete complexation, the luminescence |4 ger than the value fdRu-3, indicating that free rotation

maximum had shifted from 636 to 658 nm. With addedZn
the emission intensity rose to a maximum valuegd®, =
1.83 at [Zrit] = 2.5 x 107* M and then remained constant
upon further increase in [2h]. Plotting the luminescence
intensity changes as a function of logiZhreveals a single

(16) Caspar, J. V.; Meyer, T. lhorg. Chem.1983 22, 2444.
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about the 3,3bond makes the unbound phen more accessible
to added metal ion than in the bridged analogue3. The
low binding constants oRu-1 and Ru-4 imply that the

(17) (a) Gunnlaugsson, T.; Davis, A. P.; Glynn, ®hem. Commur2001,
2556. (b) Sortino, S.; Guiffrida, S.; Fazio, S.; Monti,New J. Chem.
2001 25, 707.
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vacant phen binding sites in these two complexes are less 2,2-Bi-1,10-phenanthroline (1).A solution of NiCh (152 mg,
accessible to metal ions because of steric hindrance. 1.19 mmol) and PRN(1.22 g) in DMF (10 mL) was heated at 50
The emission of a methanol solution ¢fu-3 was °C with stirring under Ar for 0.5 h. The resulting blue suspension
monitored as other metal ions were added. Alkali and alkaline Was treated with Zn dust (75 mg) to produce a red-brown
earth metal ions such as',iNa*, K+, Mg2*, and B&" bind suspension. After 0.5 h, a solution of 2-chloro-1,10-phenanthroline
weakly to the vacant phen ar’1d t;arely ,perturb the photo- (248 mg, 1.16 mmol) in DMF (5 mL) was added and the mixture

. . . . stirred overnight. After this period, the reaction mixture, containing
physical properties dRu-3. The addition of transition metal a dark green precipitate, was evaporated to dryness. The residue

ions such as Co, Cl**, Ni?*, and Mrf" to Ru-3 led to was boiled with water (40 mL) for 2 h, after which the mixture
efficient luminescence quenching. Because these metal ionsyas cooled and filtered. The pink filtrate was treated with,RIF
are easily reduced, it is reasonable to attribute the lumines-(excess) to give a pink precipitate. After filtration, the solid was
cence quenching to electron transfer from the triplet excited heated at reflux fo4 h with a solution of KCN (750 mg) in
state of the Ru center to the added cation center. MeOH—-H,O (19:1, 20 mL). After cooling, water (40 mL) was
The Zrt* cation-induced amplification of luminescence introduced. The precipitate was filtered, washed witlOH3 x 5
in Ru-3is interesting because it is most probably a reflection ML), EtOH (2x 5 mL), and ether (2« 5 mL), and dried to afford
of increased electron delocalization over bridging lig@nd ?Wh'te solid (160 mg, 80%), mp 300°C (lit.> mp 365-6 °C);
The binding of ZA*, C#*, or Hg?* to simple phens is known H NMR (DMSO-de) 6 9.25-9.22 (2 overiapping d, 4H), 8.79 (d,

. . ; : 2H), 8.56 (dd, 2H), 8.10 (AB quartet, 4H), 7.84 (dd, 2 NMR
E:c;.r ??.?OTfoo—nf. ]‘?5'631? Igrreesduurﬁg%Ty??f:gnstf%Zf gf]f?aclzltg;nkde;o C&Tﬁ not be obtained because of poor solubility; Mi$z{ 358.1
place WithRu'3 such that coordina_ltion of these ions at the 3,3-Bi-1,10-phenanthroline (2).Following the procedure de-
vacant phen site raiséSeq of this site closer to that of the  g¢yiped for1, a solution of NiC} (152 mg, 1.19 mmol) and PRh
Ru(ll) coordinated phen—1.20 V), thus ensuring better (122 g, 4.65 mmol) in DMF (10 mL) was treated with Zn dust (75
blending of LUMOs located on the two phen components mg, 1.15 mmol) followed by a solution of 3-bromo-1,10-phen-
so that a more extended*-orbital becomes available for  anthroline (300 mg, 1.16 mmol) in DMF (5 mL) to provi@eas a
the promoted electron. This results in both a red shift and white solid (145 mg, 70%), mp 300°C; *H NMR (DMSO-dg) 0
amplification of the Ru-3 luminescence. This complex 9.66 (s, 2H), 9.09 (d, 4H] = 9.9 Hz), 8.49 (d, 2HJ = 7.2 Hz),
therefore possesses the potential for the spectrophotometri@-08 (m, 4H), 7.78 (m, 2H}:*C NMR could not be obtained because
detection of ZA", C?*, and Hg" through cation-induced ~ Of poor solubility; MS (vz) 358.1 (M").
luminescence enhanceméhtThe introduction of further 2,2-Dimethylene-3,3-bi-1,10-phenanthroline (3).A mixture
structural refinements might be expected to maximize the °f 8-amino-7-quinolinecarbaldehydg, @02 mg, 1.17 mmol), 1,4-
selectivity and sensitivity toward specific metal ions and cyclohexanedione (65 mg, 0.58 mmol), and freshly distilled

thereby afford | f f tential talli piperidine (0.25 mL) in absolute ethanol (5 mL) was refluxed
ereby arford a neéw class of Sensors for potential metallic overnight, cooled, and filtered to provi&eas a yellow solid (0.15

environmental toxins. g, 67%), mp 300°C; H NMR (PhNOy-ds) & 9.26 (dd, 2H,J =
Experimental Section 4.2, 1.5 Hz), 8.76 (s, 2H), 8.27 (dd, 2H,= 8.1, 1.5 Hz), 7.88

) , , . , _ (AB g, 4H), 7.66 (g, 2H), 3.8 (s, 4H)*C NMR could not be
Melting points were obtained on a Hoover capillary melting point obtained because of poor solubility. Anal. Calcd fogtGeNs: C,

apparatus and are uncorrected. Cyclic voltammograms were re-g1 2506 H. 4.17%: N. 14.58%. Found: C. 81.30%: H. 4.16%: N
corded using a BAS CV-27 voltammograph and a Houston 1, 7.0, Y ' Y '
Instruments model 100 X-Y recorder according to a procedure 5,6,7,8-Tetrahydro-[2,3:b]pyridoacrid-8-one (11).A mixture
Whlcz hé';\s _tbrt]eerllaprke_wclazulsly dLescgz@dsAé)sorpttlon prtectrat we,\r/lel of 8 (43 mg, 0.25 mmol), 1,3-cyclohexanedione (28 mg, 0.25
recorded with a merkin-imer Lambaa Sb spectrophotometer. Votar mmol), and freshly distilled piperidine (0.25 mL) in absolute ethanol

extinction coefficients are the average of at least two |ndependent(5 mL) was refluxed overnight. The solvent was evaporated, and

measur(terr;(?nts and havg (jexp?ctgtfxir((;rs l:\;lmt&lﬁ?" LurPlnes- the residue was washed with etherx310 mL) to providell as
cence studies were carried out wi solutions at room a yellow solid (58 mg, 94%), mp 23®41°C; 'H NMR (CDCl,)

temperature using a Perkin-Elmer LS-50B spectrofluorometer. 6 9.25 (dd, 1H,J = 4.2, 1.5 Hz), 8.91 (s, 1H), 8.28 (dd, 18l=
Absorption and emission maxima were reproducible to within 2 ¢ ™2 Hé) 784 (A-B’q .2H) 769 q iH) 3.60 (t 28— 6.0
nm. NMR spectra were recorded on a General Electric QE-300 H.z)’ 2-86 (t ’2|_'|J ~ 6.0 I,-Iz) 233 (m ’2H)13,C NMR ’(CD,Cb) .6

spectrometer at 300 MHz fdH NMR and 75 MHz for3C NMR. 1981 163.1. 150.8. 150.6. 148.0. 145.5. 136.3. 136.2 130.2. 127.6
Elemental analyses were performed by National Chemical Consult- 127'3' 126'7’ 123; 9 39 '1’ 33 8 ’22 o-' Mﬁz() .24'18 (W) B -

ing Inc., P.O. Box 99, Tenafly, NJ 07670. 8-Amino-7-quinoline-
carbaldehydeq),?! 3-bromo-1,10-phenanthroliné)( 2-chloro-1,-
10-phenanthroline 5),> and [Ru(Mebpy)Cl,]%2 were prepared
according to reported procedures.

2,3-Dimethylene-3,2-bi-1,10-phenanthroline (4). A mixture
of 8 (42 mg, 0.24 mmol)11 (58 mg, 0.23 mmol), and ethanolic
KOH (0.5 mL) in absolute ethanol (5 mL) under Ar was refluxed
for 5 h. After cooling, the solvent was evaporated. Water was added,

(18) Hissler, M.; El-ghayoury, A.; Harriman, A.; Ziessel, Rigew. Chem., and the mixture was extracted with @El, (3 x 20 mL). The
Int. Ed. 1998 37, 1717. o o combined organic layers were washed with waterx(35 mL)

9 %Hcl:rr?:r?] Ts'égggjoc nglz%rggo(b\)(wgigﬂghIGTKNggfggtgs and dried over MgS® The solvent was evaporated, and the residue
C.; Lippard, S. J.; Tsien, R. Y. Am. Chem. So@00Q 122,5644. was washed with hexane (3 15 mL) to provide4 as a yellow
(c) Burdette, S. C.; Lippard, S. Coord. Chem. Re 2001, 216— solid (0.07 g, 78%), mp 198200°C; IH NMR (DMSO-dg) 6 9.65
217,361. (s, 1H), 9.15 (dd, 1H) = 6.0, 3.0 Hz), 9.10 (dd, 1H] = 6.0, 3.0

(20) Goulle, V.; Thummel, R. Anorg. Chem.199Q 29, 1767. -
(21) Riesgo, E. C.; Jin, X.; Thummel, R. P.0rg. Chem1996 61, 3017. Hz), 8.49 (m, 2H), 8.44 (s, 1H), 8.19 (d, 1B= 9 Hz), 7.99 (m,
(22) Mabrouk, P. A.; Wrighton, M. Sinorg. Chem.1986 25, 526. 3H), 7.80 (q, 1H), 7.77 (q, 1H), 3.48 (m, 2H), 3.41 (m, 2FC

Inorganic Chemistry, Vol. 41, No. 13, 2002 3427



Hu et al.

NMR (DMSO-ds) 6 159.2, 150.6, 150.0, 149.8, 145.6, 145.3, 145.2, the complex. The precipitate was then collected and purified by
144.6, 136.3, 136.2, 135.2, 132.6, 132.3, 129.6, 129.0, 128.53,chromatography on ADs, eluting with acetonitrile-toluene (2:3).
128.5, 127.9, 127.2, 127.0, 126.9, 126.3, 126.2, 123.3, 31.2, 27.0.Recrystallization from acetonitriteether providedRu-3 as a red

Anal. Calcd For GgH1gN4-1.5H,0: C, 75.91; H, 4.62; N, 13.69.
Found: C, 75.95; H, 4.54; N, 13.62. M&/g) 383 (M" — 1).

Ru-1. A mixture of [Ru(Mebpy).Cl,] (48 mg, 0.083 mmol) and
1 (30 mg, 0.083 mmol) in ethylene glycol (4 mL) was heated in a
microwave oven for 30 min. After cooling, water (30 mL) was
introduced, and a saturated PR aqueous solution was added

until no further precipitation occurred. The precipitate was collected

by filtration, washed with water (5 mL), EtOH (5 mL), and ether
(5 mL), and dried. The solid was first purified by chromatography
on Al,Os eluting with toluene-CH3CN (3:2). After evaporation of

the solvent, the residue was further purified by chromatography

on silica gel eluting with ChlCl,—MeOH (20:1).Ru-1 was obtained

as a red solid (15 mg, 16%)H NMR (CDsCN, mixture of two
isomers in a ratio of~2:1) ¢ 9.08 (dd), 9.03 (d), 8.94 (dd), 8.80
(d), 8.73 (d), 8.62 (d), 8.45 (m), 8.34 (m), 8.29 (s), 8.17 (d), 7.95
(d), 7.91 (s), 7.85 (m), 7.77 (m), 7.67 (m), 7.53 (m), 7.21 (d), 6.96

7.14 (M), 6.66 (s), 6.64 (s), 6.19 (1), 5.20 (dd), 2.57 (s), 2.56 (S),

2.50 (s), 2.49 (s), 2.41 (s), 2.40 (s), 2.08 (s), 1.59 (s); MALDI-
TOF MSm/z972.83 [M— PR]*, 826.76 [M— 2PRK]*. Anal. Calcd
for CsgHzgNgRUPF2: C, 51.57; H, 3.40; N, 10.03. Found: C,
51.25; H, 3.44; N, 9.36.

Ru-2. [Ru(Mebpy)Cl;] (64 mg, 0.11 mmol) in EtOH (10 mL)
was added dropwise to a refluxing solutior2gq40 mg, 0.11 mmol)
in EtOH—H,0 (3:1, 40 mL) under Ar over 2 h. After addition, the

solid (30%);*H NMR (CD3CN) 6 9.15 (s, 1H), 9.00 (dd, 1Hl =
1.5, 4.2 Hz), 8.88 (s, 1H), 8.59 (dd, 1Bi= 8.1, 0.9 Hz), 8.42 (d,
1H,J = 1.2 Hz), 8.40 (d, 1HJ = 1.2 Hz), 8.35 (s, 2H), 8.25 (m,
3H), 7.97 (m, 3H), 7.90 (dd, 1H] = 4.5, 0.9 Hz), 7.85 (d, 1H]
= 5.7 Hz), 7.70 (dd, 1HJ = 4.2, 8.1 Hz), 7.65 (dd, 1H] = 8.1,
5.1 Hz), 7.43 (d, 1HJ = 5.7 Hz), 7.30 (d, 1H) = 5.7 Hz), 7.21
(d, 1H,J =5.7 Hz), 7.14 (d, 1HJ = 6.3 Hz), 6.99 (m, 2H), 3.30
(m, 2H), 3.14 (m, 1H), 2.62 (m, 1H), 2.56 (s, 3H), 2.53 (s, 3H),
2.49 (s, 3H), 2.40 (s, 3H). Anal. Calcd forl,oNgRURF: C,
52.49; H, 3.50; N, 9.80. Found: C, 52.47; H, 3.58; N, 9.60.

Ru-4. The same procedure as describedRor3 was followed,
using a mixture4 (51 mg, 0.146 mmol) and [Ru(Mepy)-Cl,] (80
mg, 0.146 mmol) in absolute EtOH (7 mL), to provige-4 as a
red solid (81 mg, 51%)*H NMR (CDs;CN) 6 9.74 (s, 1H), 9.14
(dd, 1H,J = 3.0, 1.2 Hz), 8.58 (d, 1H] = 8.1 Hz), 8.43 (m, 2H),
8.39 (m, 2H), 8.29 (s, 1H), 8.25 (m, 2H), 8.20 (m, 2H), 7.90 (m,
3H), 7.74 (m, 2H), 7.64 (dd, 1H} = 8.1, 5.1 Hz), 7.42 (d, 1H)
= 5.7 Hz), 7.22 (m, 2H), 7.14 (m, 1H), 7.05 (m, 1H), 6.96 (m,
1H), 3.16 (m, 2H), 2.95 (m, 2H), 2.55 (s, 3H), 2.514 (s, 3H), 2.511
(s, 3H), 2.40 (s, 3H). Anal. Calcd forsgH40NsRUPF12: C, 52.49;
H, 3.50; N, 9.80. Found: C, 52.43; H, 3.56; N, 9.72.

Titrations. Into a 1 cn? cuvette was placed 2 mL of a 10M
MeOH solution of the Ru(ll) complex, and the absorbance was
measured. To this solution were added increments of (®5)—

solution was refluxed overnight. The solvent was evaporated, and (4 x 1075 M MeOH solutions of the following metal salts:

the residue was dissolved i,®—EtOH (2:1, 20 mL). Saturated
NH4PF; solution was added to precipitate the product. After
filtration, the yellow solid was purified by chromatography on silica
gel eluting with CHCI,—MeOH (20:1).Ru-2 was obtained as a
red solid (25 mg, 20%)H NMR (CD3CN) ¢ 9.24 (d, 1H), 9.10
(dd, 1H), 9.01 (d, 1H), 8.63 (dd, 1H), 8.60 (d, 1H), 8.46 (dd, 1H),
8.42 (d, 1H), 8.40 (s, 1H), 8.38 (s, 1H), 8.36 (s, 1H), 8.33 (s, 2H),
8.32 (s, 1H), 8.12 (dd, 1H), 8.00 (m, 2H), 7-74.80 (m, 3H), 7.65
(d, 1H), 7.56 (d, 1H), 7.37 (d, 1H), 7.29 (m, 2H), 7.08 (m, 2H),
2.58 (s, 3H), 2.54 (s, 3H), 2.48 (s, 3H), 2.46 (s, 3H); MALDI-TOF
MS m/z973.55 [M— PF; + H]t, 828.34 [M— 2PF; + H]*. Anal.
Calcd for GgHzgNgRUPF;,: C, 51.57; H, 3.40; N, 10.03. Found:
C, 51.85; H, 3.52; N, 9.39.

Ru-3. A mixture of 3 (42 mg, 0.12 mmol) and [Ru(Mbpy)-Cl;]
(65 mg, 0.12 mmol) in absolute EtOH (7 mL) was refluxed under
Ar for 6 h. After cooling, NHPF; (47 mg) was added to precipitate
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Zn(OAc)-2H,0, Cd(OAC)-2H,0, Hg(NG),H,0, LiClOy4, KCIO,,
NaClQ,, Ba(OAc), Mg(OAc),*4H,0, Cu(OAc)-H,0, Cu(CH-
CN)4PF;, Ni(OAC),*4H,0, Mn(OAc)-4H,0, and CoG-6H,0, and
the absorbances were recorded.
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