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Mononuclear and Binuclear Tetrapyrido[3,2-a:2',3-¢:3",2"'-h:2""",3"'-j]phenazine (tpphz)
Ruthenium and Osmium Complexes
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The monometallic complexes [(bpRu(tpphz)}t (4) and [(bpy}Os(tpphz)}™ (5), where tpphz is the poorly
soluble fully aromatic tetrapyrido[3,22',3'-¢:3",2"'-h:2"",3"'-j]phenazine, have been obtained by reaction of
5,6-diamino-1,10-phenanthroline with [(opl)(phendionef}™ (M = Ru' or Od'). Reaction of4 and 5 with

metallic precursors yielded the homo- and heterobimetallic complexes jRypipphz)Ru(NH)4]*" (6), [(bpy)e-
Ru(tpphz)Ru(bpy]** (7), [(bpy)Os(tpphz)Os(bpy)** (8), and [(bpy}Ru(tpphz)Os(bpy}*" (9). The mononuclear

4 and5 aggregate in solution, probably by stacking of the tpphz part as shown from proton NMR. The
complexes show one reversible metal-centered oxidation and several reversible &xedpttions which add

one electron on the tpphz ligand, one electron on one bpy of each metallic end, a second electron on one bpy of
each metallic end, and then a second electron on the tpphz ligand. The complexes&eaceptminescent in
acetonitrile. Quenching of the luminescence by water has been attributed to proton quenching at the phenazine
nitrogen atoms.

Introduction spacers is the possible rotation around thonds, which
decreases the long-distance electronic coupling between the
terminal sites by loss of coplanearity of theelectrons or
aromatic parts.

As part of a larger project involving the study of long distance
electron transfer through polyaromatic molecules, we have
prepared the fully conjugated bridging ligand tetrapyrido[3,2-
a2,3-¢3',2'-h:2"",3"-j]phenazine (tpphz). This ligand and
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The increasing interest in dinuclear ruthenium and osmium
compounds stems mainly in their intense metal to ligand charge
transfer in conjunction with favorable photostability, which
allows photoinitiated energy transfer and sensitization pro-
cesses. Multielectron-transfer systems that are photochemically
and electrochemically acti¥evith possible applications as two
electron-transfer reagents in water splitting deviagsfor the
study of long distance electron or energy transfer have been N _
described in the past few years. ' ‘

We have directed our efforts to the synthesis and study of N N N
rigid and conjugated dimetallic systems, with known interme-
tallic distances allowing accurate determination of the rate
constants of electron and energy transfer processes. Most ole
the systems studied up to now are linear molecules in which _ _
the two remote electrophore or chromophore sites are linked
by extended bridging spacers such as alkénalkynes> or
polyphenyls$ However the main drawback of such bridging
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its monometallic complexes are closely related to the currently
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transfer quenching; similarly, the complex [(tpy)RuO(dppi)]
was found to be a good DNA cleavage agent with high DNA
affinity. 11

We wish to report here the synthesis and characterization o

the monometallic complexes [(bpRu(tpphz)}" and [(bpy}Os-
(tpphz)E and the dimetallic complexes [(opRu(tpphz)Ru-
(bpy)]**, [(bpy)Os(tpphz)Os(bpy)**, [(bpy)Ru(tpphz)Os-
(bpy)l**, and [(bpy}Ru(tpphz)Ru(NH)s]**.

Experimental Section

Materials. 5-Nitro-1,10-phenanthroline, 1,10-phenanthroline-5,6-
dione (phendionel [Ru(bpy)Cl]-2H,0 .13 [Os(bpyXCl,]-2H,0 and
[Ru(bpy)(phendione)](P§. (Ru(phendione))? [Ru(NHz)4(acetone)-
(PR)21¢ were prepared according to the literature. [Os(kptendione)]-

(PRs)2 (Os(phendione)) was synthesized according to ref 15 and purified

by chromatography (yield: 51%). NBRF; was recrystallized several
times from ethanol and dried for 24 h at 140 under vacuum. Very
dry DMF for cyclic voltammetry was purified according to ref 17.

All other solvents and reagents used were at least reagent gradeH 3.15

quality and were used without further purification.
Methods and Instrumentation. UV—vis—near IR spectra were

taken on a Shimadzu UV-3100 spectrophotometer. FTIR spectra were

obtained using a Perkin-Elmer 1725 instrument. 1D and2INMR
spectra were recorded on Bruker WF-250 and Bruker AMX-400
spectrometers and processed with the program SwaN&iEhemical

shifts were measured with reference to the residual solvent signals.
Electrochemical measurements were performed on an Electromat 200

system. Cyclic voltammograms were obtained using a platinum

working electrode, a platinum auxiliary electrode, and a saturated
potassium chloride calomel reference electrode (Tacussel). Linear and

differential pulsed voltammetry was done using a platinum rotating

disk electrode. At the end of each experiment, ferrocene was added
as an internal standard. The potentials were then automatically

corrected for uncompensated cell resistaficédass spectra (Cl and

FAB) were recorded on a Nermag R10-R10 spectrometer. Lumines-
cence experiments were performed in air-equilibrated acetonitrile or
water solutions at room temperature. Steady-state luminescence wa
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performed on an SLM AMINCO 500 C spectrofluorimeter and peak
integrals were computed using the software package. Preliminary
studies with DNA were performed in Tris buffer at pH 7.5 with Aldrich

fcalf thymus DNA (type 1) using a procedure given in ref 8Kk.

Syntheses. Tetrapyrido[3,2a:2',3-c:3",2"-h:2"",3"'-j]phenazine
(tpphz) (1). From Phendione and Ammonium Acetate. A mixture
of 2.90 g (13.8 mmol) of 1,10-phenanthroline-5,6-dione, 15.0 g of
ammonium acetate, and 0.30 g (1.72 mmol) of sodium hydrosulfite
under argon was heated gently to 180 and maintained at this
temperature fo2 h with occasional stirring. Upon cooling, 20 mL of
water was added, and the precipitate was collected by filtration and
washed well with water, methanol, and acetone. The product was
triturated in refluxing ethanol (100 mL), hot filtered, washed with
ethanol, and dried under vacuum. Yield: 1.26 g (47%).

From Phendione and 3. 1,10-Phenanthroline-5,6-diamire(100
mg, 0.476 mmol), was added to a boiling solution of phendione (100
mg, 0.476 mmol) in methanol (20 mL). After 1.5 h of reflux, a
suspension formed; the solution was then hot filtered to recuperate a
pale yellow powder subsequently washed with methanol and diethyl
ether. Yield: 172 mg (94%). Anal. Calcd forfEl1:Ns: C, 74.99;
;i N, 21.86. Found: C, 75.51; H, 3.07; N, 21.77. MS: MH
found 385, G4H13Ns requires 385.H NMR [CDClg/trifluoroacetic
acidd)], d, ppm (multiplicity, number of protons, attributiod, J'):
10.23 (dd, 4H, a, 8.3 Hz, 1.6 Hz), 9.49 (dd, 4H, c, 5.1 Hz, 1.4 Hz),
8.43 (dd, 4H, b, 8.3 Hz, 5.1 Hz).

5-Nitro-6-amino-1,10-phenanthroline (2). To a suspension of 4.0
g (17.8 mmol) of 5-nitro-1,10-phenanthroline and 8.0 g (118.9 mmol)
of hydroxylamine hydrochloride in 100 mL of refluxing ethanol was
added a solutionfd g (160.4 mmol) of potassium hydroxide in 100
mL of ethanol dropwise over the course of 45 min. The reaction
mixture was refluxed for a further 30 min, cooled, and poured into
ice-cold water (300 mL). The precipitate was washed thoroughly with
water, methanol, and chloroform and dried. Yield: 1.45 g (33%). Anal.
Calcd for G,HgN4O.: C, 60.00; H, 3.36; N, 23.32. Found: C, 59.75;
H, 3.40; N, 23.30. FTIR (KBr pellets): 3401, 3266, 3143, 1631, 1596,
1263 cmt. H NMR [(CD3);S0], 8, ppm: 9.3 (d, 1H, a, 4.3 Hz); 9.2
(d, 1H, c, 8.5 Hz); 8.9 (d, 1H,'a4.3 Hz); 8.83 (d, 1H,'¢ 8.6 Hz); 8.7

{5 2H, NH); 8.0 (dd, 1H, b, 8.7 Hz, 4.3 Hz); 7.8 (dd, 1M, 8.6 Hz,

4.3 Hz).
5,6-Diamino-1,10-phenanthroline (3). To a mixture of 0.2 g (0.83

(8) (&) Friedman, A. E.; Chambron, J.-C.; Sauvage, J.-P.; Turo, N. J.; mmol) of 5-nitro-6-amino-1,10-phenanthroline and 0.1 g of palladium

Barton, J. K.J. Am. Chem. S0d.99Q 112 4960. (b) Chambron, J.-
C.; Sauvage, J.-P.; Amouyal, E.; Koffi, Row. J. Chim.1985 9,
527. (c) Hartshorn, R. M.; Barton, J. K. Am. Chem. S0d992 114,
5919. (d) Gupta, N.; Grover, N.; Neyhart, G. A.; Liang, W.; Singh,
P.; Thorp, H. H.Angew. Chem.Int. Ed. Engl.1992 31, 1048. (e)
Dupureur, C. M.; Barton, J. KI. Am. Chem. S0d.994 116, 10286.
(f) Hiort, C.; Lincoln, P.; Norde, B.J. Am. Chem. S0d.993 115
3448. (g) Holmlin, R. E.; Barton, J. Knorg. Chem1995 34, 7. (h)
Hagq, I.; Lincoln, P.; Suh, D.; Norden, B.; Chowdhry, B. Z.; Chaires,
J. B.J. Am. Chem. Sod995 117, 4788. (i) Eriksson, M.; Leijon,
M.; Hiort, C.; Norden, B.; Graslund, ABiochemistryl994 33, 5031.
() Turro, C.; Bossmann, S. H.; Jenkins, Y.; Barton, J. K.; Turro, N.
J. J. Am. Chem. Sod995 117, 9026 and references therein. (k)
Stoeffler, H. D.; Thornton, N. B.; Temkin, S. L.; Schanze, K.JS.
Am. Chem. Sod.995 117, 7119. (I) Yam, V. W.-W,; Lo, K. K.-W,;
Cheung, K.-K.; Kong, R. Y.-CJ. Chem. Soc., Chem. Comm@@95
1191.
(9) Chambron, J. C. ; Sauvage, J.&hem. Phys. Lett1991, 182 603.

(10) (a) Murphy, C. J.; Arkin, M. R.; Jenkins, Y.; Ghatlia, N. D.; Bossmann,
S. H.; Turro, N. J.; Barton, J. KSciencel 993 262, 1025. (b) Murphy,
C. J.; Arkin, M. R.; Ghatlia, N. D.; Bossmann, S. H.; Turro, N. J.;
Barton, J. K.Proc. Natl. Acad. Sci. U.S.A994 91, 1025.

(11) Gupta, N.; Grover, N.; Neyhart, G. A,; Liang, W.; Singh, P.; Thorp,
H. H. Angew. Chem., Int. Ed. Endl992 31, 1048.

(12) Amouyal, E.; Homsi, A.; Chambron, J.-C.; Sauvage, J:-FChem.
Soc., Dalton Trans199Q 1841.

(13) (a) Sullivan, B. P.; Meyer, T. Jnorg. Chem.1978 17, 3334. (b)
Giordano, P. J.; Bock, C. R.; Wrighton, M. £.Am. Chem. So&978
100, 6960.

(14) Lay, P. A.; Sargeson, A. M.; Taube, hhorg. Synth.1986 24, 291.

(15) Goss, C. A,; Abruna, H. Dnorg. Chem.1985 24, 4263.

(16) Sugaya, T.; Sano, Mnorg. Chem.1993 32, 5878.

(17) Fees, J.; Kaim, W.; Moscherosch, M.; Matheis, W.; Klima, J.; Krejcik,
M.; Zalis, S.Inorg. Chem 1993 32, 166.

(18) Balacco, GJ. Chem. Inf. Comput. Sc1994 34, 1235

(19) Cassoux, P.; Dartiguepeyron, R.; Fabre, P.-L.; De Montauzon, D.
Electrochim. Actal985 30, 1485.

on activated carbon (10% Pd) in 200 mL of refluxing ethanol was added
1.0 mL (17.2 mmol) of hydrazine hydrate (55%) dropwise over 15
min. The reaction mixture was refluxed for a further 45 min, and
filtered while hot. After concentration under vacuum, the yellow
product was precipitated from the cold filtrate by the addition of
petroleum ether (4660 °C), filtered, washed well with petroleum ether
(40-60 °C), and dried under vacuum. Yield: 140 mg (83%). Anal.
Calcd for GoHigN4: C, 68.66; H, 4.79; N, 26.65. Found: C, 68.50;
H, 4.49; N, 26.38; FTIR (KBr pellets): 3372, 3267, 1610, 1564tm
1H NMR [CDsOD], ¢, ppm: 8.93 (dd, 2H, c, 4.3 Hz, 1.6 Hz); 8.60
(dd, 2H, a, 8.5 Hz, 1.6 Hz); 7.58 (dd, 2H, b, 8.5 Hz, 4.3 Hz).

[(bpy)2Ru(tpphz)](PFe)2-5H20 (4). An amount of 88.6 mg (0.42
mmol) of 3 dissolved in hot methanol (45 mL) was added to a boiling
solution of Ru(phendione) (200 mg, 0.21 mmol) in acetonitrile (10 mL).
The solution was then heated at 80 for 6 h and within 15 min after
the addition of the ligand a color change from brown to red occured.
After the mixture was cooled to room temperature, the formerly formed
suspension was filtered off and well washed with acetonitrile. To the
concentrated filtrate a saturated aqueous;Nf solution was added
to precipitate the complex. The pure red-orange product was filtered,
washed with water, ethanol, and diethyl ether, and finally dried under
vacuum. Yield: 230 mg (93%). It could be recrystallized from a
mixture of acetonitrile/methanol/saturated Nifs to yield 196 mg
(80%) of brillant orange flakes. Anal. Calcd for 44El2gN1o-
RuRF125H,0: C, 44.19; H, 3.37; N, 11.71. Found: C, 44.28; H, 2.88;
N, 11.70. FAB-MS (3-nitrobenzylalcohol matrixywz = 943 (M —
PR)*, 798 (M — 2PFR)*.

[(bpy)20s(tpphz)](PFe)2-4H20 (5). The route for the preparation
of Os(tpphz) was analogous to that described4avith 1 equiv of
Os(phendione) for 1.5 equiv of phendiamiBeand gave after pre-
cipitation a brown product in 90% vyield. Anal. Calcd for
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CasH2gN100SRF124H,0: C, 42.31; H, 2.91; N, 11.28 Found: C, 42.46; Scheme 1. Synthetic Routes for the Preparation of the
H, 2.86; N, 11.47. FAB-MS (3-nitrobenzylalcohol matrix)yz=1735 Ligand and Complexes4, M; = Ru; 5, M1 = Os;7, M; =

(M — PRy)*, 1590 (M— 2PFR)", 1445 (M — 3PR)". M, = Ru; 8, M; = M, = Os; and9, M; = Ru and M, = Os
[(bpy)2Ru(tpphz)Ru(NH3)4](PFes)4-4H20 (6). A thoroughly deoxy- S

genated suspension of 1 equiv of Ru(tpphz) in acetone was added to N

1.2 equiv of [Ru(NH)4(acetone)(PFs). contained in a deoxygenated

flask. The initially orange solution af turned immediately red-brown ~~

on contact with the tetraammineruthenium complex. The solution was A PN

stirred at room temperature for 30 min. After addition of a saturated N NO, N

aqueous NEPFs solution, the resulting brown precipitate was filtered NS a

off and washed with water and diethyl ether. The complex was then

2

o

subjected to silica gel chromatography (acetonitrile, saturated aqueous a2, aC =
potassium nitrate (7/2.5/0.5 v/v) as eluent) to give the desired complex N -NO, Ny ;N1 N
in 68% yield. Anal. Calcd for GHaoN1RWPsF24-4H;0: C, 32.64; N SN, N> '; N
H, 2.99; N, 12.11. Found: C, 32.53; H, 2.96; N, 11.76. FAB-MS apse
(3-nitrobenzylalcohol matrix):m/z = 1403 (M — PR)*, 1259 (M — %
2P + H)". Ko S s
[(bpy)2Ru(tpphz)Ru(bpy)s](PFs)a2H,0 (7). Route A. A mixture NASANR g My opy)
of 1.2 g (2.31 mmol) of [Ru(bpyLl;]-2H,O and 0.37 g (0.963 mmol) N NH, oVN v A
of tpphz in 70 mL ethanol/water (50/50) was refluxed for 24 h. Upon 3 A
cooling, the reaction mixture was filtered and the solvent removed at a tic. c/b a
70 °C under vacuum. The residue was dissolved in 50 mL water, NN AN
filtered, and the resulting solution added dropwise to a 50 mL aqueous NS ~N' My
solution of NHiPR. The precipitate was filtered and recrystallized P4, 5 g
twice by the slow evaporation of acetone from a solution of acetone/
water. Yield: 1.37 g (84%). a e c,b‘a 62
Route B. A solution of [Ru(bpy)Cl;]-2H,0 (16 mg, 0.031 mmol) NH) R NA3
and silver triflate (16 mg, 0.062 mmol) in DMF (5 mL) was stirred for o ‘{N NONCNT IS
10 min at room temperature. After centrifugation to remove silver Z 6 4

chloride and a wash of the vessels with 5 mL of DMK30 mg, 0.025
mmol) dissolved in 5 mL of DMF was added to the collected blood- ) )
red solution. The reaction mixture was then deoxygenated before beingResults and Discussion

heated at 120C for 2 h. The deep red solution was cooled to room . .
temperature, filtered and stored overnight &tClafter addition of a Syntheses. The outline of the syntheses of the ligand and

saturated aqueous ammonium hexafluorophosphate solution untilthe complex_es 'S_prese_nted in Scheme l'_ The ligand tfphz
cloudiness appeared. The precipitated product was filtered off, washedC@n be obtained in a single step by reaction of 1,10-Phenan-
with water, ethanol, and diethyl ether and finally dried under vacuum tr;r0|inbe'5,6'di0”ed(pbhendi029) with amTonfi]umd'acetalm'ahn 56
to yield 35.5 mg (76%) of a pure red powder. also be prepare y condensation of phendione wit ,6-
Anal. Calcd for GsHaN1RWPF4-2H,0: C, 42.07; H, 2.65; N, diamino-1,10-phenanthroling. The latter was prepared by
10.73. Found: C, 41.98; H, 2.73; N, 10.59. FAB-MS (3-nitrobenzy- amination of 5-nitro-1,10-phenanthroline with hydroxylamine
lalcohol matrix): m/z = 1647 (M — PF)*, 1502 (M — 2PF)*. in basic mediun®® and the subsequent reduction of 5-nitro-6-
[(bpy)20s(tpphz)Os(bpy}l(PFs)s-4Hz0 (8). A solution of [Os(bpy} amino-1,10-phenanthroling, Reaction ofl with [M(bpy).Cl2]
Clz]-2H;0 (49 mg, 0.085 mmol) and 1 equiv 5{88 mg, 0.071 mmol)  (route A) slowly produces the homodinuclear complex [(Bldy)
|n_ethylene glycol (20 mL) was trloroughly deoxygenate(_j. The purple (tpphz)M(bpy}]**. The low solubility of1 in most solvents
brown. The solion was cooled t foom temperature folowed by the PTEVeNts efficlent synthesis of the mononuclear complexes
' [(bpy)M1(tpphz)F™ (M1 = Ru, 4, and My = Os,5) since these

addition of an equal volume of a saturated agueous ammonium
hexafluorophosphate solution under vigorous stirring. The brownish mononuclear complexes are much more soluble than the free

solid was collected and washed with water, small amounts of ethanol, ligand. However, these complexésand 5 can be easily
and diethyl ether. Purification by chromatography on silica gel column 0btained by condensation of 5,6-diamino-1,10-phenanthroline,
was performed with a mixture of acetonitrile, water, saturated aqueous 3, with the precoordinated phendione in {fdpy)phendione}*.
potassium nitrate and butan-1-ol (5.5/2.5/0.5/0.5 v/v) as eluent. The It must be emphasized that, due to the deactivating effect of
collected brown fractions were regrouped and concentrated in vacuo.the tppz phenazine part, this condensation reaction is signifi-
Excess nitrate salt was filtered off by adding acetone to the brown cantly slower (completed in 6 h) than that withphenylene-
solution, and the flask was washed with acetonitrile to dissolve the diamine (15 min in boiling ethanol). This synthetic route allows
remaining complex. After subsequent concentration on the rotatory the synthesis of monometallic complexes bearing very, or even

evaporator, an excess of WP was added to precipitate the com- g . - : . . .
plex as a pure brown powder. Yield: 92 mg (53%). Anal. Calcd for fully, insoluble ligands without formation of dimetallic species.

CoHaN1OSPFoe4H,0: C,37.65; H, 2.57; N, 9.61. Found: C,37.75, Reaction ofd and5 with *Ru(NHs)s” or *M 2(bpy),” yielded

H, 2.50; N, 9.67. FAB-MS (3-nitrobenzylalcohol matrixyz = 1825 the complexes, 7 (M1 = Mz = Ru), 8 (M1 = Ru, M, = Os),

(M — PR)*, 1680 (M — 2PR)™, 1534 (M — 3PR)", 1390 (M — and 9 (M; = My = Os). All these complexes have been

4PR)". obtained as Pfsalts and purified by chromatography. They
[(bpy)2Ru(tpphz)Os(bpy)](PFe)4:8H20 (9). This complex was have been characterized by elemental analysis, FAB mass

prepared in an analogous manner 8cexcept that the ruthenium spectrometry (see Experimental Section) and 1D andi2D

monometallic compleX was used in place of the osmium monometallic  NMR spectroscopy.

complex 5. The heterodinuclear complex was then purified by 1H NMR Spectra. The'H NMR spectra of these complexes

chromatography on silica gel column (acetonitrile, water, and saturated have been assigned with the aid of COSY spectra in the aromatic
aqueous potassium nitrate (64:30:6.v/v) as eluent) and treated as above.

Yield: 105 mg (61%). Anal. Calcd for &H44N140SRURF24:8H,0: o . - .
. } . ' ) (20) For similar amination of heterocycles, see for example: (a) Savosin,
C, 37'97_' H, 2.99; N, 9.69. Fo_und. C,37.91,H,2.84; i\" 9.61. FAB- 1. V.; Shaburov, V. V.Zh. Org. Khim.199Q 26, 1790. (b) Nasielski-
MS (3-nitrobenzylalcohol matrix)ym/z = 1735 (M — PR;)*, 1590 (M Hinkens, R.; Benedek-Vamos, M.; Maetens, D.; NasielskiJ.J.
— 2PR)*, 1445 (M — 3PR)™. Organomet. Cheml981, 217, 179.
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Table 1. *H NMR Data for the Complexe4—9?
4p 5¢ 6 7 8 9
a 9.82; 2H; dd 9.60; 2H; dd 10.03; 2H; dd 10.23; 4H, dd 9.76; 4H; dd 10.02; 2H; dd
8.2,1.7 8.1, nr 8.2,1.2 8.0, nr 8.2,1.2 8.2,1.3
b 7.96; 2H; dd 7.83; 2H; dd 8.66; 2H; dd 8.27; 4H; dd 7.94; 4H, dd 8.06; 2H; dd
8.2, nr 8.3,5.5 8.2,5.4 8.0,5.7 8.2,5.5 8.2;5.5
c 8.92; 2H; dd 8.49; 2H; nr 8.34; 2H; dd 8.48; 4H; dd 8.25, 4H; dd 8.35; 2H; dd
45,17 nr 54,12 5.7,nr 55,12 54,13
a 9.69; 2H; dd 9.14; 2H; dd 8.79; 2H; dd 9.80; 2H; dd
8.2,1.3 8.3, nr 8.1,1.1 8.2,1.1
b' 7.96, 2H; dd 7.83; 2H; dd 8.14; 2H; dd 7.97; 2H; dd
8.2, nr 8.3,5.5 8.1,5.5 8.2;5.4
c 8.30; 2H; dd 8.24; 2H; dd 8.61; 2H; dd 8.28; 2H; dd
54,13 5511 5511 5511
3 8.61;2H;d 8.62; 2H; d 8.64; 2H; d 9.05; 4H; d 8.59; 4H; d 8.84; 2H; d
8.6 8.1 8.0 8.7 9.4 7.7
4 8.18; 2H; t 8.00;.2H; td 8.20; 2H; td 8.39; 4H; td 7.98; 4H; td 8.20; 2H; td
8.2;15 81,11 8.0,14 83,11 8.2,15 8.0,14
5 7.53; 2H; ddd 7.47; 2H; ddd 7.55; 2H; ddd 7.72; 4H; ddd 7.44; 4H; ddd 7.55; 2H; ddd
6.6, 1.3, nr 6.7, 1.3, nr 6.6, 1.2, nr 6.6, nr 6.7,1.3,nr 6.7,1.2,nr
6 7.97;2H; d 8.08; 2H; d 7.94; 2H; d 8.47;4H; d 7.82;4H; d 7.97;2H; d
4.9 5.4 4.9 5.3 5.4 5.6
3 8.58; 2H; d 8.57;2H; d 8.60; 2H; d 9.01; 4H; d 8.55; 4H; d 8.60; 2H; d
9.2 8.3 8.4 8.7 9.4 8.3
4 8.08; 2H; td 7.89; 2H; td 8.09; 2H; td 8.27; 4H; td 7.88; 4H; td 8.09; 2H; td
8.2,15 78,13 8.0,15 7.6,1.7 8.1,0.8 7.3;nr
5 7.34, 2H; ddd 7.30; 2H; ddd 7.32; 2H; ddd 7.34; 4H; ddd 7.20; 4h; ddd 7.32; 2H; ddd
6.6, 1.3, nr 6.7, nr 6.4,1.2, nr 6.6, nr 6.7,1.3,nr 6.7,1.2,nr
6 7.93; 2H;d 7.87;2H; d 7.80; 2H; d 7.92; 4H; d 7.68; 4H; d 7.80; 2H; d
5.7 47 49 5.6 5.7 5.7
3" 8.62; 2H; d
7.3
4" 8.01; 2H; td
8.2,1.2
5" 7.47; 2H; ddd
6.7,1.2,nr
6" 7.84; 2H; d
5.8
3" 8.58; 2H; d
8.0
q" 7.93; 2H; td
8.1, nr
5" 7.23; 2H; ddd
6.7,1.2, nr
6" 7.70; 2H; d
5.6

aMeasured at 250 MHz in C{TN at 297 K. The atom labeling scheme is shown in Scheme 1. Respectively: chemical shift (ppm), number
of protons, multiplicity,J (Hz), J' (Hz). Multiplicity abbreviations: s= singlet, d= doublet, dd= doublet of doublets, ddet doublet of doublets
of doublets, td= triplet of doublets, n= not clearly resolved (overlap or shouldeét)Concentration= 6.6 x 10-3 mol L~%. ¢ Concentratior= 6.4
x 107°mol L.

region. The results are presented in Table 1. Comparison ofthe effect of Ru(NH)4 on the ancillary ligands electron density
the chemical shifts shows that, for a given proton, the absorptionis in the same range than that of Os(bpy)This is also

moves downfield in the order: uncomplexed eBd8, 4, 9 ~

6, 7. This variation can be interpreted in terms of electronic (vide infra).
effects, since very similar geometries around the metal atoms Surprisingly enough, theéH spectra of the monuclear

in the bipyridyl osmium and ruthenium complex&22 preclude
any important geometric effect.

consistent with similar oxidation potentials for these moieties

) complexes4 and 5 are very sensitive to concentration. This
Complexation reduces the gisniacement can reach 0.6 ppm between extreme conditions.

residual electron density on the ligands, which has a deshielding o g o, example, the Figure 1 shows two room temperadre

effect on the resonance field. This effect is more pronounced
with (bpy)RU' (tpphz) moiety than with (bpys'(tpphz), since

Ru' has lower energy orbitals than ©and that smaller back-
donation from Ru than for Os decreases the electron density
on the ligands. Consequently, the residual electron density on
the ligands is smaller in ruthenium complexes than in the
Comparison of [(bgRl(tpphz)Ru-
(NH3)4]** (6) and [(bpy}Ru(tpphz)Os(bpy]**" (9) shows that

osmium analogues.

(21) Cambridge Structural Database. Allen, F. H.; Kennard, O.; Taylor,
R. Acc. Chem. Red.983 16, 146.

(22) De Cola, L.; Balzani, V. ; Barigelletti, F.; Flamigni, L.; Belser, P.;
von Zelewsky, A.; Frank, M.; Vgtle, F.Inorg. Chem1993 32, 5228.

(23) Kober, E. M.; Caspar, J. V.; Lumpkin, R. S.; Meyer, TJJPhys.

Chem.1986 90, 3722.

spectra of4 at two different concentrations. The most affected
protons are clearly the tpphz protons, which move downfield
with increasing concentration, and the bpy protonswhthich
move upfield in the same conditions. These twg piotons

are the two bpy protons located above the phenanthroline part
of tpphz (Figure 2). For the other bpy protons, the chemical
shifts are not concentration dependent. We have attributed this
concentration effect to an aggregation of mononuclear species
by stacking of the tpphz parts in solution. Consistent with this

hypothesis, an increase of the temperature causes similar effects

as dilution. This aggregation, which must be very rapid with
respect to the NMR time scale, modifies the local electron

density and/or the ring current effects in the vicinity of the tpphz
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100 ' " 80 | 70
Figure 1. Proton NMR spectra (250 MHz, 298 K) dfin CDsCN at
different concentrations: (A) concentration 66102 mol L™%; (B)
concentration 2.0< 1072 mol L™,

Figure 2. View of 4 obtained from the X-ray structure coordinates of
7,” showing the position of the two d-atoms above the tpphz ligand.

ligand. It has no effect on the UWisible spectra because
MLCT band involving the tpphz phenazine part is overlapped
by much stronger metat bpy absorption bandsige infra).

Inorganic Chemistry, Vol. 35, No. 10, 1998941

LUMO +2

LUMO +1
-9.669

LUMO
-10.309

Figure 3. LUMO (—10.309 eV), LUMGH1 (—9.669 eV), and
LUMO+2 (—9.651 eV) ofl calculated by the extended-Ekel method.

MO coefficients for the three lowest lying unoccupied orbitals
of 1. The MO diagrams for the complexes are qualitatively
very similar. The HOMO is mainly localized on the metal, the
bpy ligands, and the phenanthroline partLpévith a very small
contribution from the phenazine nitrogen atoms. On the other
hand, the LUMO is mainly localized on the central phenazine
part of the ligand, with little overlap with the bipyridine ends
and small coefficients at the bipyridine nitrogen atoms. This
orbital is at significantly lower energy than the LUMO in
isolated bpy, which reflects a more pronounce@ccepting
character ofl vs bpy.

In contrast the next two MOs, LUM®1 and LUMOH+-2, are
only localized on the bipyridine ends @fwithout any contri-
bution from the phenazine central part and with large coefficients
on the nitrogen atoms bounded to the metallic center. In the

Further interpretation of these chemical shift variations is not case of metallic complexes, these LUM® (n > 1) also contain
possible without accurate knowledge of the aggregation geom-metal and 2,2bipyridine contributions. This very schematic

etry and dynamics.
This behavior is reminiscent of the packing observed in
crystals of the DNA cleavage agent [RuO(dppz)(tpy)Where

MO diagram allows the interpretation of the main features of
absorption spectra and electrochemical studies.
Absorption Spectra. As an example, the absorption spectra

it has been shown that the dppz quinoleine part has an innateof 1 (protonated)4, 7, and [Ru(bpyj]?* are shown in Figure

propensity forz-stacking!® This property is probably even

4, and Table 2 liststmax and extinction coefficients of the

more pronounced in the case of tpphz complexes due to theircomplexes withl. For comparison the data for [Ru(bgld"
larger and more accessible aromatic area. Besides, it is alscand [Os(bpyj]2* have also been included.

reflected by the very low solublity of tpphz in most solvents
when compared to dppz.
Bonding. Extended Huakel calculations were carried out in

As observed for [(bpyRu(dppz)}*, 8 the spectra retain
most of the features of the components (bpyand tpphz. They
display a strong MLCT band at 46G50 nm attributed to the

order to obtain compositions and energies of the tpphz ligand overlap of M' — bpy(z*) and M" — tpphz¢z*). This band is
orbitals and to rationalize the electrochemical and spectroscopicnot red-shifted as might have been expected with a good
results. Figure 3 shows a graphical representation of the squaredr-accepting ligand a4, and the absorption wavelengths are
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Table 2. Spectral Data
absorption emissiof
species Amadnm (1073¢/dm? mol~* cm?) Amainm (rel int); Air/nm
1, tpphZ 379 (21.3), 368 (13.0), 317 (29.3), 278 (72.3), 245 (29.3)
[Ru(bpy)]?+ ¢ 452 (14.5), 345 (sh), 323 (sh), 285 (87.1), 250 (25.1) 607 (1); 450
[Os(bpy)]2+© 579 (3.3), 478 (11.1), 436 (10.7), 290 (78.0) 743

4, [Ru(bpy}tpphzF*
5, [Os(bpy)tpphzF*

7, [Ru(bpy)tpphzRu(bpyj**
8, [Os(bpy)tpphzOs(bpyy**

9, [Ru(bpytpphzOs(bpy)*+
6, [Ru(bpyptpphzRu(NH)]**

286 (87.7), 246 (56.4)

285 (169.7), 245 (66.9)

450 (19.7), 380 (33.9), 361 (24.1), 284 (133.0), 246 (76.4)
636 (3.84), 582 (4.42), 480 (15.6), 435 (14.1), 381 (30.2), 362 (21.8),

442 (36.1), 370 (34.6), 351 (28.1), 281 (18.9), 244 (75.6)
630 (8.63), 587 (9.97), 477 (31.9), 432 (31.9), 370 (41.9), 352 (32.1),

628 (5.4), 439 (37.4), 370 (42.3), 351 (33.2), 284 (190.1), 245 (75.3)
455 (20.1), 373 (31.1), 354 (22.2), 280 (116.5), 246 (44.2)

616 (0.74); 450
738 (0.009); 478

671 (0.09); 443

618 (0.008); 440
617 (0.025); 455

a PR salts in acetonitrile unless otherwise statedl, = irradiation wavelength; rel int relative intensity with respect to 3. 18/ [Ru(bpy)s]?+
in the same conditions, excitation at 450 ntpax = maximum emission wavelengthMeasured in acetonitrile with drops of trifluoroacetic acid.

dFrom ref 12 in water® From ref 22.f From ref 23.

200 T

T -1

500

400
A (nm)

Figure 4. Absorption spectra of tpphz, (protonated form) «¢-),
[(bpy):Ru(tpph2)}, 4 (). [(bpy)Ru(tpphz)Ru(bpy}**, 7 (), and
[Ru(bpy)]?" (— —) as their PE salts, in acetonitrile solution at room
temperature.

600

very close to that of the corresponding [@py)]?". The
lowest energy MLCT band related to HOM& LUMO is
probably very weak. As indicated above, this LUMO is mainly

(Table 3). In acetonitrile, except fé&, the reductions are not
well-behaved, probably due to the adsorption of the reduced
species onto the surface of the platinum electrode, and show
abrupt and sharp adsorption and desorption spikes. In DMF
this phenomenon disappears, and the complexes display several
reversible reduction process®s.In this solvent, it was not
always possible to observe the oxidative waves due to limitation
by the solvent. Therefore, the oxidation potentials have been
recorded in acetonitrile whereas the reduction potentials have
been recorded in DMF (Table 3). Due to the poor solubility of
the free tpphz, it has not been possible to study its electrochemi-
cal behavior. The number of electrons involved in each redox
process has been estimated by linear and pulsed differential
voltammetry.

Cyclic voltammograms of the monometallic compledesnd
5 and bimetallic complexe8—9 are consistent with metal-based
reversible oxidations and several ligand-based reductions. The
oxidation potentials are very close to those of the corresponding
[(bpy)M(dppz)E" and [M(bpy)]?" (M = Ru or Os) analogues,
with little influence of the strongr-accepting character df.
This is again consistent with the fact that the HOMO has little

localized on the phenazine nitrogen atoms, with very small contribution from the phenazine part. For the dimetallic species,
coefficients on the phenanthroline nitrogen atoms. It has beenthe oxidation potentials are not much affected by the second

shown by Kaim et at*~28 that the extinction coefficients are
directly correlated to the molecular orbital coefficients through

complexation. Hence, iB, the oxidation of the (tpphz)Ru
(NH3)42" moiety (0.61 V) is between that obtained in similar

small oscillator strength. This weak absorption is overlapped monometallic complex [(bpym)R@NH3)4]2+ (0.66 V5 (bpym

by the intense HOMO to LUM&1 and HOMO to LUMGH+2
bands involving two unoccupied orbitals with large coefficients
on the phenanthroline part éfand on the M(bpy) fragments
and with a MO composition similar to that found in [(M(b-
py)s]4™ complexes.

At higher energy (356390 nm), the spectra display two sharp
bands characteristic df, corresponding to (tpphz)r z* and
(tpphz)r — z* transitions, with increasing energy from the free
protonated ligand, to 5, 4, 6, and then7—9. Below 350 nm,
the strong bands can be attributed to (bpy) 7* and (tpphz)r
— a*.

Electrochemistry. The electrochemical behaviors of the
complexesA—9 have been studied in acetonitrile and in DMF

(24) (a) Ernst, S. D.; Kaim, WJ. Am. Chem. Sod.986 108 3578. (b)
Ernst, S. D.; Kaim, Wlnorg. Chem.1989 28, 1520.

(25) (a) Curtis, J. C.; Roberts, J. A.; Blackbourne, R. L. ; Dong, Y.;
Massum, M.; Johnson, C. S.; Hupp, JIdorg. Chem1991, 30, 3856.
(b) Chang, J. P.; Fung, E. Y.; Curtis, J. @org. Chem.1986 25,
4233. (c) Roberts, J. A.; Bebel, J. C.; Absi, M. L.; Hupp, JJTAm.
Chem. Soc1992 114, 7957. (d) Pavinato, R. A.; Walk, J. E.; McGuire,
M. E. Inorg. Chem.1993 32, 4982.

(26) Gutmann, V.; Wychera, BEnorg. Nucl. Chem. Lett1966 2, 257.

(27) Rillema, D. P.; Allen, G.; Meyer, T. J.; Conrad, Borg. Chem1983
22, 1617.

(28) Richter, M. M.; Brewer, K. Jinorg. Chim. Actal991, 180, 125.

= 2,2-bipyrimidine) and in [(bpy)RUNH3)4%" (0.51 V)30
Furthermore, the voltammograms of the homodinuclear com-
plexes7 and8 show only one two-electron reversible oxidation
wave. This confirms that the long intermetallic distance, 12.7
A from the X-ray structure of7,” precludes any important
coulombic interaction between these remote metallic centers.
The complex6 contains the solvent-sensitive moiety'iRdH3)4

and is similar to other bimetallic complexes for which the re-
dox potentials could be tuned by varying the soh&@nt-or
instance, in DMF (Gutmann donor number (D¥N)26.6¢°-26
E1s(RU'(NH3)s) = 0.46 V. This cathodic shift of 0.15 V vs
CH3CN (DN = 14.1) is consistent with a better stabilization of
the ammine part in DMF than in GEN.

Except for 6, which shows two irreversible waves, the
reduction parts of the cyclic voltammograms display successive
reversible reduction processes (Scheme 2). In contrast with the
oxidation properties, the first one-electron reduction processes

(29) This behavior has also been observed in similar complexes containing
large aromatic ligands; see for example: (a) Richter, M. M.; Brewer,
K. J.Inorg. Chem1993 32, 2827. (b) Downard, A. J.; Honey, G. E.;
Phillips, L. F.; Steel, P. Jnorg. Chem.1991, 30, 2259.

(30) Juris, A.; Barigelletti, S.; Campagna, S.; Balzani, V.; Belser, P.; von
Zelewski, A.Coord. Chem. Re 1988 84, 85 and references therein.
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Table 3. Half-Wave Potential€ (V) for the OxidationE,x and the Reductiolteq of the Complexes®

species Eoxt Eoxz Ered1 Ered2 Ereds Ereds
[Ru(bpy)]?+© 1.27 -1.31 —~1.50 -1.77
[Os(bpy)]?Hd 0.78 —1.30 —1.48 —-1.78
[Ru(bpyk(dppz)R+© 1.33 —-0.88 -1.31 —1.51 -1.83
4, [Ru(bpy)(tpphz)p* 1.33 -0.87 -1.33 —-151 -1.73
5, [Os(bpy)(tpphz)R*+ 0.88 -0.87 —1.24 —1.53 -1.79
6, [Ru(bpyk(tpphz)Ru(NH)4]** 0.61 1.32 —0.81ir —1.27ir ca—1.51ir

RU(NH;)4 Ru(bpy}

7, [Ru(bpy)(tpphz)Ru(bpyj]+* 1.34 (2 Ru) —0.71 —1.31(2¢€) —151(2¢€) —1.72
8, [Os(bpyX(tpphz)Os(bpy]** 0.89 (2 Os) -0.70 —-121(2¢e) —-1.44(2¢€)
9, [Ru(bpy)(tpphz)Os(bpyg** 0.89 (Os) 1.33 (Ru) —0.70 —-1.27 (2 €) —1.48 (2 €) —1.66

aUnless otherwise noted the oxidation potentials are gixe8CE in CHCN and the reduction potentials are gives\SCE in DMF; in both
cases the supporting electrolyte is 0.1 M NBE; at room temperature; scan speed 0.1°Y 8 All complexes are Pfsalts unless otherwise stated.
¢ From ref 27.9 From ref 28 after reference electrode correctiet® 04 V). Obtained vs SCE from ref 17 by addition of FcfFgotential (0.48

V) correction.” Supplementary reversible wave -a.06 V.

Scheme 2. Reduction Processes of the Monometadliand
5 and the Dimetallic/—9 Complexes

[(bpy)aM(tpphz)]2* [(bpy)2MI(tpphz)M!I(bpy)a]+
Ered1 Eredl
le le
[(bpy)2M(tpphz-)]* [(bpy)2M"(tpphz--)M(bpy )]+

Ered2 Ered2

2,2-bipyridine ligands on each metallic end, to give the species
[(bpy)(bpy ~)M(tpphz )] or [(bpy)(bpy ~)M(tpphz~)M(bpy ~)-
(bpy)I*. Just as for the oxidation, in the case of the dinuclear
7-9, the two one-electron reductions of the remote bpy appear
again at the same potential, indicating that the two sites are not
interacting. The same reasoning can be applied to the third
reductions which appear at aroundl.5 V, i.e. only 0.2 V
above the second reduction potential, at values close to the

second reduction potentials for [M(bg}3™ (M = Ru or Os).
Therefore these third reductions yield the species [(bpy
(bpy)M(tpphz™)]~ or [(bpy™)(bpy~)M(tpphz~)M(bpy")-
(bpy7)]-. As expected for bpy-localized processes, these
second and third reductions are not sensitive to traces of water.

The fourth reduction potentials at arourd..7 V are one-
electron processes for both the monometallic and the dimetallic
complexes. They could correspond to a second reduction of
the complexed tpphz. As noted by Kaiet al. for dppz
complexes; the potential difference between the first reduction
and the second reduction of tpph&y1 — Ereqsa = 0.9 V for
the mononuclead and5, 1.0 V for the dinuclear complexes
7—9) is the same as for phenaziffe Traces of water cause an
anodic shift of 80 mV, again assumed to be related to a
protonation of the very basic phenazine nitrogen atoms of the
doubly charged tppRz.

Luminescence. Preliminary luminescence studies show that
all of the complexe<—8, but not the homodinuclear osmium
complex6, are luminescent in dry acetonitrile when irradiated
in the MLCT transition (Table 2). The mononuclear ruthenium
complex4 shows substantial luminescence with a maximum at
616 nm, a value very close to that of [Ru(bglyj. The
mononuclear osmium compleXx is also luminescent with a
maximum at 738 nm, with a smaller luminescence quantum
yield as always observed for the osmium compleReghe
emission wavelengths of the complex@&17 nm) and (618
nm), which can be considered to be made of a complaxked
to a nonemitting fragment Ru(N4 or a weakly emitting Os-
(bpy), are the same as fat. However, the quantum yields
are much smaller, due to partial oxidative quenching of the
luminescence of the (bpyRu(tpphz) moiety.

This luminescence is quenched by water and only very weak
emission is observed in aqueous mediwa @50-fold weaker
than in acetonitrile). The luminescence of the mononudlear
and5 in aqueous medium (Tris buffer, pH 7.5) is restored by

le’ 2e

[(bpy)(bpy+)MII(tpphz-")] [(bpy)(bpy-- MU (tpphz-- )M (bpy--)(bpy)I*
Ered3 Ered3

J le 2e

[(bpy+")(bpy - )M!I(tpphz+")]- [(bpy+")(bpy - )M (tpphz- M (bpy+-)(bpy-)]

Ered4 Ered4
le’ le

[(bpy-")(bpy+ )M (tpphz2-)]>- [(bpy*")(bpy-" )M (tpphz2)MI(bpy-)(bpy+)1>

show that these complexes are significantly better electron
acceptors than [M(bpy)?" (M = Ru or Os) byca. 0.4 V for
the monometalliel and5, and byca. 0.55 V for the bimetallic
6—9. This is consistent with the addition of one electron on
the low energy LUMO mainly localized on the phenazine part
of 1 to give complexes [(bpyM(tpphz™)]*t or [(bpy)-
M(tpphz~)M(bpy)]®t. Furthermore, addition of traces of water
in the DMF solutions off and7 induces a 25 mV anodic shift
which can be attributed to a protonation of the phenazine part.
As expected, thist* LUMO for the monometallic4 or 5 is
stabilized by further complexation l3a. 70 mV. In our case
this stabilization of the tpphz* orbital by addition of a second
M(bpy)2" is significantly smaller than for most bimetallic
analogues, where the anodic shift of the first reduction is in the
300-400 mV range Again, this small shift can be attributed
to the small overlap of the LUMO with the metallic ends.

The second reductions at arourd.3 V add one (fod and
5) or two (for 7—9) electrons in the bpy type LUM®L1. These
values are close to the first reduction potentials of [M(B]3Yy)
(M = Ru or Os) and significantly less negative than the second
reduction for mosto-diimine complexes [Ru(bpyl.]2*.240.26
This indicates that there is no interaction with the first electron
in the LUMO, which would have shifted the potential toward
mF’re_ negative _poteljtials. This ContraSt_S V\_/ith mO_St Oth_er 31) See for example: (a) Richter, M. M.; Brewer, Kldorg. Chem1992
bridging ligands in which the second reduction in the bimetallic 31, 1594. (b) Richter, M. M.; Brewer, K. Jnorg. Chem.1993 32,
complex is at a potential comparable to the first reduction in 2827.
the corresponding monometallic complex, and is attributed to (32) X") ﬁgm V\X,_Agﬁgx'_ %2‘?%@'{‘&52'{2’59‘983 22,171. (b) Schultz,
a second reduction of the bridging ligafidlt is therefore very

3 g b (33) Juris, A.; Balzani, V.; Campagna, S.; Denti, G.; Serroni, S.; Frei, G.;
likely that this second electron is located on one of the two Gidel, H.Inorg. Chem.1994 33, 1491.
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Figure 5. CPK model for1l obtained from the X-ray structure
coordinates of7.”

Bolger et al.

proton transfer or H-bond formation. As shown in Figure 5,
the access of electrophiles to these basic centers is partially
impeded by steric crowding, which is even more important for
1 than for dppz. Only small electrophiles, such as, ldan
access the nitrogen atoms buried in this hydrophobic environ-
ment, and this access is even more difficult for tpphz than for
dppz. In hydrophobic media, or when the complex is interca-
lated in DNA, the tpphz nitrogen atoms are fully shielded from
water preventing then proton quenching.

In conclusion, we have synthesized two monometallic
ruthenium and osmium complexes containing the fully conju-
gated tpphz ligand. Taking advantage of the bridging character
of this ligand, we have prepared a series of homo and
heterodinuclear ruthenium and osmium complexes. We are
currently extending this strategy to longer bridging ligands and
to oligonuclear complexes. Our findings have shown that, in
many aspects, the “molecular switch” properties of these tpphz
complexes were very close to that of the much studied dppz
complexes. Future investigations will focus on interactions with
DNA, and on photophysical and electrochemical properties of

addition of DNA (enhancement 80 times). This behavior is very these products.

similar to that of [(bpy)Ru(dppz)f"™ and can probably be
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