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Using a tridentate bis-amide ligand 2,6-his(N-phenylcarbamoyl)pyridine (H.L), in its deprotonated form, a new
mononuclear ruthenium(lll) complex [EtzN]J[RuL2]-H.O (1) has been synthesized. Structural analysis reveals that
the RuNg coordination comprises four deprotonated amide-N species in the equatorial plane and two pyridine-N
donors in the axial positions, imparting a tetragonally compressed octahedron around Ru. To the best of our
knowledge, this is the first time that a ruthenium(lll) complex coordinated solely by two tridentate deprotonated
peptide ligands has been synthesized and structurally characterized. When examined by cyclic voltammetry, complex
1 displays in MeCN/CH,Cl, solution three chemically/electrochemically reversible redox processes: a metal-centered
reductive Ru"-Ru" couple (Ei, = —-0.84/-0.89 V vs SCE) and two ligand-centered oxidative responses (Ei, =
0.59/0.60 and 1.05/1.05 V vs SCE). Isolation of a dark blue one-electron oxidized counterpart of 1, [RuL]-H,0 (2),
has also been readily achieved. The complexes have been characterized by analytical, solution electrical conductivity,
IR, electronic absorption and EPR spectroscopy, and temperature-dependent magnetic susceptibility measurements.
For complex 1, a weak and broad transition within the t,q level has been identified at ~1400 nm and supported
by EPR spectral analysis (S = %/,). Temperature-dependent magnetic susceptibility data provide unambiguous
evidence that in 2 strong antiferromagnetic coupling of the S = %/, ruthenium atom with the S = 1/, ligand 7-cation
radical leads to an effectively S = 0 ground state (*H NMR spectra in CDCl; solution).

Introduction of the one-electron oxidized form of six-coordinate low-spin

iron(Ill) complexes of type [(bpb/Mgpb)Fe(CNj]~ [Hbpb

= 1,2-bis(pyridine-2-carboxamido)benzene;Mésbpb =

1,2-bis(3,5-dimethylpyridine-2-carboxamido)-4,5-dimethyl-

benzene]. For such oxidized complexes, strong intramolecular

antiferromagnetic coupling|f2J| = 450 cn1?; singlet-

* To whom correspondence should be addressed. E-mail: rma@iitk.ac.in. triplet energy gap is expressed in terms of Bgtween the

(1) Marlin, D. S.; Mascharak, P. kKChem. Soc. Re 200 29, 69. metal unpaired d electroiB& Y/,) and the unpaired electron

2 (a)gChgelZ‘ilFo- Ak-); %Ihmsteadi:MAMa IMatschng\t/lI(, l\ljl-l_rh’f\)/:rg- Chhen:(- o of ligand -cation radical $ = /), yielding an effectively
&?Ir?org.’ Cheni1(9)97, 36,6323, (c) Marin. . S.: Olmstead. M. M.~ S= 0 ground state for the iron(l1) complex, was observed.
Mascharak, P. Klnorg. Chem.1999 38, 3258. Noveron, J. C.;  Che et al. reported that low-spin iron(lll) complexes of type
Olmstead, M. M.; Mascharak, P. K. Am. Chem. Sod.999 121, [Fe(bpc)(LY][CIO,] [Hzbpc = 1,2-bis(pyridine-2-carbox-

3553. (d) Marlin, D. S.; Olmstead, M. M.; Mascharak, P.IKorg. . - ¢
Chim. Acta200Q 297, 106. (e) Marlin, D. S.; Olmstead, M. M.; amido)-4,5-dichlorobenzene,=£ BusP, Im, 1-Melm,'Bu(py)]

There has been a growing interest in the development of
coordination chemistry of deprotonated peptide ligands
derived from 2,6-pyridinedicarboxylic acid toward transition
metal ionst> Recently, wé and othersreported isolation

Mascharak, P. KJ. Mol. Struct.2009 554, 211. (e) Noveron, J. C.; exhibit well-behaved one-electron ligand-centered oxidation
Olmstead, M. M.; Mascharak, P. K. Am. Chem. So001, 123 g . . S
3247. (f) Marlin, D. S.: Olmstead, M. M.; Mascharak, P. IKorg. processe .They observed similar ligand-centered oxidation
Chem.2001, 40, 7003. processes with Co(I18° Rh(Ill),8¢ and Ir(l11)é complexes
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36, 3568. (b) Patra, A. K.; Mukherjee, Rorg. Chem1999 38, 1388.
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Inorg. Chem1997, 36, 4743. (b) Yano, T.; Tanaka, R.; Nishioka, T.; Chem. Soc., Dalton Tran$993 2451 and references therein. (b) Patra,
Kinoshita, I.; Isobe, K.; Wright, L. J.; Collins, T. £hem. Commun. A. K.; Ray, M.; Mukherjee, R.Inorg. Chem.200Q 39, 652 and
2002 1396. references therein.
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of bpb(2-) and bpc(2-). But in either case, the oxidized bamoyl)pyridine and tetra-butylammonium perchlorate (TBAP)
products were not isolated, and their full characterization was were prepared as befoté! [Ru(DMSO)CI,] was prepared fol-
not attempted. lowing a reported procedufé.

As a part of this program, we have developed the Synthesis of Metal Complexes. (a) [BN][RuL 2]-HzO (1). The
coordination chemistry of the tridentate dianion of 2,6-bis- 192nd FL (0.1, 0.315 mmol) was dissolved in dinitrogen-flushed
(N-phenylcarbamoyl)pyridine (#), and in the process, a N,N'-dimethylformamide (DMF) (15 mL), and to it was added solid

o NaH (0.015 g, 0.628 mmaol), resulting in a light yellow solution.
number of complexes of the type [MEE[M = Fe(lll) and 14 \yas added solid [Ru(DMSGGI] (0.076 g, 0.157 mmol)
Co(lll) (z = 1-); Ni(Il) (z = 2-); Ni(IV) (z = 0)] have

] ' under dinitrogen atmosphere. The resulting solution was stirred for
been synthesized and characterized by X-ray crystallogra-10 min and refluxed fo6 h during which a color change to dark
phy2 Each complex contains two meridionally coordinated red was observed. To this was added solidNEEI-xH,0 (0.052
tridentate ligands to impart a tetragonally compressed g, 0.314 mmol), and stirring was continued for 10 h. Removal of
octahedral geometry about the metal ion. It is worth the solventwas followed by addition of MeCN (5 mL) and filtration.
mentioning here that the one-electron oxidation processesSlow evaporation afforded crystalline reddish-brown precipitate,
observed for [Fel]~ and [Coly]~ were arbitrarily assigned which was filtered and washed with 5 mL of MeCGELO (1:5
as ligand-centered. viv). T)he solid thus collected was dried in air (yield: 80 mg,
Collins et al. have shown that redox-inert macrocyclic ~o8%). . .
tetraamidoN ligands are capable of stabilizing unusual non- Characterization. Anal. Caled for GeHagN7OsRu: C, 62.79;

. o . H, 5.46; N, 11.15. Found: C, 63.00; H, 5.50; N, 11.10. Conductivity
oxo high-valent transition metal ions such as cobalt(IV) and (MeCN. ~1 mM solution at 298 K): Ay = 125 Q-1 cn? mol--

i_ron(IV_).9 Th_ey also demonstrated that such a _macro<_:yc|ic (expected randé for 1:1 electrolyte: 126160 Q-1 cr? mol-3).
ligand is noninnocent and structurally characterized a ligand apsorption spectrumifna, nm €, M~ cm3]: (in MeCN) 250
w-cation radical complex of Co(lI}° Therefore, we felt that,  sh (27 700), 300 sh (13 500), 383 (11 200), 440 sh (8300), 1410
by using a bis-ligand complex of ruthenium(lll) supported (270); (in CHCl,) 254 sh (28 050), 304 sh (13 450), 388 (11 400),
by ligand L(2-), which interestingly provides nonmacro- 440 sh (8820).

cyclic tetraamidaN coordination in the equatorial plane, it (b) [RuL,]*H.O (2). To a magnetically stirred solution of
might be possible to generate and characterizeV[Rji [ELN][RUL]-H20 (1) (0.080 g, 0.09 mmol) in MeCN (3 mL) was
species. This hope was fueled by the added expectation thatddded a solution of (NE.Ce(NQy)s (0.060 g, 0.109 mmol) in
for ruthenium, the generation/stabilization of the non-oxo MeCN (3 mL)drOpW'S?' The dark blue compqund that prec'p'tat?d
ruthenium(1V) state would be facilitated. Our approach to out was collected by filtration and washed with MeCN. The solid

. . thus obtained was dried in vacuo (yield: 55 mg83%).
this problem has been to work out a synthetic method to Characterization. Anal. Calcd for GeHosNgOsRU: C, 60.87:

isolate a bis-ligand complex of ruthenium(lll) that would 4 374- N 11.21. Found: C. 60.94: H. 3.80: N. 11.20. Conductivity
allow the oxidized species to be isolated in the analytically (pmF, ~1 mM solution at 298 K): Ay = 16 Q cn? mol-?

pure form and to assign the correct formulation of such (expected rangdé for 1:1 electrolyte: 6590 Q~* cn? mol-2).
species. In the present work, we have studied the rutheniumAbsorption spectrumfua, NmM €, M~ cmY)]: (in CH,Cl,) 303
chemistry with tridentate ligand #, in its deprotonated (16 000), 360 sh (11 520), 658 (11 656H NMR (400 MHz,
form. Here, we report the isolation and characterization of CDCk): 6 7.814 (2H, d, py-3,5-H), 7.655 (1H, t, py-4-H), 7.057

the ruthenium(lll) complex [EN][RuL,]-H.O (1), including
X-ray crystallography, and to firmly establish whether {2

is noninnocent, we prepared the one-electron oxidized
complex [Rulz]-H20O (2) and characterized it to a reasonable
level of confidence.

R=R'=H; H;bpb HlL

R =H, R'=CI; Hybpc
R =R'=Me; H,Megbpb

Experimental Section

Materials and Reagents.All reagents were obtained from

(3H, m, aromatic-3,4,5-H), 6.617 (2H, d, aromatic-2,6-H), 1.581
(s, HO).

Physical MeasurementsElemental analyses were obtained at
the Department of Chemistry, Indian Institute of Technology
Kanpur, India. Conductivity measurements were done with an Elico
type CM-82T conductivity bridge (Hyderabad, India). Spectroscopic
measurements were made using the following instruments: IR (KBr,
4000-600 cnt?l), Briker Vector 22; electronic, Perkin-Elmer
Lambda 2; X-band EPR, Varian 109 C (fitted with a quartz dewar
for measurements at liquid-dinitrogen temperature), the spectra were
calibrated with diphenylpicrylhydrazyl, DPPHj & 2.0037).

Magnetic Measurements. Temperature-dependent magnetic
susceptibility measurements on solid samples afid2 were done

(9) (a) Anson, F. C.; Collins, T. J.; Coots, R. J.; Gipson, S. L.; Richmond,
T. G.J. Am. Chem. S0d.984 106, 5037. (b) Collins, T. J.; Kostka,
K. L.; MUinck, E.; Uffelman, E. SJ. Am. Chem. So499Q 112, 5637.
(c) Collins, T. J.; Fox, B. G.; Hu, Z. G.; Kostka, K. L.; Nk, E.;
Rickard, C. E. F.; Wright, L. JJ. Am. Chem. S0d.992 114, 8724.
(d) Kostka, K. L.; Fox, B. G.; Hendrich, M. P.; Collins, T. J.; Rickard,
C. E. F.; Wright, L. J.; Muck, E.J. Am. Chem. S04993 115, 6746.

commercial sources and used as received. Solvents were dried(1g) Coliins, T. J.; Powell, R. D.: Slebodnick, C.; Uffelman, E.JSAM.

purified as reported previously. The ligand 2,6-bigthenylcar-

(8) (a) Che, C.-M.; Leung, W.-H.; Li, C.-K.; Cheng, H.-Y.; Peng, S.-M.
Inorg. Chim. Actal992 196, 43. (b) Mak, S.-T.; Wong, W.-T.; Yam,
V. W.-W,; Lai, T.-F.; Che, C.-MJ. Chem. Soc., Dalton Tran$991,
1915. (c) Mak, S.-T.; Yam, V. W.-W.; Che, C. M.; Mak, T. C. \0.
Chem. Soc., Dalton Tran499Q 2555.
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(11) (a) Ray, M.; Mukerjee, S.; Mukherjee, R.Chem. Soc., Dalton Trans.
199Q 3635. (b) Gupta, N.; Mukerjee, S.; Mahapatra, S.; Ray, M.;
Mukherjee, RInorg. Chem.1992 31, 139.

(12) Evans, I. P.; Spencer, A.; Wilkinson, &.Chem. Soc., Dalton Trans.
1973 204.

(13) Geary, W. JCoord. Chem. Re 1971, 7, 81.
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in the ranges 8k T < 300 K and 54< T < 300 K, respectively,
using a locally built Faraday balance. The sétapnsists of an

Table 1. Data Collection and Structure Refinement Parameters for
[EtN][RUL2]-H20 (1)

electromagnet with constant-gradient pole caps (Polytronic Cor- param 1
poration, Mumbai, India), Sartorius balance M-25-D/S {iidgen,
Germany), a closed cycle refrigerator, and a Lake Shore temperature E,\,hem formula 8%}_4§§N705Ru
controller (Cryo Industries, USA). All measurements were made temp/K 298
at a fixed main field strength of6 kG. The calibration of the MA 071073
system and details of measurements are already reported in the ~ CryStsyst monoclinic
. cryst size/mmx mm x mm 0.3x 0.2x 0.2
literature? space group colc

Solution-state magnetic susceptibilities were obtained by the alA 9.809(7)
NMR technique of Evari$ in MeCN with a PMX-60 JEOL (60 b/A 22.876(5)
MHz) NMR spectrometer. Corrections underlying diamagnetism ﬂzeg 19967034(2)
were applied with use of appropriate constéfits. pldeg 10'3_67(4)

Electrochemical MeasurementsCyclic voltammetric experi- yldeg 90.0
ments were performed at 298 K by using a PAR model 370 VIAS 4302(3)
electrochemistry system consisting of M-174A polarographic z . 4

; wlmm 0.418

analyzer, M-175 universal programmer, and RE 0074 X-Y recorder. no. refins collected 3009
The cell contained a Beckman (M 39273) platinum-inlay working no. indep refins 2814y = 0.0180)
electrode, a Pt wire auxiliary electrode, and a saturated calomel GOF onF? 1.301
electrode (SCE) as reference electrode. Details of the cell config- final Rindices | > 20(1)] R1=0.0945
uration are as described befdte=or coulometry, a platinum-wire- Rindices (all data) WRRiBg'lzgf3
gauze electrode was used as the working electrode. The solutions WR2 = 0.2900
were~1.0 mM in complex and 0.2 M in supporting electrolyte,
TBAP. NaL with [Ru(DMSO)CI;] in MeCN at 298 K followed

Crystal Structure Determination. A reddish brown needle-
shaped crystal of [EN][RuL]-H.O (1) (dimensions: 0.3« 0.2 x
0.2 mn¥) was used for data collection. Diffracted intensities were
collected on an Enraf Nonius CAD-4-Mach four-circle diffrac-
tometer using graphite-monochromated Ma tadiation. Intensity
data were corrected for Lorentz polarization effects; analytical

by reflux at ~325 K forming a reddish-brown solution.
Addition of [EuN]CI-xH,O and usual workup afforded
reddish-brown air-stable crystals. Clean one-electron chemi-
cal oxidation ofl in MeCN solution by (NH).Ce(NG)s
generates a deep blue solution, which on usual workup led

absorption corrections were also applied. The structure was solvedt© th? .|solat|0n of .the product as a microcrystalline moisture
by SHELXS-86 (Patterson heavy atom method), expanded by Sensitive blue solid, [Ruf}-H2O (2). Therefore, all manipu-
Fourier-difference syntheses, and refined with the SHELXL97 lations with2 were performed in dry atmosphere. Unfortu-
package incorporated in WINGX 1.64 crystallographic collective nately, all attempts to grow single crystalsifor structural
package® The linear absorption coefficients, neutral atom scattering analysis failed so far.

factors for the atoms, and anomalous dispersion corrections for non-

The absence of/(N—H) in the IR spectra of these

hydrogen atoms were taken from ref 17. The positions of the gomplexes indicates that the ligands are coordinated in the
hydrogen atoms were calculated assuming ideal geometries, bmdeprotonated forn® A strong split band at 1602 and 1573

not refined. All non-hydrogen atoms were refined with anisotropic
thermal parameters by full-matrix least-squares procedurg?on
We could not locate hydrogen atoms of thgNEt cation and water
molecule from the electron density map. In fact, for this complex
some disorder was observed with theNEt cation. Two positions

cmtin the spectrum ofl is assigned to a €0 stretching
frequency ofv(amide 1) vibration; in the spectrum &f two

bands at 1650 and 1629 cin(Figure S1, Supporting
Information) indicate an increase in the-O bond strength

were identified as possible methylene carbon atoms, and they werethat we associate with the different oxidation levels of-+)2
refined with a site occupation factor of 0.5/0.5 and 0.6/0.4. The ligands in blue oxidized comple® (vide infra). We are
terminal methyl carbon sites C(20) and C(23) showed large convinced that this behavior is diagnostic of ligand oxidation
displacement parameters indicating some degree of disorder but(vide infra)®"1® A similar shift in the C-O stretching

could not be resolved. An unassigned peak (2.471was found

frequencies has been observed for low-spin Fe(lll) and low-

near Ru atom at a distance of 0.949 A, which may be due to the spin Fe(lll) cation-radical complexes, recently reported from
poor quality of crystal chosen for data collection. Pertinent this laboratony. In MeCN solution, while compleg behaves

crystallographic parameters are summarized in Table 1.

Results and Discussion

as a 1:1 electrolyte, comple® is nonconducting, as
expected? Elemental analyses, IR, and solution electrical

conductivity data are in good agreement with the described
Synthesis.The synthesis of the ruthenium(lll) compound formulations.

[EtsN][RuL2]-H20 (1) involved initial anaerobic reaction of

(14) Evans, D. FJ. Chem. Socl1959 2003.
(15) O’Connor, C. JProg. Inorg. Chem1992 32, 233.

Description of the Structure of [EtsN][RuL 5]-H,0 (1).
A view of the metal environment in the anion df is
presented in Figure 1. The Ru atom sits on an impdsed

(16) Farrugia, L. WINGXversion 1.64An Integrated System of Windows ~ @Xis and is coordinated by four deprotonated amide nitrogens
Programs for the Solution, Refinement and Analysis of Single-Crystal jn the equatoria| p|a_ne [N(]_) and N(3) and their symmetry

X-ray Diffraction Datg Department of Chemistry, University of
Glasgow: Glasgow, 2003.
(17) International Tables for X-ray Crystallographitynoch Press: Bir-

related] and two pyridyl nitrogens [N(2) and its symmetry

mingham, England, 1974; Vol. IV.

(18) Chapman, R. L.; Vagg, R. $horg. Chim. Actal979 33, 227.
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Figure 2. UV —vis spectra (in ChCly) of [EtaN][RuL2]-H20 (1) (—) and
[RuLz]-H20 (2) (-+*). The low-energy band of [EN][RuL;]-H20 (1) (in
MeCN) is shown as an inset.

[Ru(bbpc)(PPHCI] [H2bbpc= 1,2-bis(4tert-butylpyridine-
2-carboxamido)-4,5-dichlorobenzeffedre 2.055 and 2.088

A, respectively. The RttNamigedistance (2.054 A) is appre-
ciably longer than that found in above-mentioned complexes
cis-([Ru(pb)(bpy)CH], 2.01 A, and [Ru(bbpc)(PRJCI], 1.980

- 1. View of the structure of [Rulj- in th tal of its EN* A. A similar trend was observed in all “[M{]” complexes
igure 1. View of the structure of [Ruk]~ in the crystal of its _ . . 3
salt, [EgN][RuL;]-H2O (1). Hydrogen atoms are omitted for clarity. [M - Fe(III), CO(”I)’ NI(”)' and NI(IV)].

Unlabeled atoms are related to labeled atoms by the crystallographic 2-fold ~ Absorption Spectra. The absorption spectral studies are
axis. the easiest means of characterization of ruthenium(lil)

Table 2. Selected Bond Lengths (A) and Angles (deg) in the Anionic ~ complex1 as well as its oxidized counterpa2t As was

Part of [E4N][RuL]-H20 (1) observed for other complexes of (2, in the visible region
Ru—N(1) 2.066(7) the absorption spectrum of compleixis dominated by
Ru—N(2) 1.945(9) ligand-to-metal charge-transfer (LMCT) transitions. In MeCN/
RU=N(3) 2.041(7) CH,CI; solution, an intense absorption-a#i40 nm justifies

N(1)—Ru—N(2) 79.5(3) its color. Oxidized produc® is clearly identifiable by its
Hgg:gﬂ:“g)) igggg)) characteristic strong absorption feature~850 nm, with
N(1)-Ru—N(3) 93.4(3) enhancement in extinction coefficients compared to its
N(2)—Ru—N(3) 78.9(3) ruthenium(lll) counterpart. A similar trend was observed
Hggigﬂiﬁgi gg-igg before® The absorption spectra dfand 2 in CH,Cl, are
N(2)-Ru—N(2) 175.7(3) displayed in Figure 2. It is worth noting here that the strongly
N(3)—Ru—N(3) 91.9(3) allowed LMCT band at 386 nm for activated iron(lll)

] . N ] bleomycins, which has a deprotonated amide coordination,
related] in the axial positions. The dihedral angle between \yas shown to be a deprotonated amide-to-irohMCT

the coordinating planes N(tRu—N(2) and N(2)-Ru—N(3)  pand; the weakly allowed transition originating from a
is ~178, revealing meridional coordination of L2, as delocalized pyrimidine/amide-orbital occurs at somewhat

that observed with its Fe(lll), Co(lll), Ni(ll), and Ni(IV)  |ower energy! We believe that forl this transition is
analogue$.The geometry of the RuNcoordination poly-  gpserved atv440 nm.

hedra is appreciably compressed octahedral (Table 2), as
before? Significant deviation from 90of the bond angles
involving the chelation is observed (Table 2), presumably
due to formation of five-membered chelate rings with
extended conjugation, as observed for the bis-chelates
reported previously Further evidence of strain in the chelate
rings arises from the following observation. Although in each
ligand the two N-phenyl rings and the pyridine ring are
planar, the two phenyl rings, however, make an angle of
~80°, and they make angles ef60° and ~90° with the
central pyridine ring.

A few comments on metalligand bond distances are in
order. The Ru-N,, bond distance of 1.945 A irl is —
appreciably shortgr than that observed for ruthenium(lll) (19) Izjolfttz%z?’ Bhattacharya, P. K.; Tieknik, E. R. Holyhedron2001

complexes of deprotonated pyridine amide ligand systems.(20) Ko, P.-H.; Chen, T.-Y.; Zhu, J.; Cheng, K.-F.; Peng, S.-M.; Che, C -
= le. the RuN... dist ircis-IR b)(bpy)Ch M. J. Chem. Soc., Dalton Tran&995 2215.
or example, the py aIStances ”US'[ u(p )( py) ] (21) Neese, F.; Zaleski, J. M.; Zaleski, K. L.; Solomon, El.IAm. Chem.

[Hpb = 2-(N—(4-nitro)-phenylcarbamoyl)pyridin€and in S0c.200Q 122, 11703 and references therein.

EPR Spectra.The EPR spectra of low-spin ruthenium(lil)
complex1 were recorded as a microcrystalline solid and in
MeCN solution, at 300 K and at 77 K, and also as a glass in
MeCN-—toluene (1:1.2 v/v) to probe the electronic ground
state and distortion parameters. Aoin the polycrystalline
state the spectral parameters are 2.221 and 1.924 (300 K);
2.204 and 1.917 (77 K). In MeCN solution, the signal is
isotropic: 2.116 (300 K) and 2.168 (77 K). In MeCN
toluene glass (1:1.2 v/v) the signal is also isotropic (2.168).
Thus, in the solid state the spectral data show axial symmetry
with two principalg values. It should be noted here that the

6500 Inorganic Chemistry, Vol. 42, No. 20, 2003
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-0.96 nitrogen species coordinating. In fact, thg, values (V vs
' Izo,m SCE) for the M'—=M" couple follow the following trend:
+0.56 Co (—1.10) < Fe (-0.91) < Ru (—0.84) < Ni (0.05)3 Thus,

I

+1.00 the Fe(lll) state is better stabilized than the Ru(lll) state by
L(2—-) in their bis-ligand complexes. A trend in a similar
direction was found for M(terpyJ"/M(terpy)?" (terpy =
2,2:6',2"-terpyridine; M= Fe or Ru;Ey, (V vs SSCE)=
1.09 for Fe and 1.27 for Ru) redox processes in MeECN.
both systems, the spin-state properties of bivalent and

i trivalent species are expected to remain invariant, due to the
*110 strong field nature of the ligands.

i . lic voltammogram (100 mV/s) of a 1.02 mM solution of b idati f Rutheni n c [
FEI%T\'I’;E[SUL;LZO (1) at a platinum electrode in G&l> (0.2 M in TBAP). (b) Oxidative Respgnse of Rut emym( ) .omp ex.
Indicated potentials (in V) are vs SCE. When scanned anodically, compléxdisplays in MeCN

solution two reversible one-electron oxidative responses at
X-ray results have shown that the Ru atom in comglex E,;, 0f 0.59 V (AE, = 60 mV) and 1.05 V AE, = 100 mV)
has tetragonally compressed octahedral geometry and thereversus SCE (Figure S3, Supporting Information). The anodic
fore is revealed by its axial EPR spectra (Figure S2, CV scan ofl in CH,Cl, (Figure 3) displays two responses
Supporting Information). We have analyzed thesalues at Ey» of 0.60 V (AE, = 80 mV) and 1.05 V AE, = 100
obtained in the polycrystalline state at 77 K according to mV) versus SCE. These couples are of considerable interest
the well established theory for the low-spifh gystent??  ith regard to the oxidation state of ruthenium. For the less
The distortion inl can be quantitated with the help of the positive oxidative response, two alternative formal descrip-
experimentalg values and theg tensor theory of low-spin  tions are possible: (1) It is a Ru-RuU" couple, and
d° complexes. Details of the methods used by us can be foundtherefore, in the oxidized compléruthenium is present in
elsewheré>?? The axial splitting parameter\( expressed  the tetravalent state. (2) It is a ligand-centered oxidative
in terms of spir-orbit coupling constant) is 6.025. Taking  response, and hence, compfis a ruthenium(lll)-stabilized
4 ~ 1000 cn1*,2?the energies of the crystal field transitions  ligand z-cation radical complex. Admittedly, few genuine
(AE; andAE) are predicted to be-5700 cn* (~1750 nm)  homoleptic complexes of ruthenium(lV) are known, and
and~ 6600 cn* (~1500 nm). A relatively weak and broad  those reported invariably have stronghydonating anionic
band is indeed observed in MeCN solutionladt 1400 nm  Jigands. To our knowledge, among pyridine amide complexes
(Figure 2). The spectral result thus demonstrates that theof trivalent metal ions, barring that observed for [EFeland
ground state of compleg is correctly represented by the [ColL,]~ complexes, no examples of the latter description
chosen solution. exist in the literature. As we have shown (vide infra), the

Redox Properties.To investigate the extent of stabiliza- observed redox responses are due to ligand-centered oxida-

tion of the ruthenium(lll) state toward reduction and whether tjons.
a possibility corresponding to the accessibility of higher  On the basis of the electronic structural analysis on
oxidation states could be achieved, cyclic voltammetric (CV) activated bleomycins by Solomon et @lwe are inclined
studies onl were performed. CV studies o@ were  to believe that highest energy ligand-based orbitals are
performed to examine whether it is the one-electron oxidized |ocalized on the deprotonated amide moiety.

|
-0.82 +064

form of 1. . . (c) Redox Processes of Isolated Oxidized Complekhe
(a) Metal Rgductlon of Ruthem.um(lll) COmp|eX- The CV scan of2 in CH,Cl, (Figure S4, Supporting Information)
CV scan ofl in MeCN at a platinum working electrode displays two reductive responseBi; = —0.88 V versus

shows (Figure S3, Supporting Information) a reverdible sSCE (AE, = 120 mV) andE,; = 0.59 V (AE, = 100 mV)
reductive response &, of —0.84 V vs SCE AE, = 80 versus SCE. Thus, identical behavior to that observed for
mV) due to RY —Ru' redox process. The one-electron nature complexl is observed, excluding the more positive response
of this redox response has been confirmed by (i) comparisonat 1.05 V versus SCE. One-electron nature of the responses
of current height with the redox response of samples of of 2 has been confirmed by coulometric experiments [applied
[M"Lz]~ (M = Fe, Co, and Ni), [NiL]*", or [NiVLj] potential, 0.2 V,n (the number of electrons passed per
species, under the same experimental conditions, as well asnolecule)= 0.98; applied potentiat-1.0 V,n= 1.12]. The

by constant-potential electrolysis (see details in a following clean nature of the cyclic behavior ®Hocuments the purity
paragraph). The CV scan afin CH,Cl,** [E1,0f —0.89V  and authenticity of the isolated one-electron chemically
vs SCE AE, = 140 mV)] is displayed in Figure 3. The (Ce**) oxidized form ofl. The reductive response at 0.59
observed stabilizing potential of L{9 toward the Ru(lll)  V is due to [Rul]®" redox process (reduction of cation
state must be due to the presence of four deprotonated amidegadical), and the redox process ai0.88 V is due to

22) (@) Bhatiach S Ghosh, P.. Chakravortyinerg, Chem 1985 [RuL,]*"?~ (metal-centered reduction).

a) Bhattacharya, S.; Ghosh, P.; Chakravor rg. Chem . .

24,3224 and reyferences therein. (b) Taqui Khan, lg/I M.; Srinivas, D.; In an att_empt to prowde proof _Of the existence 9f the
Kureshy, R. I.; Khan, N. H.norg. Chem.199Q 29, 2320 and proposed ligand cation, coulometric one-electron oxidation
references therein.

(23) Under our experimental conditions, tBg, values (V) for couple Ft/ (24) Morris, D. E.; Hanck, K. W.; DeArmond, M. Kl. Electroanal. Chem.
Fc were 0.40 (MeCN) and 0.49 (GEl,) vs SCE. 1983 149 115.
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of green [EIN][CoL,]-2H,0 to generate “[Co}]” at 1.2 V electron spin of an incompletely filledgtsubshell of Ru(lll),
versus SCE was attempted. However, it should be noted hereendering compleX diamagnetic at 300 K.

that even on the CV time-scale the oxidation peak profile, |n CDCI; solution, complex2 displays a cleadH NMR
supposedly due to formation of ligand catiiis notideally  spectrum (Figure S7, Supporting Information), closely similar
suited to generate electrochemically a stable ligand cationtq that observed for [CbL;]~ and [NiVL,], attesting to its
species. The electrochemically generated transient SO|Uti0”diamagnetic ground state. Assignment of the signals (Ex-
species (color changes from green to brownish green) veryperimental Section) has been made through consideration of
quickly (within 10-15 s) decomposes/changes to another yg|ative peak areas and comparison with free ligand spectra.
species (yellow). Un!ike [BN][CoL,]-2H;0, this Ve"o"Y Summary and Conclusions. The following are the
squUo_n did not exh|.b|t a wgll behaved CV response. Either principal findings and conclusions of this investigation. (1)
brownish green (this solution changes its cqlor |n§tanta— We have succeeded in synthesizing a new bis-ligand ruthe-
n_eously to yellow even at 7.7 K) or yellow solutions did not nium(lll) complex of meridionally coordinated tridentate
dlspl'ay any EPR signal. G.'VE” the results.at hand, we are pyridine amide L(2-) ligand. Structural characterization has
no.t In a position to prowde.spectr'oscoplc proof of the revealed that the metal ion is coordinated in tetragonally
eX|stenc? gf the” pEr?fposed radical Cﬁ tion from FPhR SpeEtros'compressed geometry with four nonmacrocyclic tetradentate
ﬁg?grgnof[noﬁ d oxi(c)jr;fi(?r:e ?gct(e)sts (ré);\)/ rir:]o(rs Elg%ﬂ:LOZi; € N-coordination in the equatorial plane and two axial pyridine
[FeLs]- ang (i) [CoLs]- (vI\C/Jith suitably ring substituted goordination. To 'Fhe best of our knowlgdge, this is the first
variety of L(2-)), the results of which will be published me thata ruthenium(iil) complex coordinated solely by two
elsewhere ' tridentate deprotonated peptide ligands has been synthesized
' and structurally characterized. (2) Redox propertiesl of

Magnetism. (a) [EuN][RUL z]-H20. The magnetism of ;46 the attainment of a highly stabilized ruthenium(iil)
complex1 was investigated over the temperature range 81 - gio40 (R#/RU! redox process) and a ligand-centered oxida-

300 K (Faraday magnetometer) to define spin-state and aIIOWtive response. (3) We have shown in this study that dipeptide
structural inferences. It follows the Cuti&Veiss law (Figure ligand L(2-) is a noninnocent ligand in the sense that it can
S5, Supporting Information), which is typical for low-spin  oyiqt iy two different oxidation levels in coordination
six—.coordin.ate ruthenium(lll) complexes. Due to large spin compounds: (i) dianion and (i) monoanion (liganeradi-
orbit coupling, the observeder values (2'29‘5 at 300 K cal). The data reported herein indicate that by using the
and 1.5 at 81 K) are larger than the spin-only value of dianionic dipeptide ligand having picolinamide functionality
1'7_3f5' Thus, the observed result clearly demonstrates the g, e radical cation complexes of low-spin ruthenium(lil)
S._ /> ground state ofL, which is " excellent agreement can be isolated in analytically pure form for detailed
with the X-band EP.R spectral behavior of a povydered Samplechar:’:lcterization. To the best of our knowledge, this report
of 1 (see a following paragraph). The effective magnetic documents the first example of such a complex with a

moment O? mﬂ?/ltehCN slgcljut[[or: 'S ZI'M"B (300 K), in good tridentate pyridine amide ligand system. The stabilization
agreement wi € solid-state value. ] of a m-radical cation form of L(2) is achieved by an
(b) [RuL 2]-H,0. Because we were unable to grow single jnamolecular antiferromagnetic coupling with a low-spin

crystals for compoun@, structural information is lacking. ~ ruthenium(lll) center with incompletely fillechg subshell.
An attempt was made to choose between the two alternativerne |atter description has as yet not been structurally

descriptions of the electronic structure{vide supra) by characterized in a complex, but electronic structurg bas
using temperature-dependent {53D0 K) magnetic Suscep-  peen established to a reasonable level of confidence.
tibility studies. Theues value at 300 K (1.03) reveals the

quenching of the unpaired spins, in sharp contrast to that of Acknowledgment. This work is supported by grants from
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description. The;uT value monotonically decreases with a

lowering of the temperature (T = 0.135 cni mol™! K at Supporting Information Available: IR spectra ofl and 2
300 K andywT = 0.026 cnd mol-* K at 54 K) (Figure S6, (Figure S1), EPR spectrum dfin MeCN—toluene glass (Figure
Supporting Information), which is suggestive of the existence S2), CV scan ofl in MeCN (Figure S3) an@ in CH.Cl, (Figure

of strong antiferromagnetic coupling. The unpaired electron S4) plot of molar magnetic susceptibility vs temperature Xor
spin of a ligand z-cation radical (see above) couples (Figure S5) and plot ofuT versusT for for 2 (Figure S6), andH

invariably intramolecularly and strongly to the unpaired NMR spectrum of2 in CDCls at 300 K (Figure S7). Crystal-
y y aly P lographic data in CIF format. This material is available free of

charge via the Internet at http://pubs.acs.org.

(25) Che, C.-M.; Cheng, W.-K.; Leung, W.-H.; Mak, T. C. \&.. Chem.
Soc., Chem. Commuth987, 418. 1C034356Y

6502 Inorganic Chemistry, Vol. 42, No. 20, 2003





