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Controlling Substitution Chemistry in Ruthenium(ll) Systems. Synthesis of Heteroleptic
Complexes Incorporating the [Ru([9]aneS)]?" Metal Center
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The complex [Ru(py([9]aneS)][PFe]2, 1 (py = pyridine), has proved to be a suitable starting material for the
synthesis of heteroleptic Ru(ll) complexes. By exploiting unfavorable steric interactions between 2-H and 6-H
hydrogens of coordinated pyridyl ligands, we have synthesized half-sandwich complexes incorporating the thiocrown
[9]aneS and a variety of facially coordinated N-donor ligands. Such complexes are easily prepared: $tirring

at room temperature in the presence of a suitable nitrile ligand leads to the exclusive substitution of one py ligand
to produce complexes such as [([9]apl(pyL(NCMe)][PFs]2, 2. However, if the same reaction is carried out

at higher temperatures, two py ligands are substituted, leading to complexes such as JRidpgENCMe}][PFg]a,

3. An alternative approach to such heteroleptic species has also been developed which exploits the restricted
ability of thioethers to neutralize positive charges througthonation. This phenomenon allows the synthesis of
heteroleptic complexes in a two-step procedure via monocationic species. By variation of the donor/acceptor
properties of ligands incorporated into the [Ru([9]ag¥S metal center, it is possible to tune the Ru(lll)/Ru(ll)
redox couple over a range 8700 mV. The solid-state structuresbf 3 were confirmed by X-ray crystallography
studies. Crystal data: fH3gF12N402P.RUSs (1:CH3NO5), monoclinic,Cc, a = 23.267(5) Ab = 11.5457(18) A,

c = 26.192(5) A o = 90°, B = 114.836(10), y = 90°, Z = 8; CigHasF1N3P,RUSs (2), triclinic, P1, a =
11.3958(19) Ab = 11.4280(19) Ac = 11.930(2) A,a. = 100.518(3), f = 100.542(3), y = 112,493(3), Z =

2; CysH3F1N3P-RUSs (3), orthorhombic,Pna2;), a = 14.748(5) A,b = 18.037(18) Ac = 10.341(5) Ao =

90°, B =90°, y = 90°, Z = 4.

Introduction the fragment [Ru([9]ane§2" was used to construct electron-
fransfer systemi8 and supramolecular architectuf@sds part

of a long-term aim to create molecular devices with targeted
[Ru(NH,),]2".13 Such systems have played an important part coordination geometries, the substitution chemistry of the above

in the development of devices for molecular electrofics, fragme_nt 's being f_urther mv_estlgated. i .
forming the basic components of molecular wires and molecular ~ Prévious synthetic strategies for the synthesis of heteroleptic
switches®® Changing the ligands on the metal center can have "uthenium(il) complexes have involved using bidenitatéand
a significant effect on the electrochemical and/or electron- tidentaté* ligands. Using the previously reported [Ru(DMSO)-
transfer properties of a metal complekHence, the synthesis ~ Cl([9]aneS)],*> we have developed a methodology to control
of truly functional molecular assemblies often requires precise the substitution chemistry of facially coordinated N-donor
control over the substitution chemistry around such Ru(ll) metal ligands around the [Ru([9]langff** metal center. Here, we
centerd report the synthesis of the piano stool complex [Rufpy)
Previous research has involved using nitrogen-based ligands [91ane$)]*", (py = pyridine), which has proved to be a
such as N and 2,2-bipyridine (bpy), coordinated to the metal fa}vorable mtermedlgte in the .preparatlon of heteroleptlc_: ruthe-
ion. Our attempt has been to broaden the experimental basis ofiUm(l) complexes incorporating monodentate N-donor ligands.
such work by introducing new metal complexes incorporating We have also synthesized heteroleptic compounds from
sulfur-donor ligands. The first steps in such work has focused [RUDMSO)CL([9]aneS)] in a two-step process via the bis-
on the readily available thiamacrocycle [9]ageBreviously, (pyridyl) intermediate [Ru(pyCl([9]aneS)] ™.

Over the past 30 years, there has been continuous researc
into ruthenium(ll) complexes based on [Ru(bf¥) and
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By variation of the ligand substitution pattern around the
[Ru([9]aneS)]>" metal center, it is possible to tune the physical

Roche et al.

sequentially with water and ethanol and then dried in vacuo to yield
0.34 g of4 as a yellow-orange powder (65%34 NMR (CD3NO,):

properties of this metal center. For example, by adjustment of o+ 2.97 (s, 12H), 7.73 (dd] = 4.58 and 1.53, 6H), 7.89 (dd,= 5.48

the donor/acceptor properties of coordinated ligands incorporate
in such complexes, the Ru(lll)/Ru(ll) electrochemical couple
can be shifted over a range 8700 mV.

Experimental Section

Materials and Procedures.The complex [Ru(DMSO)G([9]aneS)]
was prepared according to a previously published procédédeother

gand 1.53, 6H), 8.688.76 (m, 12H). FAB MSmz (%): 895 (20)

[M* — PR, 747 (10) [M" — 2PF), 593 (10) [M" — 2PF; — bpy].

Anal. Calcd for GgHa2F12NsOsP.RUS (4-3H,0): C, 39.52; H, 3.84;

N, 7.68. Found: C, 39.15; H, 3.27; N, 7.45.
[([9]aneS)Ru(4,4-bipy)2(NCMe)][PFg]2, 5. A 0.145 g sample of

4 (0.16 mmol) was stirred in acetonitrile (20 mL) for 2 weeks. The

volume of the mixture was then reduced by half, and excess ethanol

was added to yield 107 mg (72%) bfas a green powder after drying

reagents were obtained commercially and used as supplied. All reactionsn vacuo.*H NMR (CDsCN): oy 2.40 (s, 3H), 2.5%3.02 (m, 12H),
were conducted under an atmosphere of nitrogen. Products were dried?.71 (dd,J = 4.58 and 1.53, 4H), 7.79 (dd,= 5.50 and 1.53, 4H),
at room temperature in a vacuum desiccator for ca. 10 h prior to 8.68 (dd,J = 5.20 and 1.23, 4H), 8.75 (dd,= 4.28 and 1.53, 4H).

characterization.

Physical Measurements.'H NMR spectra were recorded on a
Bruker AM250 spectrometer operating in the Fourier transform mode
and were acquired in a range of 12 ppm with 32K data points. UV/
vis spectra were recorded on a Unicam UV2 UV/vis spectrometer.

FAB MS, m/z (%): 779 (40) [M" — PR, 634 (18) [M" — 2PF], 593
(10) [M* — 2PR; — NCMe], 478 (12) [M" — 2PR — bpy]. Anal.
Calcd for Q3H40F12N504_5P2RU% (5‘45Hzo) C, 3343, H, 398, N,
6.97. Found: C, 33.12; H, 3.44; N, 7.10.
[([9]aneS)Ru(4,4-bipy)(NCMe),][PFg]2, 6. A 0.104 g sample of

Elemental analyses were obtained on a Perkin-Elmer 2400 analyzer4 (0.1 mmol) was refluxed in acetonitrile (20 mL) for 3 days. The

operating at 978C. Cyclic voltammetric measurements were carried
out using an EG&G 253 potentiostat controlled by 270 Electrochemical
Research Software. A three-electrode cell was used with &/AaE|

volume of the mixture was then reduced by half, and ethanol was added
to yield 35 mg (43%) of as a pale green powder after drying in vacuo.
IH NMR (CDsCN): oy 2.40 (s, 6H), 2.56:3.00 (m, 12H), 7.73 (dd,

reference electrode separated from a Pt disk working electrode and PtJ = 4.58 and 1.53, 2H), 7.86 (dd,= 5.18 and 1.53, 2H), 8.76 (dd,

wire auxiliary electrode. Tetra-butylammonium hexafluorophosphate,
0.1 M in acetonitrile, doubly recrystallized from ethyl acetate/diethyl

J = 4.58 and 1.53, 2H), 8.84 (dd,= 5.20 and 1.53, 2H). FAB MS,
m'z (%): 665 (65) [M" — PR], 613 (20) [M" — PRs — NCMe], 519

ether, was used as the supporting electrolyte. A scan rate of 200 mV (20) [M* — 2PF], 478 (20) [M" — 2PR — NCMe], 437 (20) [M" —

st was employed.

Syntheses. [([9]aneg§Ru(py)s][PFel2, 1. To a solution of 0.215 g
(0.5 mmol) of [Ru(DMSO)CJ([9]aneS)] in 20 mL of 1:1 ethanol/
water was added AgN§X0.170 g, 2 equiv), and the reaction mixture
was refluxed for 3 h. After removal of AgCl by filtration, excess
pyridine (1 mL) was added and the mixture was refluxed for 3 h. On
cooling, NHPFs (0.245 g, 3 equiv) was added and the resulting mixture

2PFK — 2NCMe]. Anal. Calcd for GoHzoF12N4O.P.RUS; (6°2H20): C,
28.40; H, 3.55; N, 6.63. Found: C, 28.52; H, 3.21; N, 6.67.
[([9]aneS)Ru(NCCeH5s)s][PFel2, 7. To a solution of 0.215 g (0.5
mmol) of [Ru(DMSO)Ck([9]aneS)] in 20 mL of propyl alcohol was
added AgNQ (0.17 g, 2 equiv), and the reaction mixture was refluxed
for 3 h. After filtration, excess benzonitrile (1 mL) was added to the
filtrate and the mixture was refluxed for 3 h. Addition of bPFs (0.245

was allowed to stand overnight. The resultant precipitate was washedg, 3 equiv) resulted in the formation of a pale green precipitate, which

sequentially with water and ethanol and then dried in vacuo, yielding
0.33 g (82%) ofl as a green powdetd NMR ((CD53),CO): 6 2.92—
3.16 (m, 12H), 7.5%7.64 (m, 6H), 8.12 (tt) = 7.63 and 1.53, 3H),
8.64 (dd,J = 6.40 and 1.53, 6H). (Al values are given in hertz, here
and elsewhere.) FAB MSy/z (%): 664 (15) [M" — PR, 518 (5)
[M+ — 2PR], 459 (30) [M" — 2PF — py], 258 (5) [M2+ — 2PFj.
Anal. Calcd for GiH»7F1oNsP,RuS: C, 31.19; H, 3.34; N, 5.36.
Found: C, 30.77; H, 3.34; N, 5.36.

[([9]aneS)Ru(py)2(NCMe)][PFg)2, 2. A 0.202 g sample of (0.25

was dried in vacuo to yield 0.12 g (27%) f*H NMR (CD3CN): ou
2.65-3.05 (m, 12H), 7.587.66 (m, 6H), 7.79 (ttJ = 7.63 and 1.53,
3H), 7.93 (ddJ = 8.50 and 1.53, 6H). FAB MSyVz (%): 736 (50)
[’\/lJr - PFB], 590 (15) [’\/I+ - 2PFB] Anal. Calcd for G/H27F12N3P,-
RuS: C, 36.82; H, 3.07; N, 4.77. Found: C, 36.31; H, 3.10; N, 4.74.
[([9]aneS)Ru(NCC,H5s)s][PFe2, 8. To a solution of 0.215 g (0.5
mmol) of [Ru(DMSO)C}([9]aneS)] in 20 mL of 1:1 ethanol/water
was added AgN©®(0.17 g, 2 equiv), and the reaction mixture was
refluxed for 3 h. After removal of AgCI by filtration, excess propionitrile

mmol) was dissolved in acetonitrile (10 mL), and the solution was (1 mL) was added and the mixture was refluxed for 3 h. After cooling,
stirred for 2 weeks. The volume of the reaction mixture was then NH4PF; (0.245 g, 3 equiv) was added, resulting in a precipitate, which
reduced (ca. 5 mL), and the concentrate was added to ethanol (20 mL)was washed sequentially with water and ethanol and then dried in vacuo
giving 0.16 g of2 (83%) as a pale green powder after drying in vacuo. to yield 0.21 g (57%) oB as a white powdetH NMR ((CD5).CO):
H NMR ((CDs3),CO): ¢ 2.70 (s, 3H), 2.963.30 (m, 12H), 7.52 on 1.35 (t,J = 7.30, 9H), 2.56-3.55 (m, 18H). FAB MSn/z (%):
7.62 (m, 4H), 8.08 (ttJ = 7.63 and 1.53, 2H), 8.82 (dd,= 6.43 and 592 (45) [M" — PR, 537 (5) [M* — PR — NCGC;Hs], 447 (15)
1.53, 4H). FAB MSm/z (%): 626 (25) [M" — PR, 480 (10) [M" — [M* — 2PR], 427 (5) [M" — PR — 3NCGHs], 391 (90) [M" —
2PFR). Anal. Calcd for GgHasF12NsP.RuSs: C, 28.05; H, 3.25; N, 5.45. 2PR — NCCHs], 336 (15) [M" — 2PR — 2NCGHs). Anal. Calcd
Found: C, 28.45; H, 3.03; N, 5.54. for CisHo7F12NsP.RUS: C, 24.46; H, 3.67; N, 5.71. Found: C, 24.23;
[([9]aneS)Ru(py)(NCMe),][PFg]2, 3. A 0.202 g sample of (0.25 H, 3.69; N, 5.49.
mmol) was dissolved in acetonitrile (20 mL), and the solution was [Ru(4,4'-bipy)2(NCC,Hs)([9]aneS)][PFe]2 9. A 0.114 g sample of
refluxed for 3 days. The volume of the reaction mixture was then 5 (0.11 mmol) was dissolved in propionitrile (5 mL), and the solution
reduced (ca. 5 mL), and the concentrate was added to ethanol (20 mL),was stirred for 2 weeks. The reaction mixture was then added to diethyl
yielding 0.14 g of3 (77%) as a white powder after drying in vacuo. ether (200 mL) to yield 87 mg (85%) & as an orange powder after
1H NMR ((CD53),CO): 6 2.80 (s, 6H), 2.883.20 (m, 12H), 7.6% drying in vacuo.*H NMR ((CD3),CO): on 1.43 (t,J = 7.30, 3H),
7.68 (m, 2H), 8.10 (ttJ = 7.50 and 1.53, 1H), 8.98 (dd,= 6.73 and 2.95-3.30 (m, 14H), 7.78 (dd] = 4.58 and 1.53, 4H), 7.79 (dd,=
1.53, 2H). FAB MS,m/z (%): 588 (60) [M" — PF]. Anal. Calcd for 5.18 and 1.53, 4H), 8.75 (dd,= 4.58 and 1.53, 4H), 8.99 (dd,=
CisHogF12NsP:RUSs: C, 24.59; H, 3.14; N, 5.74. Found: C, 24.31; H, 5.50 and 1.53, 4H). FAB MSwz (%): 794 (50) [Mf — PR, 648
3.17; N, 5.58. (20) [M+ - ZPFB] Anal. Calcd for Q9H37F12N502P2RU& (9-2H20):
[([9]laneS)Ru(4,4-bipy)s][PFe]2, 4. To a solution of 0.215 g (0.5 C, 35.69; H, 3.79; N, 7.12. Found: C, 35.99; H, 3.75; N, 6.88.
mmol) of [Ru(DMSO)C([9]aneS)] in 20 mL of 1:1 ethanol/water [Ru(4,4'-bipy)(NCCHs)x([9]aneS)][PFe)2, 10. A 0.114 g sample
was added AgN®(0.170 g, 2 equiv), and the reaction mixture was of 5(0.11 mmol) was dissolved in propionitrile (5 mL), and the solution
refluxed for 3 h. After filtration and removal of the AgCI precipitate, was refluxed for 3 days. The reaction mixture was then added to diethyl
excess 4/4bipyridine (1 g) was added to the filtrate and the mixture ether (200 mL) to yield 80 mg (87%) df0 as an orange powder after
was refluxed for a further 3 h. The mixture was then added to 100 mL drying in vacuo.'H NMR ((CD3).CO): dy 1.34 (t,J = 7.30, 6H),
of water containing N&PFs; (0.245 g, 3 equiv), and the resultant mixture  2.50-3.20 (m, 16H), 7.758.00 (m, 4H), 8.759.05 (m, 4H). FAB
was left overnight to form a precipitate. The crude product was washed MS, m/z (%): 694 (10) [M" — PRj], 429 (10) [M" — PR — bpy —
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Table 1. Crystal Data and Structural Refinement Details
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1° 2 3
empirical formula 62H30F12N402P2RUS;E C13H25F12N3P2RU$ C15H23F12N3P2RU&
fw 869.69 770.60 732.55
space group Cc P1 Pna2;

2 (A 0.710 73 0.710 73 0.710 73
temp (K) 150(2) 150(2) 293(2)
a(A) 23.267(5) 11.3958(19) 14.748(5)
b (A) 11.5457(18) 11.4280(19) 18.037(18)
c(R) 26.192(5) 11.930(2) 10.341(5)
o (deg) 90 100.518(3) 90

B (deg) 114.836(10) 100.542(3) 90

v (deg) 90 112.493(3) 90

e 6385(2) 1355.6(4) 2750.8(18)
z 8 2 4

peais (Mg/m?) 1.809 1.888 1.769
 (mm ) 0.888 1.026 1.006

final Rindices: R1, wR2 0.0370, 0.1013 0.0523, 0.1536 0.0514, 0.1510

aR1= 3 ||Fq| — |Fd/l/S|Fol and wR2= [SW(Fo? — FASW(FPAFY2 bw = 1/[0%(Fs?) + (0.0628)2? + 0.0P]. cw = 1/[0¥(Fo?) + (0.0964)?
+ 0.00P]. 4w = 1/[6¥(F?) + (0.102%)? + 1.90F°]. ¢ Empirical formula for1:CHzNO,.

2NCGHs). Anal. Calcd for GaHsaF12N4O-P.RUS (10-2H,0): C, 30.24; 0.165 g (36%) ofl7 as an orange powder after drying in vactid.
H, 3.89; N, 6.41. Found: C, 30.01; H, 3.62; N, 5.86. NMR ((CD3)2,CO): dn 2.90-3.20 (m, 12H), 7.557.67 (m, 4H), 7.80
[Ru(py)2(NCCoHs)([9]aneS)][PFe]2, 11. A 0.202 g sample ofl (dd,J = 4.58 and 1.53, 2H), 7.938.02 (m, 4H), 8.08-8.13 (m, 1H),
(0.25 mmol) was dissolved in propionitrile (5 mL), and the solution 8.62-8.78 (m, 10H). FAB MSm/z (%): 817 (10) [M' — PFK], 738
was stirred for 2 weeks. The reaction mixture was then added to diethyl (10) [M* — PR — py], 661 (70) [M" — PR — bipy], 592 (15) [M' —
ether (200 mL) to yield 110 mg (56%) dfl as a white powder after 2PF — py], 518 (30) [Mf — 2PK — bipy]. Anal. Calcd for GiHas-
drying in vacuo!H NMR (CDsNO,): 6y 1.38 (t,J=7.63, 3H), 2.75 F12NsO1 sP.RUSs: C, 35.36; H, 4.08; N, 6.65. Found: C, 34.96; H,
3.20 (m, 14H), 7.567.56 (m, 4H), 8.01 (tt) = 7.93 and 1.23, 2H), 3.48; N, 5.99.
8.67 (dd,J = 6.40 and 1.23, 4H). FAB MSy/z (%): 640 (45) [M" — X-ray Structures of 1 and 2. Crystals ofl were obtained by vapor

PFs], 495 (20) [M" — 2PFR]. Anal. Calcd for GeHa7F12NsP.RUS: C, diffusion from a nitromethane and diethyl ether mixture. Crystal of
29.08; H, 3.44; N, 5.36. Found: C, 29.20; H, 3.36; N, 5.37. were grown by vapor diffusion from an acetone and diethyl ether
[Ru(py)(NCC:Hs)s([9]aneS)][PF]2, 12. A 0.202 g sample ofl mixture. Crystals of each complex were mounted on a thin glass fiber

(0.25 mmol) was dissolved in propionitrile (5 mL), and the solution with Teflon oil and placed on a Bruker Smart CCD area detector with
was refluxed for 3 days. The reaction mixture was then added to diethyl an Oxford Cryosystems low-temperature system. Cell parameters were
ether (200 mL) to yield 85.5 mg (45%) AR as a light green powder  refined from the setting angles of 224 reflectioAgénge 1.71< 0 <

after drying in vacuoH NMR ((CD3).CO): on 1.43 (t,J = 7.63, 28.28) for 1 and 69 reflectionsf range 1.78< 0 < 28.34) for 2.
6H), 2.80-3.30 (m, 16H), 7.60 (dJ = 6.40, 2H), 8.09 (dJ = 7.63, Reflections were measured from a hemisphere of data from frames each
H), 8.80 (d,J = 4.28, 2H). FAB MSz (%): 616 (90) [M" — PR, covering 0.3 in w. All reflections measured were corrected for Lorentz

470 (15) [M* — 2PF], 415 (25) [M" — 2PF — NCCHs]. Anal. Calcd and polarization effects and for absorption by semiempirical methods
for CigHagF12N3P.RUS (12:0.5py): C, 27.84; H, 3.61; N, 5.77.  based on symmetry-equivalent and repeated reflections. The structures
Found: C, 27.50; H, 3.62; N, 5.21. were solved by direct methosnd refined by full-matrix least-squares

[([9laneS)Ru(py)=Cl[PF ], 13. To a solution of 0.215 g (0.5 mmol)  methods o2 Hydrogen atoms were placed geometrically and refined
of [Ru(DMSO)CL([9]anes)] in 20 mL of 1.1 ethanol/water was added  with a riding model and witiUis, values constrained to be 1.2 times
excess pyridine (1 mL), and the mixture was stirred at reflux for 3 h. the U, values of the carrier atoms. Complex scattering factors were
After cooling, NHPFs; (0.165 g, 2 equiv) was added, resulting in a  taken from the program package SHELXFlas implemented on the
precipitate, which was washed sequentially with water and ethanol and Viglen Pentium computer.

then dried in vacuo to yield 0.170 g (55%) b8 as a yellow powder. X-ray Structure of 3. Crystals of3 were grown by vapor diffusion
*HNMR (CDCN): 0w 2.65-3.20 (m, 12H), 7.467.55 (m, 4H), 7.96- from an acetone and diethyl ether mixture. A crystaBefas mounted
8.05 (m, 2H), 9.00 (ddJ = 6.40 and 1.53, 4H). FAB MSy/z (%): on a thin glass fiber using epoxy resin and placed at room temperature

477 (20) [M" — PR, 443 (10) [M* — PR — ClI]. Anal. Calcd for on a Siemens P4 diffractometer. Data were collected in the range
Ci6H2sCIFeN201 sPRUS (13-1.5H,0): C, 31.19; H, 3.34; N, 5.36.  3.5< 29 < 50°. All reflections measured were corrected for Lorentz
Found: C, 30.77; H, 3.34; N, 5.36. _ and polarization effects (but not for absorption). The structure was
[([9]laneS)Ru(4,4-bipy)Cl|[PF ¢, 14. To a solution 0of 0.2159 (0.5 solved by direct methodsand refined by full-matrix least-squares
mmol) of [Ru(DMSO)Ci([9]aneg)] in 20 mL of 1:1 ethanol/water  methods orF2. Hydrogen atoms were included in calculated positions
was added excess 4Mdipyridine (1 g), and the mixture was stirred at  and refined in the riding mode. Complex scattering factors were taken

reflux for 3 h. After cooling, NHPF; (0.165 g, 2 equiv) was added,  from the program package SHELXL9%s implemented on the Viglen
resulting in a precipitate, which was washed sequentially with water 486 dx computer.

and ethanol and then dried in vacuo to yield 0.25 g (65%)4és an

orange powdefH NMR ((CDs),CO): o 2.70-3.40 (m, 12H), 7.75

7.90 (m, 8H), 8.74 (dd) = 4.58 and 1.83, 4H), 9.19 (dd,=5.18 and

1.53, 4H). FAB MSm/z (%): 629 (60) [M" — PR, 472 (15) [M" —

PR — bipy]. Anal. Calcd for GeH2sCIFsN4JPRUS: C, 40.31; H, 3.62;

N, 7.24. Found: C, 40.01; H, 3.34, N, 7.01. Syntheses. vas synthesized by a method analogous to that
[([9]aneS)Ru(4,4-bipy)2(py)][PFe], 15. To a solution of 0.365 g used for the synthesis of [Ru(NCM@P]ane$)]2*. An X-ray

(0.47 mmol) of [([9]anegRu(4,4-bipy).CI][PFs] in 10 mL of ni-

tromethane was added AgP0.139 g, 1 equiv), and the reaction - - —

mixture was refluxed for 3 h. After removal of the AgCI precipitate, (16) sst?ulzclt_d(rgls_:frgr?q g};ﬁgg’t‘itgg dsaﬁ}?eg/i;%nsgig_ %?Skreerﬁ;\l)?g Ii:trgstal

excess pyridine (1 mL) was added to the filtrate and the mixture was 17y sheldrick, G. MSHELXL93: an integrated system for siog and

refluxed for a further 3 h. The solvent level was then reduced to 5 mL, refining crystal structures from diffraction dat&niversity of Ga-

and the concentrate was added to ca. 250 mL of diethyl ether to yield tingen: Gatingen, Germany, 1993.

Crystallographic data and refinement details are presented in Table

Results and Discussion
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Figure 1. Structural representation of the cation in [Ru(py)-
([9]aneS)]?*, with hydrogen atoms omitted. The thermal ellipsoids
correspond to 50% probability.

diffraction study on a crystal ol confirmed the postulated
structure (Figure 1).

Although 1 is stable in solvents such as nitromethane and
dichloromethane, it is unstable toward solvolysis in more
coordinating solvents. Models and the X-ray data confirm that

Roche et al.

Cl16A}

C{1SA)

Cl12A)

ci4) CH3A)

Figure 2. Structural representation of the catior2ifRu(pyx(NCMe)-
([9]anes)]?*, with hydrogen atoms omitted. The thermal ellipsoids
correspond to 50% probability.

Ci3A)

one face of the complex is sterically congested due to interac-
tions between the ortho hydrogens of the coordinated pyridine
ligands. It was reasoned that these unfavorable steric interactions

are the cause of the relative instability of In fact, these
interactions mean thdt is a suitable starting material for the
synthesis of heteroleptic ruthenium(ll) complexes. In many
cases, Ru(ll) complexes incorporating pyridine ligands are
synthesized via nitrile intermediat&sHowever, in this case,
the opposite is true. The pyridyl ligands bfnay be substituted
by suitable nitrile ligands.

Our initial studies involved stirrindl in the coordinating
solvent acetonitrile (MeCN) at room temperatutel NMR
spectroscopy clearly showed that, after 2 weéksas cleanly
converted into the bis(pyridyl) complex [Ru(p#NCMe)-
([9]1aneS)][PFe]2, 2, and uncoordinated pyridin2.was isolated
as a analytically pure product by simple precipitation with
ethanol. An X-ray diffraction study on a crystal ®tonfirmed

c9

Figure 3. Structural representation of the catiorBifRu(py)(NCMe}-
([9]aneS)]?", with hydrogen atoms omitted. The thermal ellipsoids
correspond to 50% probability.

interactions between coordinated ligands had been rem8ved,
would be stable toward substitution reactions. This was con-
firmed by the observation thatis stable in refluxing acetonitrile
and no reaction was observed over several weeks.

Further proof that steric interactions are the driving force for

the postulated structure. An analysis of the structural data SUch reactions is provided by the synthesis of [Ru(NGPh)
revealed disorder of both the cation and the anions. However, ([9]aneS)][PFs|2, 7 (where PhCN is benzonitrile). Compared

this was satisfactorily modeled to confirm the postulated
structure of2 (Figure 2).

The reactivity of 1 under more forcing conditions was
investigatedl was dissolved in MeCN, and this reaction mixture
was brought to reflux. Again, the reaction was monitored by

1H NMR spectroscopy. These studies clearly showed that, after

3 days, 1 was converted into the mono(pyridyl) complex
[Ru(py)(NCMe)x([9]aneS)][PFe]2, 3. This complex was also
isolated as an analytically pure product by simple precipitation
with ethanol. An X-ray diffraction study on a crystal &f

to the case oll, any steric interaction i should be reduced,
as the aromatic rings are lifted away from the face of the metal
ion. Experimental evidence confirms this hypothesis: both
and [Ru(NCMe)([9]aneS)]?" 5 are inert to solvolysis by other
coordinating solvents, even over a period of 1 month.

This reaction scheme outlined above has a more general
application: other pyridyl and nitrile ligands take part in
analogous reactions (Scheme 1). For example, we have em-
ployed 4,4-bipyridine (4,4-bipy) instead of pyridine to syn-
thesize the complex [Ru(4;8ipy)s([9]aneS)][PFe]2, 4. Again,

confirmed the expected structure Again, an analysis of the solvolysis occurs,.and depending on the reaction conditions, the
structural data revealed disorder of both the cation and the COMPlex [Ru(4,4bipy)(NCMe)([S]ane9)|[PF]2, S, or [Ru(4,4-

anions. However, this was satisfactorily modeled to confirm the
postulated structure & (Figure 3).
Since3 only incorporates one coordinated pyridyl ligand, it

was postulated that, because all possible unfavorable hydroge

(18) See, for example: (a) Onishi, M.; lkemoto, K.; Hiraki,IKorg. Chim.
Acta1994 219 3. (b) Bossard, G. E.; Abrahams, M. J.; Darkes, M.
C.; Vollano, J. F.; Brooks, R. dnorg. Chem.1995 34, 1524.

bipy)(NCMe)([9]aneS3)][PFe)2, 6, can be isolated as an analyti-

cally pure product by simple precipitation. Scheme 1 is also

applicable to different nitrile ligands. Using very similar reaction
onditions, for example, we have isolated [Ru{4ipy)(NCC,-
5)([9]aneS)][PFel2, 9, and [Ru(py)(NCGHs)2([9]aneS)][PFe]2,

12 All of these compounds have been characterizetHiMR

spectroscopy, UV/vis spectroscopy, mass spectroscopy, elemen-

tal analysis, and electrochemistry.
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Table 2. UV/Vis Data
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Heteroleptic compounds incorporating different pyridyl-based
ligands can also be synthesized via an alternative route. If

[Ru(DMSO)ChL([9]aneS)] is not treated with silver nitrate, then
reactions with pyridyl ligands yield bis-substituted products such
as [Ru(4,4bipy).Cl([9]aneS)][PF¢], 14. Presumably, the for-
mation of these monocationic species is due to the restricted
ability of thioethers to neutralize positive charges through
o-donation!®20 Treatment of14 with 1 equiv of Ag™ in a
noncoordinating solvent followed by addition of a suitable
pyridyl ligand yields a heteroleptic complex, such as [Ru¢4,4
bipy)(py)([9]ane$)][PFe], 15, which incorporates two different
pyridyl ligands (Scheme 2JH NMR spectroscopy, FAB MS
mass spectroscopy, UV/visible spectroscopy, and elemental
analysis all indicate that, using this procedure, the targeted
structures are the only products synthesized and no ligand
scrambling is observed.

UV/Visible Absorption Spectroscopy.The UV/visible spec-
tra of the new complexes and [Ru(NCMg@9]aneS)]2" 15 were
recorded in acetonitrile. As the data in Table 2 show, many of
the complexes display similar features in their spectra.

In all cases, intense high-energy transitions are observed. For
example, complexes incorporating py ligandsZ%, 3, 11, 12,
13, and15) all show a band at 220250 nm. The intensity of

R (ii) Excess ligand g

b@\
|
/l/x
X

R

this band is dependent on the number of coordinated py ligands

and is assigned as a ligand-centered (LC)pyr* transition.
These complexes also display an intense band between 275 an
310 nm. The intensity of this band is also dependent on the
number such ligands coordinated to the metal center. The
position and intensity of this band are consistent with Ratd)
py(7*) metal-to-ligand charge transfer (MLCH.

Similarly, complexes incorporating bipy ligands, 6, 6, 9,
10, 14, and15) show bands at 246246 and 326-365 nm. The
intensitues of both bands are dependent on the number o
coordinated bipy ligands. Again, the positions and intensities
of these bands are consistent with LC bpysz* and MLCT
Ru(d) — bpy(z*) transitions, respectivel§

Amax € Amax €
complex (nm) (M~tcm?) complex (nm) (M~tcm?)
1 240 8655 9 243 35462
303 10317 330 13132
2 236 8560 10 241 24998
301 9728 324 9746
3 228 8133 11 240 7551
297 5945 295 8551
4 244 50101 12 225 10154
336 18473 296 7742
5 244 37040 13 240 8104
280 22463 309 3782
323 13223 14 244 31373
6 242 20514 361 10827
271 15747 15 240 21774
325 7801 303 7391
7 222 81250 [Ru(DMSO)- 215 22321
263 11850 Cl[9]aneS)] 386 786
340 333  [Ru(NCMe) 207 24079
8 216 9781 (9]aneg]>* 271 4366
300 323 336 1076
344 817
Table 3. Electrochemical Data
compound Ewz (V)2 AE; (V) Ep (V)P
[Ru(DMSO)Ch([9]aneS)] 0.943 82
[Ru(NCMeX([9]aneS)]?" 1.909 68
1 1.667 69
2 1.752 99
3 1.791 113
4 1.680
5 1.744
6 1.759
7 2.007
8 1.983
9 1.750
10 1.782
11 1.705 115
12 1.798 118
13 1.243 114
14 1.254 98
15 1.660 94

aVs Ag/AgCl. b Complexes are not fully chemically reversible;
therefore, onlyE, values are quoted.

The UV/vis data for complexes incorporating nitrile ligands
all show three transitions. The most intense transition at205
225 nm € = 6000-81 500 M1 cm™) is dependent on the
"number of nitrile ligands coordinated to the ruthenium metal
center and, by comparison to similar complex&% has been
assigned as an MLCT Ru(dy> nitrile(z*) transition. Two
transitions at 266300 nm ¢ = 200-12 000 nm Mt cm™)

nd 335-375 nm ¢ = 300-850 M~ cm™) are also observed.

he positions and intensities of these bands are consistent with
spin-allowed, Laporte-forbiddengt(*Aig) — tag’ey (*T1g, 1T2g)

d—d transitiong’?23

Electrochemistry. The electrochemistry of the new com-
plexes was investigated using cyclic voltammetry. Apart from
the expected ligand reduction couples, the cyclic voltammo-

fgrams of the complexes all display oxidations associated with

the &/d® Ru(lIl)/Ru(ll) couple (Table 3). An analysis of these
couples using variable sweep rates and convolution/deconvo-
lution technique¥ reveals that, while all the oxidations are

(19) Brandt, K.; Sheldrick, W. SI. Chem. Soc., Dalton Tran996 1237.

(20) Young, I. R.; Ochrymowycz, L. A.; Rorabacher, D.IBorg. Chem.
1986 25, 2576.

(21) Haga, M.; Dodsworth, E. S.; Lever, A. B. horg. Chem1986 25,
447.

(22) Fantucci, P. C.; Valenti, V.; Cariati, Fhorg. Chim. Actal971, 425.

(23) Gray, H. B.; Beach, N. AJ. Am. Chem. So0d.963 85, 2922.

(24) Bard, A. J.; Faulkner, L. RElectrochemical Methods. Fundamentals
and ApplicationsJohn Wiley and Sons: New York, 1980; pp 236
241.
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E/Volts vs Ag/AgCl E/Volts vsAg/AgCl

Figure 4. A comparison of oxidation processes observed4dp),
7 (W), and [Ru(NCMej([9]aneS)][(PFe)2] (—)-

Figure 5. A comparison of oxidation processes observed for
[Ru(DMSO)CL([9]anesS)] (—), 14 (m), and4 ().

electrochemically reversible, several complexes display oxida- acetonitrile ligands to forr2 and3, the ruthenium(ll) oxidation
tion couples which are not chemically reversible. Therefige, ~ becomes progressively more anodic. The same trend is also seen
is quoted in these cases. It is known that nitrile complexes of when propionitrile-which has similar donor/acceptor propetties
Ru(lll) undergo facile hydrolysid® Hence, there is a possibility IS used as the nitrile ligand.
that this observed chemical irreversibility is due to hydrolysis  Itis also possible to induce shifts in the Ru(l11)/Ru(ll) couple
by adventitious water. However, the electrochemistry of each using z-donor ligands. Figure 5 shows a comparison of the
complex was investigated several times and consistent resultsoxidation couples for [Ru(DMSO)@([[9]ane3)], 14, and 4.
were obtained. From the diagram it can be seen that, as the numberdufnor

A comparison of the electrochemistry of complexes such as chloride ligands coordinated to the metal center_incre_ases, the
4, 7, and [Ru(NCMeY([9]aneS)][PFg]., which are homoleptic Ru(III)/Ru(.II) couple shgws the expecteq cathoqllc shift.
with respect to all three metal coordinated N-donor ligands, — Conclusions.By exploiting unfavorable interactions between
reveals a consistent trend (Figure 4). coordmatgd pyrldyl_hgands and the restricted ability of thioethers

When py is the coordinated ligand, aslirthe Ru(l11)/Ru(ll) to neutralize positive charges on metal complexes, we found
couple is observed at 1.67 V. A slightly more anodic Ru(llly that it is possible to control the substitution chemistry of the
Ru(ll) couple is observed fot, where the oxidation occurs at [Ru([9]aneg)]** fragment. This has led to a general method
1.68 V. This is due to the similar-donorfr-acceptor properties  [0F the facile synthesis of heteroleptic complexes incorporating
of py and bpy ligands. However, when the ligand is changed to this fragment and facially coordinated N-donor ligands. All the
a nitrile, a much larger anodic shift in the Ru(lI)/Ru(ll) couple  féPorted complexes incorporating this metal center display
is observed. For [Ru(NCMg{[9]aneS)]2* Ey, = 1.91 V, while meta_l-l_ocahzeq OX|dat|o_ns. By variation of the N-donor ligand
for 8 (where L= E{CN) E; = 1.98 V and for7 (where L= set, it is possible to shift the Ru(ll)/Ru(ll) couple by300
benzonitrile)E; = 2.01 V. These results are consistent with MV Incorporation ofr-donor ligands into such complexes leads
previous comparisons made between pyridyl and nitrile ligands, @ €Ven greater shifts.

which have shown that pyridyl ligands are bettedonorg® Work in this laboratory is now centering on mono- and
but poorerr-acceptord than nitriles and that benzonitrile is a  ©ligometallic complexes incorporating a variety of S-donor
betterz-acceptor ligand than acetonitrfié. ligand sets. Future work will center on exploiting these

As the data in Table 2 show, the Ru(lll)/Ru(ll) couples of complexes an.d synthetic methpdologies to cons.tru.ct more
complexes incorporating mixed py and nitrile ligands show a compl_ex functional structures V_V'th targeted coordination ge-
less pronounced but, nevertheless, analogous trend, thus aIIowin(‘j’rnetrles and electronic properties.

the Ru(lll)/Ru(ll) couple to be shifted by smaller increments.  Acknowledgment. J.A.T. thanks The Royal Society for
For example, as the py ligands df are substituted with  funding and support. S.R. is grateful to the EPSRC for the
provision of a research studentship.
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