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[(7%-p-cymene)RuCl(Me-CgH4-N = N-C3;H,N,-1-CH;)|PF,

PADAVATTAN GOVINDASWAMY{, PATRICK J. CARROLLY,
CHITTARANIJAN SINHA§ and MOHAN RAO KOLLIPARA*1Y

tDepartment of Chemistry, North-Eastern Hill University, Shillong 793022, India
iDepartment of Chemistry, University of Pennsylvania, Philadelphia, PA 19104, USA
§Department of Chemistry, Inorganic Section, Jadavpur University, Kolkata 700032, India

(Received in final form 17 January 2006)

The complexes [{(n°-arene)Ru(u-CI)Cl},] (arene = p-cymene (1), hexamethylbenzene reacts at
low temperature with the arylazoimidazole (RaaiR’) ligands 2-(phenylazo)imidazole (Phai-H),
1-methyl-2-(phenylazo)imidazole (Phai-Me), 1-ethyl-2-(phenylazo)imidazole (Phai-Et), 2-(tolyl-
azo)imidazole (Tai-H), [-methyl-2-(tolylazo)imidazole (Tai-Me) and I-ethyl-2-(tolylazo)-
imidazole (Tai-Et) to give complexes of the type [(n°-arene)RuCl(RaaiR’)]". The complexes
were characterized by FTIR and '"H NMR and '*C {'"H} NMR spectroscopy. The molecular
structure of [(n%-p-cymene)RuCl(Me-C¢H-N=N-C;H,N,-1-CH;)]PF; was established by
single-crystal X-ray diffraction methods.

Keywords.: p-Cymene; Hexamethylbenzene; Arylazoimidazole; Ruthenium; X-ray structure

1. Introduction

The chemistry of half-sandwich (n°-arene)ruthenium complexes has been widely
developed in the past decade, in part due to their catalytic potential, but also to their
usefulness in the synthesis of other Ru(0) and Ru(II) complexes [1-4]. Recently, McNae
et al. [5] reported the first half-sandwich (arene)ruthenium(Il)-enzyme complex which
was isolated by the reaction of a (n®-p-cymene)ruthenium(II) complex with hen egg
white lysozyme. (Arene)ruthenium(Il) complexes have been the subject of intense
research in the field of organometallic chemistry during recent years [6], as has the
chemistry of ruthenium with unsaturated nitrogen ligands [7—16]. Photophysical
and photochemical properties have been investigated with particular emphasis on
N,N-chelating pyridine bases and related species [7-16]. Ring size and the substituents
in the heterocyclic ring significantly modify m-acidity and regulate the physical and
chemical properties of the complexs [17].
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Recently, the design of molecular architectures with imidazole ligands has
contributed to the understanding of biomolecular interactions with metal ions and
provides models for the active sites of metalloproteins [18-21]. Ruthenium-imidazole
complexes are of interest for their antitumor activities [21]. Imidazole bears the
azoimine (-N=N—-C=N-) functional group, and is an efficient w-acid system for the
stabilization of low oxidation states of metal ions. The chemistry of this functional
group with platinum is also known in detail [22-24]. We previously reported
(cyclopentadienyl)ruthenium(Il) and (indenyl)ruthenium(Il) complexes containing
arylazoimidazole  ligands [25], and the reactivity difference  between
(p-cymene)ruthenium(Il) and (hexamethylbenzene)ruthenium(I) complexes with
pyrazoles, azide and diphenyl-2-pyridyl phosphine [26]. However, no reports are
available on these (arene)ruthenium complexes with azoimine ligands. Here we report
a study of arylazoimidazole (RaaiR’) complexes of (p-cymene)ruthenium(Il) and
(hexamethylbenzene)ruthenium(II). The single-crystal X-ray structure analysis of the
representative complex [(n°-p-cymene)RuCl(Me-C¢H4-N=N-C;H,N,-1-CH3)]" (6) is
also presented. The ligands shown below were investigated.

3N—4

10, 11 N%jg,
7 2N
N |

Chart 1

2. Experimental

2.1. Physical measurements

Elemental analysis was performed on a Perkin-Elmer 2400 CHN/O system. IR spectra
were recorded on a Perkin-Elmer 983 spectrophotometer (KBr pellets). Electronic
spectra were recorded on a Hitachi 300 spectrophotometer (CH,Cl,). '"H NMR and
3C {'"H} NMR spectra (CDCls solvent with TMS as internal standard) were recorded
on Jeol 500 (500 MHz) and Bruker ACF-300 (300 MHz) spectrometers; coupling
constants J are given in Hz.

2.2. Materials and methods

All chemicals used were of reagent grade. All reactions were carried out in distilled
and dried solvents. Ruthenium trichloride trihydrate was purchased from
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Arora Matthey Ltd., and used as received. The ligands [22a, 27] and the precursor
complexes [{(n°-arene)Ru(u-CI)Cl},], arene=p-cymene (1), hexamethylbenzene (8)
[28], were prepared by the following literature methods.

2.3. Synthesis of [( I]6-p-cymene)RuCl( RaaiR') |PFs {RaaiR = Phai-H (2),
Phai-Me (3), Phai-Et (4), Tai-H (5), Tai-Me (6), Tai-Et (7)}

A mixture of [(n°-p-cymene)RuCl,], (1) (100mg, 0.163mmol) the arylazoimidazole
(RaaiR’) ligand (0.408 mmol) and NH4PF¢ (0.408 mmol) was stirred in dry methanol
(20cm®) at —5°C to —10°C (ice/NaCl mixture) for 3h when the orange product
separated out. The compound was filtered off, washed with diethylether and dried
under vacuum.

2: yield 150 mg, (78%). IR (cm™'): vneH) 2925 (8), vic=ny 1633 (s), voneny 1394 (5),
vi-r) 844 (9). '"H NMR (8): 1.13 (d, 3H, Jyy=6.72Hz, CH;), 1.24 (d, 3H,
Junu=6.72Hz, CH;), 2.16 (s, 3H, CHj;), 2.86 (sep, 1H, CH, cymene), 5.02
(d, 2H, Jg 1y =5.84Hz, cymene), 5.32 (d, 2H, Jy y=>5.84 Hz, cymene), 6.51 (d, 2H,
Ju_g="7.58 Hz, Ph), 6.63-6.71 (m, 3H, Ph), 7.73 (d, 1H, Jy_g=6.38 Hz, imidazole),
7.92 (d, 1H, Jyy_y =6.42 Hz, imidazole), 8.23 (s, 1H, NH). '*C {'"H} NMR (8): 17.91,
19.23, 21.47, (CHj3), 29.04 (CH, cymene), 80.95, 81.23, 82.91, 84.14, (CH, cymene),
87.35, 96.46 (C, cymene), 122.35, 124.56, 126.96, 127.37 (Ph), 134.17, 136.26, 147.52
(imidazole). Anal. Calcd for C;9H»,CIN4PF4Ru (%): C, 38.82; H, 3.77; N, 9.53. Found:
C, 38.73; H, 3.76; N, 9.16. Electronic spectrum: A, =387, 311 nm.

3: yield 145mg, (74%). IR (cm™"): Vic=N) 1633 (s), vineny 1427 (s), vp_p) 844 (s).
"H NMR (8): 1.17 (d, 3H, Jy_n=5.86Hz, CH3), 1.31 (d, 3H, Ji_y=6.02Hz, CHj),
2.16 (s, 3H, CHjy), 2.82 (sep, 1H, CH, cymene), 3.82 (s, 3H, CHj3), 5.32 (d, 2H,
Ju-n=>5.42Hz, cymene), 5.61 (d, 2H, Jy_y=542Hz, cymene), 6.08 (d, 2H,
Ju_n=6.78 Hz, Ph), 6.21-6.34 (m, 3H, Ph), 7.04 (d, 1H, Jy_y =8.56 Hz, imidazole),
7.33 (d, 1H, Jy_u = 8.66 Hz, imidazole). '*C {'"H} NMR (8): 19.36, 22.54, 24.33 (CH;),
28.68 (CH, cymene), 33.17 (CH3), 79.69, 81.32, 84.36, 87.05 (CH, cymene), 92.16, 98.52
(C, cymene), 124.31, 125.68, 129.49, 132.35, (Ph), 133.61, 135.34, 142.03 (imidazole).
Anal. Caled for C,yH,4CIN4PF4Ru (%): C, 39.91; H, 4.01; N, 9.31; Found: C, 40.03;
H, 4.14; N, 9.27. Electronic spectrum: Apy.x =388, 312 nm.

4. yleld 190 mg, (94(%)). IR (Cm_l)I V(c=N) 1639 (S), V(IN=N) 1440 (S), V(P-F) 844 (S)
"H NMR (8): 1.13 (d, 3H, Jy_n=5.56Hz, CH3), 1.32 (d, 3H, Jy_n=>5.82Hz, CHj),
1.33-1.42 (t, 3H, Ji_y =6.32 Hz, CH3), 2.13 (s, 3H, CHj;), 2.85 (sep, 1H, CH, cymene),
4.14-4.25 (q, 2H, Jy_n=5.12Hz, CH>»), 5.47 (d, 2H, Jy_y=5.86 Hz, cymene), 5.62
(d, 2H, Jy_n =5.88 Hz, cymene), 6.21 (d, 2H, Jy_y =7.56 Hz, Ph), 6.53-6.64 (m, 3H,
Ph), 7.71 (d, 1H, Jy_y =28.04 Hz, imidazole), 7.85 (d, 1H, Jy_y = 8.12 Hz, imidazole).
BC {"H} NMR (8): 17.31, 18.92, 21.43, 24.58 (CHs), 29.36 (CH, cymene), 46.78 (CH,),
80.91, 82.43, 83.72, 85.17 (CH, cymene), 94.14, 102.37 (C, cymene), 126.41, 127.52,
129.39, 132.44 (Ph), 133.19, 139.62, 145.44 (imidazole). Anal. Calcd for
C,1HysCINyJPF¢Ru (%): C, 40.95; H, 4.25; N, 9.09. Found: C, 40.83; H, 4.62;
N, 9.02. Electronic spectrum: A, =468, 402, 367 nm.

5: yield 163 mg, (82%). IR (cm™'): V-t 3383 (m), vicny 1600 (8), vineny 1394 (5),
vp-r) 850 (s). "H NMR (): 0.87 (d, 3H, Jynu=6.60Hz, CHs), 1.03 (d, 3H,
Junp=>5.02Hz, CH3), 1.88 (s, 3H, CH3), 2.15 (s, 3H, CHj3), 2.52 (sep, 1H, CH,
cymene), 5.60 (d, 2H, Jy_y=06.21Hz, cymene), 5.71 (d, 2H, Jy_y=06.15Hz, Ph),
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5.75 (d, 2H, Jy_g=6.25Hz, Ph), 5.99 (d, 2H, Jy_y=6.25Hz, cymene), 7.40 (d, 1H,
Ju-n = 8.28 Hz, imidazole), 7.92 (d, 1H, Jy_i =7.35 Hz, imidazole), 8.60 (s, |H, NH).
3C {"H} NMR (8): 21.36, 23.83, 26.58, 27.07 (CH3), 33.17 (CH, cymene), 87.53, 88.12,
89.36, 90.34, (CH, cymene), 94.53, 104.32 (C, cymene), 122.56, 123.41, 125.62, 126.59
(Ph), 134.18, 141.26, 148.12 (imidazole). Anal. Caled for C,oH,4CIN4PFsRu (%):
C, 3991; H, 4.01; N, 9.31. Found: C, 40.33; H, 4.01; N, 9.15. Electronic spectrum:
Amax =402, 323 nm.

6: yield 172mg, (85%). IR (cm™"): Vic=ny 1600 (s), vineny 1427 (s), vp_r) 844 (s).
"H NMR (8): 1.16 (d, 3H, Jyy_ = 3.72 Hz, CH3), 1.22 (d, 3H, Ji; 13 = 3.60 Hz, CH3), 1.99
(s, 3H, CH3), 2.54 (s, 3H, CH3), 2.78 (sep, 1H, CH, cymene), 4.19 (s, 3H, CH3), 5.62
(d, 2H, Jg.y=6.44Hz, cymene), 5.87 (d, 2H, Jy_ = 6.44 Hz, cymene), 6.02 (d, 2H,
Jun=>5.67Hz, Ph), 7.41 (d, 2H, Jy y=8.46Hz, Ph), 7.49 (d, 1H, Jy y=1.26Hz,
imidazole) 7.97 (d, 1H, Jy_g =8.52 Hz, imidazole). '*C {'H} NMR (8): 18.27, 21.30,
21.68, 23.01 (CH3), 31.15 (CH, cymene), 35.62 (CH3), 80.78, 85.59, 87.69, 90.53 (CH,
cymene), 94.36, 102.57 (C, cymene), 123.91, 126.52, 127.84, 129.88 (Ph), 132.86, 138.42,
144.54 (imidazole). Anal. Calcd for C,1H,cCIN4PF¢Ru (%): C, 40.95; H, 4.25; N, 9.09.
Found: C, 40.69; H, 4.18; N, 9.64. Electronic spectrum: A, =408, 333 nm.

7: yield 165mg, (80%). IR (cm™"): Vic=ny 1606 (s), vineny 1434 (), vp_p) 844 (s).
"H NMR (8): 0.88 (d, 3H, Jy_n =6.90Hz, CH5), 1.13 (d, 3H, Ji_3=6.90 Hz, CH3),
1.42-1.45 (t, 3H, Jy_y =6.65Hz, CHj3), 1.91 (s, 3H, CH3), 2.10 (s, 3H, CHs3), 2.79 (sep,
1H, CH, cymene), 4.52-4.55 (q, 2H, Jy_y = 6.85Hz, CH>), 5.77 (d, 2H, Jy;_y = 6.10Hz,
cymene), 6.33 (d, 2H, Jy_xg=6.14Hz, cymene), 7.06 (d, 2H, Jy_n =5.39 Hz, Ph), 7.96
(d, 2H, Jy_yu=5.36 Hz, Ph), 8.18 (d, 1H, Jy_=8.58 Hz, imidazole), 8.31 (d, 1H,
Jun=8.54 Hz, imidazole). >C {"H} NMR (8): 18.98, 21.71, 22.47, 26.41, 31.22 (CH5),
39.86 (CH, cymene), 44.23 (CH,), 79.91, 81.24, 82.46, 85.03 (CH, cymene), 91.93, 97.45
(C, cymene), 123.04, 126.51, 130.47, 131.95 (Ph), 133.87, 135.65, 141.32 (imidazole).
Anal. Calcd for C,,H,sCIN4PF4Ru (%): C, 41.94; H, 4.48; N, 8.89. Found: C, 41.75;
H, 4.52; N, 8.96. Electronic spectrum: A,x =398, 304 nm.

2.4. Synthesis of[(1]6-C6Me6)RuCl(RaaiR’)]PF6 {RaaiR' = Phai-H (9),
Phai-Me (10), Phai-Et (11), Tai-H (12), Tai-Me (13), Tai-Et (14)}

A mixture of [(n°-CsMeg)Ru(u-CI)(CD)], (8) (100 mg, 0.149 mmol), the arylazoimidazole
(RaaiR’) ligand (0.408 mmol) and NH4PF¢ (0.408 mmol) was stirred in dry methanol
(20cm®) at —5°C to —10°C (ice/NaCl mixture) for 3h when the brown product
separated out from solution. The compound was filtered off, washed with diethylether
and dried under vacuum.

9: yield 165mg, (89%). IR (cm™'): venen) 3123 (5), vieeny 1633 (s), voneny 1427 (5),
vy 50 (8). '"H NMR (8): 2.03 (s, 18H, C¢Mey), 6.83 (d, 2H, 7.12 Hz, Ph), 6.96-7.05
(m, 3H, Ph), 7.37 (d, 1H, Ji g=3.16 Hz, imidazole), 7.59 (d, 1H, Jg y=5.23Hz,
imidazole), 8.58 (s, 1H, NH). *C {"H} NMR (8): 23.52 (CH;, Cg¢Mey), 129.71
(C, C¢Meg), 131.32, 132.81, 133.73, 135.19 (Ph), 137.59, 142.27, 149.15 (imidazole).
Anal. Calcd for C, H,cCIN4PF4Ru (%): C, 40.95; H, 4.25; N, 9.09. Found: C, 40.83;
H, 4.36; N, 9.02. Electronic spectrum: Ap,x =474, 367 nm.

10: yleld 158 mg, (84(%)). IR (Cm_l)l V(C=N) 1633 (S), V(N=N) 1427 (S), V(P-F) 857 (S)
"H NMR (8): 2.05 (s, 18H, C¢Meg), 3.41 (s, 3H, CH;), 6.23-6.49 (m, 5H, Ph),
7.34 (d, 1H, Jy_g=4.18 Hz, imidazole), 7.62 (d, 1H, Jy_y=>5.13Hz, imidazole).
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BC {'H} NMR (8): 25.16 (CH;, C¢Me), 34.27 (CH;), 124.32 (C, C¢Meg), 123.56,
125.24, 129.14, 130.31 (Ph), 132.34, 135.53, 145.73 (imidazole). Anal. Calcd for
CyHo3CIN4PFgRu (%): C, 41.94; H, 4.48; N, 8.89. Found: C, 41.77; H, 4.51; N, 8.86.
Electronic spectrum: A, =477, 383, 310 nm.

11: yield 181 mg, (94%). IR (cm™): Vic=N) 1639 (s), vneny 1434 (s), vp_r) 844 (s).
"H NMR (8): 1.41 (s, 3H, CH3), 2.03 (s, 18H, CH3, C¢Mey), 4.43 (q, 2H, Jy_ = 4.68 Hz,
CH,), 6.15 (d, 2H, Jy_y = 6.08 Hz, Ph), 6.52 (m, 3H, Ph), 6.97 (d, 1H, imidazole), 7.26
(d, 1H, Jy_p = 5.14, imidazole). °C {'"H} NMR (8): 15.32 (CHs), 22.16 (CH5, CsMey),
52.19 (CH»), 122.26 (C, CsMeg), 126.13, 127.03, 130.38, 131.56 (Ph), 134.16, 139.52,
146.13 (imidazole). Anal. Caled for Cy3H3oCIN4PF¢Ru (%): C, 42.89; H, 4.69; N, 8.70.
Found: C, 42.93; H, 4.71; N, 8.74. Electronic spectrum: A, =485, 377, 348 nm.

12: yield 165mg, (88%). IR (KBr pellets, cm™"): VN-H)y 3429 (5), vie=n) 1636 (5),
vnenNy 1440 (s), vp_r) 850 (5). "H NMR (8): 2.06 (s, 18H, CsMey), 2.54 (s, 3H, CHs3),
7.48 (d, 2H, Jy g =28.18 Hz, Ph), 7.69 (d, 2H, Jy. 1y =8.23 Hz, Ph), 7.71 (s, 1H, NH),
7.78 (d, 1H, Jg p=38.36 Hz, imidazole), 7.92 (d, 1H, Jy y=9.45Hz, imidazole).
BC {"H} NMR (8): 20.46 (CHs, C¢Meg), 26.25 (CH3), 104.84 (C, CeMey), 124.56,
126.48, 127.86, 130.32 (Ph), 134.97, 148.27, 158.19 (imidazole). Anal. Calcd for
CyHosCINyGPF¢Ru (%): C, 41.94; H, 4.48; N, 8.89. Found: C, 41.68; H, 4.52; N, 8.81.
Electronic spectrum: A, =474, 396, 348 nm.

13: yield 174 mg, (90%). IR (KBr pellets, cm™'): Vic=N) 1639 (s), vineny 1440 (),
Vp_r) 850 (5). "H NMR (8): 2.04 (s, 18H, C¢Mey), 2.21 (s, 3H, CHs), 3.89 (s, 3H, CHj),
546 (d, 2H, Jy_y=4.38Hz, Ph), 5.89 (d, 2H, Jy_y=4.46Hz, Ph), 7.31 (d, 1H,
Jin = 6.54 Hz, imidazole), 7.53 (d, 1H, Ji;_i; = 7.28 Hz, imidazole). '*C {'"H} NMR (§):
18.39 (CHj;, C¢Meyg), 23.43 (CHj3), 33.46 (CH3), 126.52 (C, CgMeg), 127.32, 129.48,
131.82, 132.56 (Ph), 134.37, 139.59, 147.62 (imidazole). Anal. Calcd for
Co3H30CINSPFgRu (%): C, 42.89; H, 4.69; N, 8.70. Found: C, 42.78; H, 4.73;
N, 8.74. Electronic spectrum: A, =479, 390, 345 nm.

14: yield 182mg, (92%). IR (KBr pellets, cm™): Vic=ny 1606 (8), vneny 1427 (s),
Vi) 844 (s). '"H NMR (8): 1.32 (t, 3H, Jynu=7.02Hz, CH3), 2.06 (s, 18H, CHj,
Ce¢Meg), 2.15 (s, 3H, CHj), 4.26 (m, 2H, Jiy g=5.16Hz, CH,), 6.23 (d, 2H, Jyu_
u=>5.86Hz, Ph), 6.35 (d, 2H, Jy y=6.36 Hz, Ph), 7.58 (d, 1H, Jy y=3.32Hz,
imidazole), 7.92 (d, 1H, Jy_y = 6.42 Hz, imidazole). °C {'H} NMR (8): 18.31 (CH3),
21.72 (CHs, CgMeg), 24.24 (CH3), 48.05 (CH,), 123.93 (C, CsMeg), 118.49, 121.37,
124.12, 126.35 (Ph), 131.51, 134.38, 142.17 (imidazole). Anal. Calcd for
C,4H3,CINgGPF¢Ru (%): C, 43.80; H, 4.90; N, 8.51. Found: C, 43.68; H, 4.96;
N, 8.67. Electronic spectrum: A, =469, 332 nm.

2.5. Structure analysis and refinement

Single crystals of 6 suitable for X-ray analyses were grown by slow diffusion of hexane
into a dichloromethane solution of the complex. X-ray intensity data were collected on
a Rigaku Mercury CCD area detector employing graphite-monochromated Mo-Ka
radiation (A =0.71069 A) at 143 K. Indexing was performed from a series of twelve 0.5°
rotation images with exposures of 30s. Rotation images were processed using
CRYSTAL CLEAR [29]. Intensity data were corrected for Lorentz and polarization
effects and for absorption using the REQAB program [30]. The structure was solved by
direct methods using SIR97 [31] and refined by full-matrix least-squares methods based
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Table 1. Crystal data and structure refinement parameters for 6.

Formula C21H26N4PF6C1RU
Formula weight 615.95
Crystal system Monoclinic
Space group P2y/c
Z . 4
Cell constants (A, ©)

a 9.6735(7)

b 24.465(2)

¢ 10.5902(9)

B. 102.7160(10)
v (A%) 2444.8(3)
Absorption coefficient (cm™") 8.79
crystal size (mm?) 0.38 x0.27 x 0.10
Dcyrea (gem™) 1.673
F(000) 1240
26 range (°) 5.16-54.96
No. reflections measured 11215
No. unique reflections 5374 (Riny=0.0163)
No. observed reflections 5008 (I>4o(1))
No. parameters 313
R indices (I>40(1)) R;=0.0288

wR,=0.0722
R indices (all data) R;=0.0312
wR,=10.0741

GOF i 1.051
Final difference peaks (e A~3) +0.755, —0.720

on F* using SHELXL-97 [32]. Non-hydrogen atoms were refined anisotropically, while
hydrogen atoms were refined using a riding model. Refinement converged at final
values of R=0.0288 (for observed data F) and wR,=0.0722 (for unique data F).
Table 1 lists cell information, data collection parameters and refinement data. Figure 1
is an ORTEP [33] representation of complex 6 with 30% probability thermal ellipsoids.

3. Results and discussion

1-Methyl-2-(arylazo)imidazole (aai-Me), 1-ethyl-2-(arylazo)imidazole (aai-Et) and
2-(arylazo)imidazole (aai-H) were synthesized by coupling the aryldia-zonium ions
with imidazole in aqueous sodium carbonate solution (pH =7) and purified by the
reported method [27]. The alkylation was carried out by adding alkyl halide in dry THF
solution to the corresponding 2-(arylazo) imidazole in the presence of sodium
hydride [34]. The (arene)ruthenium dimers [{(n%-arene)Ru(u-Cl1)Cl},] where arene =
p-cymene (1) and hexamethylbenzene (8) reacted with arylazoimidazoles (RaaiR’) in
the presence of ammonium salts in methanol to form mononuclear cationic
(arene)ruthenium complexes having the general formula [(n°-arene)RuCl(RaaiR’)]"
(scheme 1). The complexes are non-hygroscopic, air-stable, shiny crystalline solids.
They are sparingly soluble in methanol and benzene, soluble in dichloromethane,
chloroform, acetone and acetonitrile, and insoluble in hexane, petroleum ether and
dicthylether.

IR spectra of the p-cymene complexes show strong bands at 1600 and
1394-1440cm™" due to ve_n and vn_n of the arylazoimidazole (RaaiR’), and a
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C21

Figure 1. X-ray structure of 6 showing the atom numbering scheme. Hydrogen atoms and PF4 are
omitted for clarity.

R N\ %&,_N@
/\C|/<% o 107G Cl/,l\,=N)l\l\|l

ﬂ = p-cymene (1)

= hexamethylbenzene (8)

R,R =H (2,9) R

R =H, R"=CH;(3,10) = p-cymene

R =H, R"=C,Hg (4,11) % = hexamethylbenzene
R=CHg, R =H (5,12)

R,R’ = CH, (6, 13)

R = CHg, R’ = C,Hy (7,14)

Scheme 1. Preparation of complexes.

strong band at 844cm™' due to vp . 'H NMR spectra of 2-7 exhibit doublets for the
methyl protons of the isopropyl group due to the diastereotopic nature of isopropyl
group. A septet at 2.52-2.86 ppm is observed for the methine proton of the isopropyl
group. The two doublets observed at 5-6 ppm correspond to aromatic p-cymene CH
protons, shifted downfield as compared to the starting complex 1 due to the cationic
nature of the complex. N-H protons of complexes 2 and 5 give peaks in the range
8.2-8.6 ppm. N-methyl protons of 3 and 6 appear as singlets at 3.82 and 4.19 ppm,
respectively. The N-methylene protons of 4 and 7 appear as a quartet in the range
4.14-4.55ppm. All complexes show doublets in the range 5.75-7.96 ppm due to the
phenyl protons of the azoimine ligand. In the '*C {'H} NMR spectra, methyl carbons
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give signals in the range 17.31-31.22 ppm. Methyl carbons of the isopropyl group
appear at 28.68-39.86 ppm and the cymene carbons at 87.35-104.32 ppm. The signals
for carbons of the arene group are similar to those in other reported compounds.
Carbons of the imidazole and phenyl groups give signals at 122.35-148.12 ppm.

IR infrared spectra of hexamethylbenzene complexes 9-14 exhibit vn_n in the range
1427 to 1440 cm™". In addition, IR spectra contain strong bands at 844-857cm ™' due to
vp-F). The formation of complexes 9-14 was conveniently monitored by peak ratios in
the "H NMR spectra. '"H NMR spectra exhibit a strong peak at 2.03-2.06 ppm for
hexamethylbenzene, which is slightly shifted downfield in comparison to the starting
compound 8 (2.02 ppm). The shift may result from a change in electron density at the
metal centre due to chelation of the arylazoimidazole. Phenyl protons appear at
6-8 ppm, while the methine protons of imidazole were observed in the range
6.97-7.92ppm. '*C NMR data are consistent with '"H NMR data. The methyl
carbon of hexamethylbenzene appears around 20ppm and the ring carbon at
~125ppm. The resonance observed at 118-158 ppm is assigned to the phenyl group
and imidazole group of arylazoimidazole (RaaiR’) ligand carbons.

The low spin d° configuration of the mononuclear complexes provides filled orbitals
of proper symmetry, which can interact with the low lying n* orbitals of the
arylazoimidazole ligands (RaaiR’). One should therefore expect a band attributable to
the MLCT (tyg— 7*) transition in the electronic spectra [10, 13, 22], where the
transition energy of these bands varies with the nature of the ligands acting as
m-acceptors. The presence of an electron donating group (H, CH;, and C,Hs) in the
imidazole nitrogen of the azoimine ligand should increase the energy of transition,
causing a red shift in MLCT maxima [35], while an electron withdrawing group should
decrease the transition energy. The electronic spectra of [(°-p-cymene)RuCl(RaaiR’)]"
complexes 2-7 displayed very weak bands at 468 nm; complex 4 showed a medium
intensity band at 387-408 nm and a very strong absorption at 304-367 nm. The bands
at 468 and 387-408 nm are assigned to MLCT transition [ty,{ Ru(Il) - 7*(azoimine)}].
The Anax values of this band are consistent with those of the azoimine ligand bound
to ruthenium(II) [36].

The free ligand itself shows intra ligand charge-transfer transitions (n—m*, 7—m*) of
high intensity (¢ ~10*-10°M~'cm™") at less than 300 nm. Transitions at ~290 nm and
below are thus not considered further. Two transitions at longer wavelengths
(377-390nm and 469-485nm) differ in intensities. The first is of moderate
intensity and has been assigned to the MLCT band (dz(Ru) — 7* (azoimine)) in the
complexes [22] or else from hybrid orbitals composed of dm(Ru) and n(p-cymene/
hexamethylbenzene) to the 7w*(azoimine) orbital of the ligand. The weak transition at
469-485 nm may originate from a singlet—triplet transition, particularly that allowed by
strong spin-orbit coupling in ruthenium [37]. Because of better delocalization in the
hexamethylbenzene ring the CT bands are shifted to longer wavelengths compared to
p-cymene complexes.

Electronic spectra of hexamethylbenzene complexes 9-14 display bands in the
regions 469485, ~380 and ~340nm. The broad medium intensity bands around
380 nm are assigned to MLCT bands arising from drift of electron density from filled
Ru(Il) — dm(t,,) orbitals to low lying 7* orbitals of RaaiR’. The position of this band is
consistent with those in other metal-azo complexes [38]. The band around 340 nm
is assigned to an MLCT transition [Ru(Il) - dz* on the hexamethylbenzene ring].
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Table 2. Selected bond lengths (A) and angles (°) for 6.

Ru(1)-CI(1) 2.388(5) Ru(1)-N(1) 2.059(2) Ru(1)-N(4) 2.073(2)
Ru(1)-C(12) 2.209(2) Ru(1)-C(13) 2.218(2) Ru(1)-C(14) 2.206(2)
Ru(1)-C(15) 2.236(2) Ru(1)-C(16) 2.209(2) Ru(1)-C(17) 2.181(2)
N(3)-N(4) 1.292(2) N(4)-C(4) 1.426(2) N(2)-C(10) 1.470(3)
Ru(1)-C* 1.696(1)

N(1)-Ru(1)-N(4) 75.4(6)

N(4)-Ru(1)-CI(1) 84.45(5)

N(1)-Ru(1)-CI(1) 86.49(5)

*Ruthenium to centroid of p-cymene.

4. Molecular structure

Selected bond distances and angles for 6 are given in table 2. The structure shows
coordination of the n°p-cymene, the bidentate arylazoimidazole ligand and one
chloride to form a distorted octahedral geometry. The arylazoimidazole is coordinated
through the azo group nitrogen N(4) and imidazole nitrogen N(1) atoms. If we consider
the p-cymene ring as a single coordination site represented by its centroid, the overall
coordination geometry about the metal centre might be regarded as pseudo-tetrahedral
or having a typical ‘piano-stool” geometry. The p-cymene ring is planar and the Ru-C
distances are almost equal, with an average bond length of 2.2102) A (range
2.181(2)-2.236(2) A) the ruthenium to p-cymene ring centroid distance is 1. 6964(1)A
and is consistent with those reported for the other ruthenium(II) n°-arene
complexes [39]. C-C bond lengths in the p-cymene ring are equal and there are no
alternate short and long bond lengths; this suggests that there is no localization.
The Ru(1)-CI(1) distance is normal and slightly shorter than the average bond length
of 2.3877(5)1& reported for other ruthenium(II) complexes [40]. The bond angles
N(4)-Ru(1)-CI(1), N(1)-Ru(1)-N(4) and N(1)-Ru(1)-CI(1) are 84.45(5), 75.4(6) and
86.49(5)°, respectively, consistent with the piano stool structure. The N=N
bond distance N(3)-N(4) is 1.292(2)A, longer than the value for the free ligand
(1.250(1)A) [41]. This is due to significant charge delocalization from the metal
d-orbitals, namely, the dz(Ru) — 7*(azo) transition.

Supplementary material

Crystallographic data for the structural analysis have been deposited at the Cambridge
Crystallographic Data Centre, CCDC 271180. Copies of this information may be
obtained free of charge from the Director, CCDC, 12 Union Road, Cambridge,
CB2 1EZ, UK (Fax: +44 1223 336033; E-mail: deposit@ccdc.cam.ac.uk or
www: http://www.ccdc.cam.ac.uk).
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