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Coordination of primary amine ligands to an ally1 ruthenium( IV) centre 

Jonathan W. Steed and Derek A. Tocher 
Department of Chemistry, University College London, 20 Gordon Street, London WCIH OAJ (UK) 

(Received September 9, 1993) 

Abstract 

The bis(allylIruthenium(IV) chloro-bridged dimer [{Ru($ : ~3-C,aI-11JCl(~-ClI)~l (1) reacts with aromatic amines in methanol to 
give the simple equatorial adducts [Ru(v3: ~3-Cu,I-IH,,jCl,(NH,RI] (R = Ph, 2; p-C,H,NH,, 3; 0-C,H,NHs, 5). In contrast, in 
dichloromethane the analogous reaction in the case of o- and p-phenylenediamine gives the binuclear compounds [(Ru(q3 : TJ~- 
C,,H,,)CI,),{~-(NH2)zC,H$] 4 and 6. In the presence of atmospheric oxygen reaction of 1 with o-@II-I,),CsH, in methanol 
gives the chelate compound [Ru(T~: ?3-C,oH,,)Cl(o_(NH,),C,HSIX (X = Cl, 7; PF,, 8). The analogous reaction with 2,2’-di- 
aminodiphenyl also gives an ionic chelate complex. [Ru(TJ~ : ~3-C&H,,)Cl(o-NH,C,H,~ CsH,NH,IlX (X = Cl, 9; BF,, lo), which 
contains a seven-membered heterocyclic ring. 

Key wora!r~ Ruthenium; Allyl; Amine; Fhtxionality 

1. Introduction 

Nitrogen donor ligands such as amines, amides, 
imides and polypyridines are known in conjunction 
with a number of high oxidation state transition metal 
centres. Recently, reported examples include Osvr 
amine/ pyridyl complexes [OsO,(LXL’)l (L = bis(Z 
hydroxy-2,2-diphenylethyl)pyridinato, L’ = NH : Bu, py, 
4-‘Bupy) [l], and the Ru xv bis(imido) compound trans- 
[Ru(2,6-‘Pr,C,H,N),(PMe,),], formed by air oxida- 
tion of an unidentified Run amido species [2]. Expo- 
sure of the Run tetraphenylphorphorinato (TPP) amide 
complex [Ru(TPPXNH~~BU)~] to 0, also results in 
oxidation to the analogous ruthenium(V1) biscimido) 
compound [Ru(TPPXN’Bu), I [21. Amine donor ligands 
are also frequently observed in conjunction with ruthe- 
nium(R) centres: e.g. [Ru(l7’-CpXNH,RXPR’~)]+ (R = 
H,Me) [3], and the Run/Rum Creutz-Taube ion 
[(NH,>,Ru(~-pyz)Ru(NH,),l”+ (n = 4, 5, 6) [41. 

A great deal of activity including a considerable 
amount of very recent work [5-101, has been directed 
towards study of potentially bridging or chelating bi- 
functional amine ligands such as 1,2-diaminobenzene 
[o-phenylenediamine,o-pda, l,Z(NH,),C,H,]. Com- 
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pounds containing neutral o-pda are uncommon and 
are often of limited stability, although anionic com- 
plexes [MCl,(o-pda)l- (M = Cr,V) have recently been 
reported, along with related Crrv oxidation products 
such as [Cr(O,SCF&o-pda)] [lo]. The off-white com- 
plexes [Fe(o-pda),]X, (X = ClO,,I> have been known 
for some years [HI, and in the presence of atmospheric 
oxygen are oxidised to the deep blue-black diiminoben- 
zene [o-dib, 1,2-(NH&H,] complex [Fe(o-dib),lX,. 
Oxidation of coordinated o-pda in the presence of 
oxygen and a catalytic amount of base (often additional 
free amine) is a well known reaction, and a number of 
compounds are known with o-dib coordinated in either 
chelating or bridging modes (e.g. [Ru(PPh,),(o-dib)] [7] 
and [{Ru(CO),(PPh,>},(CL-o-dib)] [8,91 in which the lig- 
and is present as the dianion). A series of complex ions 
of general formula [M(o-dib),]” (M = Ni,Co,Pt,Pd; it 
= -2 to +2) have been studied. In these, the o-dib 
ligands may exist as neutral, anionic or dianionic 
chelates 1121. The dianion is also known to bridge 
metals in such diverse oxidation states as Ru’ and WV 
Ml. 

In view of this obvious versatility and stability in the 
presence of metals in high oxidation states, we have 
examined the reactions of a range of amine ligands 
with the ruthenium(IV) chloro-bridged dimer [(Ru- 
(v3 : ~3-CJ-I&1(~-C1)121 (1). Compound 1 is related 
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o-diaminobenzene 

Co-pda) 

o4iiminobenzene 

(o-dib) 
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/ w 0 0 

w 

2,2’diminodiphcnyl 

to the intensively studied Run compounds [(Ru($- 
arene)Cl&Cl)},] (arene = C,H,, 1,3,5C,H,Me,, 
C,Me, etc.) 1131 and its unusual properties (high oxi- 
dation state organometallic, aqueous stability, and chi- 
rality) have made it the object of considerable recent 
study [14-221. In this contribution, emphasis has been 
placed on the reactions of 1 with bifunctional amines 
related to o-pda. Reactions with polypyridyl ligands 
have been reported elsewhere [23]. 

2. Experimental details 

2.1. Instrumental 
Infrared spectra were recorded on a PE983 grating 

spectrometer between 4000 and 180 cm-’ as either 
KBr disks or Nujol mulls on CsI plates. NMR spectra 
were recorded on a Varian VXR400 spectrometer. 
Microanalyses were carried out by the departmental 
service, and mass spectra were recorded by the Univer- 
sity of London Intercolliegate Research Service at the 
School of Pharmacy. Cyclic voltammetric measure- 
ments were performed with a Metrohm E506 potentio- 
stat interfaced with a Metrohm E612 VA scanner and 
a Hewlett Packard 7035B XY recorder. Electrolyte 
solutions were 0.2 M in tetra-n-butyl ammonium te- 
trafluoroborate. Deaeration of the solution was per- 
formed before the experiment and a stream of nitrogen 
passed throughout. The working electrode ,was a plat- 
inum wire .(Metrohm EA285).. A platinum wire was 
used as a pseudo-reference electrode and potentials 

were corrected relative to the ferrocene/ ferrocinium 
couple (ferrocene was added at the end of each experi- 
ment). A massive platinum wire was used as the auxil- 
iary electrode. All potentials are reported with respect 
to the Ag/AgCl couple against which ferrocene is 
oxidised at a potential of +0.60 V. Conductivity mea- 
surements were carried out at 20°C with a WPA 
CMD400 digital conductivity meter. Conductivity us. 
concentration data were obtained over a range of con- 
centrations (10-3-10-4 mol dmm3) and a plot of A, 
(equivalent conductance) us. Cel’* (concentration in 
equivalents drnp3) gave a straight line which, on ex- 
trapolation to Cel’* = 0 gave A,. All manipulations 
were carried out under nitrogen with degassed solvents 
by conventional Schlenk line techniques except where 
otherwise stated. In general, isolated products were 
found to be air stable or to decompose only slowly in 
solution in the presence of atmospheric oxygen. 

2.2. Materials 
[{Ru(q3 : 773-C,,H,6)Cl(~-C1)}2] was prepared by 

published methods [15,18]. Ruthenium trichloride hy- 
drate was obtained on loan from Johnson Matthey plc. 
and was purified before use by repeated dissolution in 
water and subsequent boiling of the solution to dry- 
ness. All other reagents and materials were obtained 
from commercial sources. 

2.3. Preparations 
[Ru(q3: r13-C,,H,,)Cl,(NH,Ph)/ (2). [(Ru(q3 : q3- 

C,&,,)C1(~-C1)),] (0.07 g, 0.11 mmol) was stirred in 
methanol (5 cm31 with aniline (0.1 cm3, excess) for 3 h. 
The resulting orange-yellow precipitate was filtered off 
and washed sparingly with diethyl ether. A second crop 
of the product was obtained by evaporation of the 
yellow filtrate to ca. 2 cm3. Combined yield 0.06 g, 0.15 
mmol, 68%. Anal. Found: C, 48.20; H, 5.60; N, 3.65. 
C,,H,,NCI,Ru talc.: C, 47.90; H, 5.80; N, 3.50%. 

,” 
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TABLE 1. ‘H NMR data for new compounds a 

Compound 

[Ru(~~~:~~~-C,,H,,)C~,(NH,P~)I (2) 

6 

Terminal ally1 

4.15 (s, 2H) 

Internal ally1 

4.48 (m, 2H) 
3.76 (s, 2H) 

[Ru(n3: 773-C1~H,,)C1,(NH,C,H,NH,)I (3) 4.15 (s, 2H) 4.45 (m, 2H) 
3.75 (s, 2H) 

Ethylenic 

2.57 (m, 4H) 

Me 

KRu(n3: ?3-C,,H,,)C1,121~-l,4-(~*)*C~H~}l (4) 4.17 (s, 8H) 4.46 (m, 8H) 
3.74 (s, 8H) 

(Ru(n3: 173-C,,H16)C12(1,2-NH2C6H4NH~)l (5) 4.33 (s, 2H) 4.64 (t, 2H, 
4.03 (s, 2H) 3.l = 5.3) 

2.29 (s, 6H) 

2.29 (s, 6H) 

2.30 (s, 12H) 
2.29 (s, 12H) 
2.32 (s, 6H) 

Ligand 

2.58 (m, 4H) 

2.58 (m, 16H) 

2.68 (m, 2H) 
2.51 (m, 2H) 

7.33(d,2H,3J= 7.4, o-C&k 2.27 (6 73% 

3J = 7.5, m-C,H,); 7.16 (t, lH, 3J = 7.3, P- 
-c,H,); 6.13 (s, br, NH); 5.67 (s, br, NH) 
7.15 (d, 2H, ‘J = 6.5, C&k 6.57 (4 26 
3~ = 6.5, C,H,); 6.01 (d, br, ‘J = 6.1, NJ0 
5.55 (d, br, *J = 6.1, NH); 3.58 (s, br, 2H, NH) 
7.27 (s, 4H, C,H,); 7.26 (s, 4H, C,H$6.12 
(d, br, 4H, ‘J = 7.9); 5.67 (d, br, 4H, J = 7.9) 
7.26 (dd, lH, 3J = 7.7, “J = 1.4, C,H,h 6.95 

(dt, 1H, 3J = 7.7, “J = 1.4, C,H,); 6.72 (dd, 
lH, 3J = 7.7, 4J = 1.4, C,H,); 6.68 (dt, lH, 
3~ = 7.7, 4~ = 1.4, C,H,); 5.87 (d, br, lH, 
*J = 8.8, NH); 5.53 (d, br, lH, ‘J = 8.8, NH); 
3.40 (s, br, 2H, NH) 

([Ru(u3: ~3-C,,H,,)CIZ)Z{~-1,2-(NH2)2C6H4)1 (6) b 4.60,4.48,4.21’ 4.62 (m, 4H) 
Major diastereoisomer 4.18, 4.11, 3.99 

[(Ru(?~~:~~~-C,,H,,)C~~}~(CL-~,~-(NH*)*C~H~)) (6) b 4.62 (m, 4H) 
Minor diastereoisomer 

[(Ru(n3: 173-C,,H,,)C1(l,2-(NH2),C,H,)ICI (7) b 4.14 (s, 1H) 4.44 (m, 1H) 
3.88 (s, 1H) 4.37 (m, 1H) 
3.74 (s, 1H) 
3.38 (s, 1H) 

[(Ru(n3: s3-CloH,,)CI(l,2-(NH,),C,H,)IPF,l (8) d t-4 ;; ;;; 4.48 (m, 1H) 
3:60 (s: 1H) 3.60 (m, 1H) 

3.03 (s, 1H) 

[Ru(n3: 93-CloH16)CI(NH2CgH4C6H4NH*)1Ci (9) b 4.36 (s, 1H) 4.73 (m, 2H) 
4.10 (s, 1H) 
3.59 (s, 1H) 
3.05 

[Ru(~~~:~~-C~~H~~)C~(NH~C~H~C~H~NH~)I[BF~I (10) 4.41 (s, 1H) 

4.13 (s, 1H) 
3.60 (s, 1H) 
3.04 (s, 1H) 

4.79 (dd, lH, 

‘J = 8.1 and 3.9) 
4.18 (d, lH, 
3J = 7.5) 

2.69 (m, 4H) 
2.46 (m, 4H) 

2.69 (m, 4H) 
2.46 (m, 4H) 
2.90-2.54 
(m, 4H) 

2.26 (s, 12H) 

2.31 (s, 6H) 
2.24 (s, 6H) 
2.25 (s, 6H) 

2.88-2.66 2.39 (s, 3H) 
(m, 4H) 2.30 (s, 3H) 

2.80-2.50 
(m, 4H) 

3.38 (m, 1H) 

2.85 (m, IH) 
2.76 (m, IH) 
2.60 (m, 1H) 

2.44 (s, br, 3H) 
2.35 (s, 3H) 

2.42 (s, 3H) 

2.29 (s, 3H) 

8.26 (m, 2H, C, H,); 7.49 (d, lH, ‘J = 7.0, 
NH); 7.21 (d, lH, *J = 7.0, NH); 5.74 td, 
lH, *J = 9.5, NH); 5.33 (d, lH, *J = 9.5, NH) 
8.36 (m, 2H, C, H,); 7.42 (s, lH, NHk 7% 
(s, lH, NH); 5.62 (s, lH, NH); 5.22 (s, lH, NH) 
8.45 (s, br, lH, NH); 7.61 (d,lW 3J = 7.8, 
C,H,); 7.34 (d, lH, 3J = 7.1, C,H,); 7.28 (t, 
lH, ‘J = 7.3, C,H,); 7.11 (t, lH, 3J = 7.3, 
c, H,); 6.93 (s, br, lH, NH); 6.42 (s, br, 
lo, NH); 4.79 (s, br, H-I, NH) 
7.51 (d, lH, 3J = 7.9, C,H,); 7.35 (t, lH, 
3J = 7.5, C,H,); 7.29 (t, lH, 3J = 7.9, C,H,k 
7.21 (d, lo, 3J = 7.9, c,H,); 6.96 (d, br, lH, 
*J = 12.5, NH); 6.64 (d, br, lH, ‘J = 12.5, 
NH); 4.29 (s, br, 2H, NH) 
7.48 (m, br, 3H, C,H,); 7.28 (m, 3H, CeH4h 
7.19 (d, lH, 3J = 7.6, C,H,k 7.12 (d, lH, 
3J = 7.5, C,H,); 6.10 (d, lH, ‘J = 9.0, NH), 
5.47 (d, in, ‘J = 9.0, NH); 3.61 (s, br, 2H, NH) 
7.62 (m, 2H, C,H,); 7.36 (m, 3H, C&A 

7.26 (d, lH, 3J = 6.2); 7.21 (dd, 1H, 3J = 7.4, 
"J= 1.7, C,H,); 7.10 (d, lH, 3J = 7.8, C,ff,k 
6.08 (d, lH, *J = 9.3, NH); 5.57 (d, lH, 
'J = 9.3, NH); 5.09 (d, lH, *J = 8.3, NH); 3.81 
(d, lH, *J = 8.3, NH) 

a 6 in ppm, J(H-H) in Hz, 400 MHz, 2O”C, solvent CDCI,, unless otherwise stated, s = singlet, d = doublet, dd = doublet of doublets, t = triplet, se = septet, m = multiplet, br = broad. 
b Signals broad due to fluxionality. ’ Overlap and broadness of spectrum makes assignment of resonances to their respective isomers impossible. Ah resonances are broad singlets of 
varying intensity, total integral 12H for each diastereoisomer. d Solvent MeCN-d,. 
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b(q3: q’-C,,H,,)Cl,(p-NH,C,H,NH,)l(3). [{Ru- 
(q3 : q3-C,oH,,)Cl(~-Cl>},l (0.05 g, 0.08 mmol) was 
stirred in methanol (5 cm31 with p-(NH,&H, (0.02 
g, 0.18 mmol). Work-up and isolation were as de- 
scribed for 2. Yield 0.06 g, 0.14 mrnol, 88%. Anal. 
Found: C, 46.15; H, 5.90; N, 6.55; Cl, 17.00. 
C,,H,N,Cl,Ru talc.: C, 46.15; H, 5.80; N, 6.75; Cl, 
17.05%. 

LiRu(q3: q3-C10H~6)Cl~~z~~-~-(NH2)2CgH4~~ (4). 
[{Ru(q3 : q3-CloH16)C1(~-C1)}2] (0.10 g, 0.16 mmol) was 
stirred in CH,Cl, (5 cm3) with p-(NH,&H, (0.02 g, 
0.17 mmol) for 1 h, giving a bright yellow precipitate 
which was filtered off. A second crop of precipitate 
was obtained by concentrating the filtrate to ca. 2 cm3. 
Combined yield 0.10 g, 0.14 mmol, 86%. Anal. Found: 
C, 42.35; H, 5.50; N, 3.65. C,,H,,N,Cl,Ru, talc.: C, 
43.10; H, 5.55; N, 3.85%. 

IRu(q3:q3-C~0H&12(o-NH2C6HqNHz)] (5). [{Ru- 
(q3 : q3-C,oH,,)Cl(~-Cl>)~] (0.07 g, 0.11 mm00 was 
stirred in methanol (5 cm3) with o-(NH,),C,H, (0.03 
g, 0.24 mmol) for 4 h to give an orange solution. The 
solvent was removed in uzcuo and the product dis- 
solved in the minimum amount of CH,Cl,. Trituration 
with diethyl ether resulted in the formation of a red 
precipitate, which was filtered off and washed with 
diethyl ether. Yield 0.04 g, 0.10 mmol, 45%. Anal. 
Found: C, 46.20; H, 6.20; N, 6.45. C,,H,N,Cl,Ru 
talc.: C, 46.15; H, 5.80; N, 6.75%. 

({Ru(q3: q3-C,,H~6)C12}2~~-o-(NH2)~C~H~~l (6). 
[{Ru(q3 : q3-C,,H,,)CI(CL-CI)),] (0.08 g, 0.13 mmol) was 
stirred in CH,Cl, (5 cm3) with o-(NH,),C,H, (0.015 
g, 0.14 mm00 for 2 h to give a bright orange solution. 
The solvent was removed in zxzcuo and the resulting 
orange oil triturated with diethyl ether to give a bright 
orange precipitate which was filtered off and dried in 
uucuo. Yield 0.08 g, 0.11 mmol, 85%. Anal. Found: C, 
43.75; H, 5.90; N, 3.75. C,H,ON,Cl,Ru, talc.: C, 
43.10; H, 5.55; N, 3.85%. 

&(q3: q3-C,,H16)C1to-(NH2~2C6H4~~Cl (7). [{Ru- 
(q3 : q3-C,,H1~)Cl(~-Cl)}Z] (0.07 g, 0.11 mm011 was 
stirred in oxygenated methanol (5 cm3> with o- 
(NH,),C,H, (0.03 g, 0.24 mmol) for 2 h to give of a 
ruby red solution. The solvent was removed in U~CUO 
and the residual deep red oil was triturated with di- 
ethyl ether. The red solid was filtered off and washed 
with diethyl ether. Yield 0.08 g, 0.10 mmol, 91%. Anal. 
Found: C, 45.70; H, 6.15; N, 6.50; Cl, 15.45. 
C,,H,,N,Cl,Ru talc.: C, 46.15; H, 5.80; N, 6.75; Cl, 
15.45%. 

[Rutq3: q3-C,,H,,)Clio-(NH2)2c6H4)1[PF61 (8). 
[{Ru(q3 : q3-C1,@16)C1(~-C1)}2] (0.09 g, 0.15 mmol) was 
stirred in oxygenated methanol (5 cm31 with o- 
(NH,)&,H, (0.036 g, 0.33 mmol). After 1 h a red 
colouration was observed and all the starting material 

had gone into solution. A methanolic solution of 
[NHJPF,] (0.057 g, 0.35 mm00 was added and the 
mixture stirred for a further hour. The volume of the 
solvent was reduced to cu. 1 cm3, resulting in the 
deposition of the product as an orange-red solid, which 
was filtered off and washed with diethyl ether. Yield 
0.12 g, 0.23 mmol, 77%. Anal. Found: C, 36.55; H, 
4.55; N, 5.45. C,,H,ClF,PRu talc.: C, 36.55; H, 4.60; 
N, 5.35%. 

[Ru(q3: q3-C10H16)Cl(o-NH&H4 * C,H,NH,)]Cl 
(9). [{Ru(q3 : q3-C10H16)C1(CL-C1)}21 (0.10 g, 0.16 mm00 
was stirred in oxygenated methanol (5 cm3) with 2,2’- 
diaminodiphenyl (0.06 g, 0.32 mmol) for 3 h. The 
resulting yellow solution was filtered and the solvent 
removed in uxuo to leave a bright yellow solid. This 
was filtered off and washed with diethyl ether. Yield 
0.15 g, 0.30 mmol, 94%. Anal. Found: C, 52.40; H, 
5.80; N, 5.60; Cl, 14.55. C,,H,sN,Cl,Ru talc.: C, 53.65; 
H, 5.75; N, 5.70; Cl, 14.40%. 

[Ru(q3: q3-CI,H,,)Cl(o-NH&H‘, * C,H,NH,)] 
/BF,] (10). [{Ru(q3 : q3-C,,H,6>Cl(~-Cl>},] (0.09 g, 0.14 
mmol) was stirred in acetone (5 cm31 with Ag[BF,l 
(0.06 g, 0.31 mmol) for 30 min. The resulting orange 
solution was filtered through Celite to remove the 
precipitate of AgCl, and 2,2’-diaminodiphenyl (0.05 
g,O.27 mmol) was then added causing an immediate 
colour change to greenish-yellow. The mixture was 
stirred for a further 30 min and the solvent removed in 
uucuo to give a greenish oil. Trituration with diethyl 
ether gave the product as a yellow-brown precipitate. 
Yield 0.13 g, 0.24 mmol, 86%. Anal. Found: C, 47.55; 
H, 5.30; N, 4.85; Cl, 5.75. C,,H,N,ClF,Ru talc.: C, 
48.60; H, 5.20; N, 5.15; Cl, 6.50%. 

3. Results and discussion 

Even in a highly polar solvent such as methanol, 
interaction of 1 with aniline does not result in deproto- 
nation, the adduct [Ru(q3 : q3-CI$-I16)C12(NH~Ph)l (2) 
being formed instead as a bright yellow precipitate 
during cu. 1 h at room temperature. The complex 
exhibits a ‘H NMR spectrum characteristic of a simple 
equatorial adduct [18] (the two axial sites of the ap- 
proximately trigonal bipyramidal ruthenium ion are 
equivalent and occupied by terminal chloride ligands) 
with only two singlet resonances for the terminal ally1 
protons (S 4.15 and 3.76 ppm) and one methyl signal, 6 
2.29 ppm (Table 1). Because of the chirality of the 
“Ru(q3 : q3-C,,H,,J fragment, the two NH protons of 
the prochiral NH,R nitrogen atom are diastereotopic 
and consequently two broad NH resonances (S 6.13 
and 5.67 ppm, 21crr_rrj unresolved) are observed. The 
effect is analogous to that observed for the fluorophos- 
phine compound [Ru(q3 : q3-CIoH&12(PF2Me2N)1 
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clear compound [{Ru(v3 : ~3-C10H16)C12}2{~-o- 
(NH,),C,H,)] (6), reaching an equilibrium at room 
temperature in which K,, = [5]/[6] = ca. 1. Addition of 
a small quantity of H[BF,] to an NMR sample contain- 
ing 5 and 6 resulted in the immediate selective precipi- 
tation of 5 from the chloroform-d solvent, probably 
because of protonation of the uncomplexed amine 
function. Complex 6 was not precipitated and was 
found to be the sole ruthenium species present upon 
re-examination of the ‘H NMR spectrum. Complexa- 
tion doubtless greatly reduces the basicity of the amine 
functions. 

Compound 6 may be synthesised in pure form by 
reaction of 1 with one molar equivalent of o-pda in 
either MeOH or CH,Cl, and is soluble in both sol- 
vents. The binuclear nature of 6 was confirmed by a 
FAB mass spectrum which showed a clear molecular 
ion peak m/z 724 with isotopic distribution character- 
istic of two ruthenium ions and four chloride ligands. 
Fragmentation peaks corresponding to sequential loss 
of all four chloride ligands were observed as well as a 
strong peak (m/z 381) corresponding to [Ru(q3 : q3- 
C,,H&l(o-pda)]+. The ‘H NMR spectrum of 6 in 
acetone-d, solution at +5o”C is consistent with the 
proposed formulation, and qualitatively resembles that 
of 4. Like 4 and 1, complex 6 exists as two diastereoiso- 
mers which may be distinguished by ‘H NMR spec- 
troscopy. Integration of the ‘H NMR resonances for 
each isomer gives an equilibrium constant at this tem- 
perature, K,, = 1.6. The corresponding ratio for 1, 
K, = [C,]/[Ci] is 1.25 [18]. In the absence of an X-ray 
crystal structure determination, it is not possible to 
assign the resonances for 6 to one particular di- 
astereoisomer, but there is clearly a significant prefer- 
ence for one form over the other. 

At room temperature in either acetone-d, or CDCl, 
the resonances for one of the two diastereoisomers of 6 
split further, apparently dividing into two sets of reso- 
nances of unequal intensities. At -80°C in acetone-d, 
solution, the spectrum contained a very complicated, 
although sharp, set of resonances. The precise nature 
of this dynamic behaviour, is unclear but examination 
of molecular models seems to indicate the possible 
existence of several rotational conformers, probably 
with significant barriers to their interconversion. 

When compound 1 was stirred with two equivalents 
of o-pda in methanol, from which no attempt had been 
made to exclude atmospheric oxygen, a deep red colour 
was observed <cJ the bright orange solutions of 5 
formed in the absence of 0,). The deep red product, 
which is isolated by addition of diethyl ether to this 
solution, analyses for a bridge-cleaved adduct of the 
same empirical formula as 5. However, unlike 5, the 
new material, 7, is highly soluble in methanol and even 

water, but only sparingly so in chloroform and other 
less polar solvents, suggesting that one of the chloride 
ions is not associated with the metal centre. The ‘H 
NMR spectrum of this material displays peaks 
assignable to coordinated NH (S 8.45, 6.93, 6.42 and 
4.79 ppm). Four signals (6 4.14, 3.88, 3.74 and 3.38 
ppm) are observed for the terminal ally1 protons of the 
bis(ally1) ligand. Each of the protons of the aromatic 
C,H, moiety are also unique. These observations im- 
ply that 7 should be formulated as an ionic chelate 
[Ru(n3 : r13-C,,H,,)Cl(o-(NH,),C,H,)]Cl in which the 
o-pda ligand occupies one equatorial and one axial 
coordination site. Consistent with the proposed formu- 
lation, the infrared spectrum of 7 exhibits two v(NH,) 
bands 3359 and 3157 cm-’ (complex 6 exhibits two 
bands at 3199 and 3102 cm-‘). The formulation of this 
product as an ionic material would account for the high 
solubility in polar solvents, and was confirmed by a 
measurement of its molar conductivity in methanol at 
20°C A, = 160 S cm2 mol-‘. 

At room temperature, the ‘H NMR spectrum of 7 is 
slightly broad. Lowering the temperature of the NMR 
probe resulted in significant broadening of all the 
resonances until, at -90°C (the lowest accessible tem- 
perature in CD,Cl,) the signals had apparently begun 
to resolve into two or more new sets of resonances. 
Interpretation of this spectrum was hampered by its 
extreme broadness, caused in part by extensive precipi- 
tation of the compound from solution. Owing to the 
poor solubility of the compound, lower temperature 
NMR experiments in Freon solvents were not at- 
tempted. It is possible that this apparent fluxionality 
results from hydrogen bonding interactions of the 
amine functionalities with the chloride counterion, and 
hence extensive ion-pairing, but the precise nature of 
the process remains unknown. 

It is interesting to note that complex 7 was only 
formed in solutions which had not been deaerated. Use 
of methanol which had been deoxygenated resulted in 
the formation of orange solutions from which 5 and 6 
could be isolated. Such solutions did not become red 
even when kept under N, for several days, but gradu- 
ally decomposed to give a deep purple colouration. 
Reaction of metal o-pda complexes with 0, frequently 
results in dehydrogenation/ deprotonation of the lig- 
and to give diiminobenzene derivatives which are often 
highly coloured [2,11]. In the case of 7, however, all 
four NH protons are clearly evident in the ‘H NMR 
spectrum of the complex, and similarly two &NH) 
bands are observed in the infrared spectrum. Such an 
oxidation process may, however, occur during the 
course of the reaction, and may be instrumental in 
removing one of the axial chloride ligands (by enhanc- 
ing the nucleophilicity of the uncomplexed amine func- 
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Scheme 1. Formation of the amine compounds [W&q3 : ~3-C&&- 
C1,(1,2-NH&,H,NH,)l (5), ttRu(v3 : q3-CloH&&b- 
(NH,),C,H,ll(6) and lRu(q3 : 93-CloH16)C1(1,2-I(NH2)*CgH4)MC1 
(7). 

tionality in adducts such as 5) to enable chelation to 
take place. The ligand may then be re-protonated to 
give 7. 

Addition of [NHJPF,] to the reaction mixture 
formed in the synthesis of 7, and subsequent stirring 
for several hours, gave the hexafluorophosphate salt 
[Ru(q3 : 773-ClaH,,)Cl(o-pda)l[PF,l (8) [A,(NO,Me, 
20°C) = 106 S cm* mol-‘1 as a red-orange precipitate 
on concentration the solution. The ‘H NMR spectrum 
of 8 (Table 1) was sharp at room temperature and 
exhibited a much smaller range of chemical shifts for 
the NH protons, consistent with the proposal that 
these protons are no longer involved in strong hydro- 
gen bonding to the counter ion. In the infrared spec- 
trum, 8 displayed a strong, broad band at 1168 cm-‘, 
confirming the presence of the hexafluorophosphate 
anion, as well as four bands assignable to v(NH) 331.9, 
3288, 3265 (m,sharp) and 3125 (w,br) cm-t, and a 
strong band at 1576 cm-’ assigned to S(NH,). A 
strong band assigned to v(RuC1) was observed at 271 
cm-‘. The reactions of 1 with o-pda are summarised in 
Scheme 1. 

Attempted syntheses of amido compounds by reac- 
tion of 1 with o-pda in the presence of Na,[CO,l 
resulted in the formation of an extremely air sensitive 
deep purple solution from which a brown-black solid 
was isolated. The ‘H NMR spectrum of this material 
indicated that the bis(ally1) ligand was no longer pre- 
sent, but no further attempts at characterisation were 
made because of the instability of the compound. The 

possibility of oxidation to amido/imido species was 
also investigated by examination of the cyclic voltam- 
metry of 7. Over a variety of scan speeds (200-600 mV 
s-l) only irreversible waves were observed at cu. + 1.57, 
-0.72 and - 1.00 V (US. Ag/AgCl). It seems likely 
that the electron transfer reactions are followed by 
rapid chemical decomposition of the complex, and 
irreversible loss of the bis(ally1) ligand. The cyclic 
voltammogram of the bridged complex 6 was also ex- 
amined. Like 7, it also displayed only irreversible waves 
although the observation of a pair of oxidations ( + 1.60 
and + 1.76 V) may well be associated with the diamine 
ligand. 

The reaction of 1 with 2,2’-diaminodiphenyl (o- 
NH,C,H, * C,H,NH,) was also investigated. Analo- 
gously to the preparation of 7, use of methanol as the 
solvent (in the presence or absence of air) resulted in 
the formation of an ionic compound [Ru(q3: n3-Cl,,- 
H,,)Cl(o-NH,C,H, - C,H,NH,)]Cl (9). The FAB 
mass spectrum of this material displayed a strong peak 
at m/z 475 corresponding to the expected molecular 
cation and, as expected for an ionic compound, 9 is 
soluble in methanol and water [A,(NO,Me, 20°C) = 
69.3 S cm* mol-‘I. The ‘H NMR spectrum of 9 
displays hvo doublet resonances assignable to one set 
of coordinated NH protons [6 6.10 and 5.47 (*J(H-HI 
= 9.0 Hz) ppm] and a broad singlet resonance [S 3.61 
(2H) ppm] for the second set. Four terminal ally1 and 
two methyl resonances are observed (Table 11, as ex- 
pected for a chelate complex with inequivalent axial 
sites However, one methyl and two terminal ally1 sig- 
nals are significantly broadened at room temperature, 
suggesting a fltional process which is to some degree 
localised on one side of the complex cation. Lowering 
the temperature in the NMR probe results initially in a 
general broadening of the spectrum, but at -60°C a 
pattern of sharp resonances similar to the room tem- 
perature spectrum is again observed, the only notewor- 
thy difference being the splitting of the broad NH 
resonance at 6 3.61 into two broad singlets at 6 3.69 
and 3.52 ppm (probably an unresolved AB pattern). 
This flwionality is consistent with that suggested for 7, 
and may well take the form of exchange between two 
or more modes of hydrogen bonding interaction be- 
tween the amino protons and the chloride counterion. 

Strong evidence, both for the formulation of 9 and 
the nature of the fluxionality involved, comes from the 
synthesis of the tetrafluoroborate salt of the compound 
[Ru(T~ : 773-Cl,H16)C1(o-~2C6H4 - C,H,NH,)][BF,] 
(10) [A,(NO,Me, 20°C) = 110 S cm* mol-‘1 by reac- 
tion of an acetone solution of 1 pre-treated with two 
molar equivalents of Ag[BF,], with 2,2’-diamino- 
diphenyl. The ‘H NMR spectrum of 10 bears a strong 
resemblance to that of 9 except that the coordinated 
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NH protons appear as four sharp, doublet resonances 
[6 6.08 <*J= 9.3) Hz), 5.57 <‘.I= 9.31, 5.09 <‘J= 8.3) 
and 3.81 (‘3 = 8.3) ppm] and the remainder of the 
spectrum is sharp at room temperature. This is consis- 
tent with the suggestion that the chloride counterion is 
involved in the fluxionality of 9. 

The formation of 9 and 10 is surprising in that both 
complexes possess seven-membered heterocyclic 
chelate rings which might be expected to exhibit a high 
degree of steric strain. Examination of molecular mod- 
els shows unambiguously that the two aromatic rings in 
these complexes cannot both coordinate to the metal 
centre through their amino functionalities and retain a 
mutually co-planar arrangement as is generally ob- 
served in related complexes of 2,2’-bipyridyl. An un- 
strained seven-membered heterocyclic ring may be ob- 
tained, however, if the two rings are oriented at ca. 90” 
to one another, an arrangement achieved uiu rotation 
about the interannular carbon-carbon bond. This dis- 
tortion is an extreme example of the geometry ob- 
served in the crystal structure of the analogous bipyridyl 
compound [Ru(q3 : 773-C,,H,,)Cl(bipy)][BF,], in which 
the small size of the Rum centre results in the two 
pyridyl rings being inclined at an angle of 8.2” to one 
another [23]. 
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