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The synthesis is reported of a range of complexes of 
the type RunL6Xp. nHz0 and Ru”Ls(NCPh)Xz where 
L represents a primary amine of the type R . CHt . 
NH2 and X a univalent anion. The infra-red spectra 
are discussed and it is noted that the spectral fre- 
quencies are sensitive both to amine and the anion X, 
however for the higher amines v(CN) for benzonitrile 
is on average‘ 20 cm-’ lower than in the correspond- 
ing ammine complexes. The hexakisamine-complexes 
react with dioxygsn to give products containing mate- 
rials (cvanide or nitrile) derived from the oxidation of 
the co$rdinated amini. The stoicheiometry of 
reaction is established in the methylamine case. 

Introduction 

thk 

It would be desirable industrially to establish new 
routes for the reduction of nitriles to primary amines. 
Since there appear to be similarities between the in- 
raction of metal ions with nitriles, and the same ions 
with dinitrogen,14 we decided to study complexes of 
nitriles with metal centres capable of co-ordinating 
dinitrogen, in the hope of finding new types of reac- 
tivity. The recent finding5 that a water soluble cobalt- 
porphyrin, a nitrogenase model, will catalyse the re- 
duction of ecetonitrile by borohydride in an aqueous 
medium supports the concept behind our approach. 
In this paper we consider the synthesis and spectra 
of the complexes Ru”L4NCPh)2+, where we find it 
convenient to select benzonitrile as a specific nitrite 
and L which is a primary aliphatic amine. We also 
consider some previously unknown hexakisamine 
complexes of ruthenium( I I). 

Early in our work, we observed that hexakisamine 
complexes of ruthenium(I1) react readily with mole- 
cular oxygen to afford cyano-complexes (CHsNH:) or 
nitriles (RCH~NHI). A preliminary report of this 
observation has already appeared? Similar ligand 

(1) P.C. Ford, Co-ord. Chem. Rev., 5, 75 (1970). 
(2) P.C. Ford and R.E. Clarke, Chem. Comm., 1109 (1968). 
(3) R.E. Clarke and P.C. Ford, Inorg. Chem., 9, 227 (1970). 
(4) A. Misono, Y. Uchida, M. Hidai, and T. Kuse, Chem. Comm.. 

208 (1969). 
(5) E.B. Fleischer and M. Krishnamurthy. 1. Amer. Chcm. Sot., 

94, 1382 (1972). 
(6) W.R. McWhinnie. J.D. Miller, I.B. Watts and D.Y. Waddan, 

Chem. Comm., 629 (1971). 

reactivity has been reported’,* for ethylenediamine co- 
ordinated to Ru” and Fe”. In this paper we report 
our observations in more detail. 

Experimental Section 

Reagents. Comercial samples of benzonitrile and 
aliphatic amines were used. Methylamine was sup- 
plied as a 25% aqueous solution. The purity of the 
higher amines was checked by GLC before use. 

Synthesis. Analytical data and other criteria of 
purity are gathered into Table I. 

Hexakis(amine)ruthenium(ZZ) salts. The only sa- 
tisfactory method of preparation to be found was 
based on that developed by Powell and Lever9 for ru- 
thenium( II) ammine complexes. All syntheses must 
be carried out under argon. A typical procedure was 
as follows: ruthenium trichloridea (0.1 g) in distilled 
water (25 ml) was mixed with n-butylamine (10 ml) 
under argon. The mixture was treated with zinc dust 
(0.1 g) and refluxed under argon until the solution as- 
sumed a pale green colour (approx. lh.). The warm 
solution was filtered into a clean flask and treated 
with a saturated acqueous soIution containing a sim- 
ple salt of an appropriate counter ion (e.g. KBr, KI, 
or NaBR). Caution: perchlorate affords explosively 
unstable compounds. 

The following modifications to the above procedu- 
re should be noted: 

(a) When chloride salts were required, hydrochlo- 
ric acid was added prior to the addition of excess 
amine and zinc dust. 

(b) In the case of ethylamine, if an excess of bro- 
mide ions are present, the desired complex is preci- 
pitated during the reaction and is filtered with the 
excess zinc dust. 

(a) Commercial specimen. 
(7) B.C. Lane, J.E. Lester, and F. Basolo, Chem. Comm., 1618 

(1971). 
(8) V.L. Goedken, /.C.S. Chem. Comm., 207 (1972). 
(9) FM. Lever and A.R. Powell, Clrem. Sot. Special Publications, 

No 12 (Len. 1959) p. 135. 

McWhinnie, Miller, Watts, Waddan 1 Hexakisamine-and Benzonitrilepentakisamine- Complexes of Ruthenium(I1) 







464 

Table II. Analytical Data for Benzonitrilepentakis(amine)ruthenium(II) Complexes. 

Complex 
Calculated Found 

% c .% H % N % x % c % H O/o N % x v(CN) cm-’ 

‘Ru(MeNH&(NCPh)lL 23.5 4.9 13.7 41.4 
‘Ru(Pr”NHl)S(NCPh)]BrZ 40.0 7.6 12.7 24.3 
‘Ru(Bu”NH,),(NCPh)lCX 50.6 13.1 11.1 
‘Ru(Bu”NH&(NCPh)]Ba 44.4 :*; 11.5 21.9 
‘Ru(Bu”NH,),(NCPh)& 39.4 713 10.2 30.9 
‘Ru(Bn”NHl)r(NCPh)](BF,)I 43.6 8.0 11.3 - 
‘Ru(Bu’NH3,(NCPh)lCh 50.6 9.4 13.1 11.1 
[Ru(Bu’NHljliNCPhjiBr2 44.4 8.2 11.5 21.9 

E Ru(Bu’NH&(NCPh)]L Ru(AmiNH&(NCPh)]Br2 48.0 39.4 7.3 8.8 10.2 10.5 30.9 20.0 

0 lo-‘M [Ni(en),] (NCS), gives 11, = 226. 

24.1 5.1 13.5 37.9 
38.6 7.7 12.6 25.1 
49.6 9.3 13.3 11.3 
43.5 7.9 11.5 22.1 
39.4 7.3 10.3 30.4 
42.4 7.8 11.5 - 
48.8 8.9 12.9 11.2 
41.8 7.4 10.8 21.2 
39.2 7.4 10.2 30.2 
46.8 8.6 10.1 19.1 

Table III. Ultra-violet spectra of benzonitrile pentakis (amine) complexes of Ruthenium(H). 

2184 
210 2160 
208 2161 
- 2161 
- 2172 

230 2175 - 
- 

216 2172 2168 

Complex Solution spectrum (ethanol)- nm (1 Diffuse reflectance spectrum (nm and kK) b 

[ Ru(PPNHMNCPh)]Br, 
[ Ru(Bu”NH&(NCPh) 1 CL 

E Ru(Bu”NH&(NCPh) Ru(Bu’NH~)~(NCPh)]Cl~ Br2 
[Ru(Bu’NH&(NCPh)]BrZ 
[Ru(Am’NH&(NCPh)]Bn 
[ Ru(NH&(NCPh)]*+ e 

226 (4.16) =, 250 (4.21), 375 (3.99) 415 (24.1), 459 (21.8) sh. 
228 (4.1), 252 (4.11), 378 (3.88) 422 (23.7), 483 (20.7) .sh. 

- 
(4.13), 255(4.12), 382 (3.99) 

415 402 (24.1), (24.9), 471 459 (21.2) (21.8) sh. sh 
227 408 (24.5), unresolved sh. 22.5 kK 
227 (4.06), 256 (4.03), 388 (3.98) 413 (24.21), 472 (21.2) sh. 
227 (4.1), 256 (4.08), 376 (3.93)6 - 

a spectrum of freshly prepared solution. b peak positions quoted in nanometers and kilokaysers - only peaks below 30.0 kK. 
c lograE where E is the apparent extinction coefft. d in water; e reference 3. 

lutions changed and bands characteristic of free ben- 
zonitrile developed. A parallel study of the i.r. spec- 
tra of more concentrated solutions showed the disap- 
pearance of v(CN) due to co-ordinated benzonitrile 
and the growth of a new band due to free benzonitri- 
le. The resulting solutions were oxygen sensitive. 

The pKa values of the higher amines are relatively 
insensitive to chain length beyond three carbon 
atoms1’*‘2 (e.g. Pr”NH2, 10.53; Bu”NH2, 10.59; Bu’NHz, 
10.56) but are larger than that of ammonia (9.21). 
Since we may assume amines to be a-bonding ligands, 
substitutions of amine for ammonia should increase 
the x-basicity of ruthenium(II) relative to benzonitri- 
le. It has recently been demonstrated’3J* that v(CN) 
in nitrilepentakisammineruthenium( II) salts is a func- 
tion of the counter anion and that, in particular, v- 
(CN) increases as the radius of the anion increases. 
It has been argued’3n’4 that interaction between the 
counter ion and the ammine is the major cause of 
the variation v(CN). This point is illustrated by the 
amines discussed here, thus methylamine, the stron- 
gest base of the amines considered, is not much more 
effective in lowering v(CN) for benzonitrile than is 
ammonia (Table II). The major contribution to 
change of v(CN) arises from change of anion rather 
than from change of other coordinated ligands. 

The data for the higher amines (Table II) show 
that the variation of v(CN) in RuLs(NCPh)Xz is no 
greater for different L with fixed X than for given 
L (n-butylamine) and different anions, X. Even for 

(11) P.1. Krueger and D.W. Smith, Canad. j. Chew., 45, 1604 
(1967). 

(12) D.H. Everett and B.R.W. Pinsent, Proc. Roy. Sot. (Land.). 
215. 426 (1952). 

(13) 1. Chatt. G.I. Leigh, and N. Thankarajan, 1. Organomelallic 
Chem.. 25. c 77 (1970). 

(14) I. Chatt, G.J. Leigh, and Thankarajan, j. Chem. Sot. (A). 
3168 (1971). 

this C4 amine the major NH2 vibrations are clearly 
sensitive to change of anion with the spectra becoming 
sharper and better resolved as the size of X increases. 
Even if we assume that relative pKa values and rela- 
tive magnitudes of cation-anion interaction will pri- 
marily determine the difference in v(CN) for corre- 
sponding complexes of, say, ammonia and n-butyl- 
amine, we cannot assume that magnitude of the cation- 
anion interactions will be the same in the two cases. 
Thus we cannot meaningfully attribute any observed 
differences in v(CN) to the pKa effect alone. It does 
however appear legitimate to conclude that a genui- 
nely greater (20 cm-‘) reduction of v(CN) for co-ordi- 
nated benzonitrile is achieved in the higher amine 
complexes, in contrast to methylamine, compared with 
corresponding ammonia complexes. This possibly re- 
flects a relative diminution of the importance of the 
anion effect as the amine carbon chain length in- 
creases. 

Hexakis(amine)ruthenium(II) Complexes - 1.r. spec- 
fra. 111 Table IV we present some representative i.r. 
spectra for various hexakis(amine)ruthenium(II) com- 
plexes. It is again noted that bands arising from 
vibrations of the NH2 group are sensitive to the coun- 
ter ion such that v(NH?) increases and p(NH2) de- 
creases in frequency as the strength of the cation- 
anion interaction diminishes i.e. as the radius of the 
anion increases. The results thus parallel those for 
the benzonitrile complexes (vide supra) and for he- 
xakisamminecobalt(II1) salts.15 It is also noted that 
i.r. spectra of tris ethylenediamine complexes of ru- 
thenium(I1) are sensitive to the nature of the counte- 

(15) 1. Fujita. K. Nakamoto, and M. Kobayashi, I Amer. Chem. 
Sot.. 79, 3295 (1956). 

(16) A.D. Allen and C.V. Senoff, Can. J. Chum, 43, 888 (1%5). 
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Table IV. The i.r. spectra of some hexakis (amine) ruthenium(H) complexes. 

Amine 
Counter-anion 

MeNHm 
W- 

MeNHl 
I- 

MeNH, 
Br- 

Pr”NHz 
I- 

Bu”NH* 
BK- 

Bu”NHz 
I- 

Bu”NHz 
Br- 

Bu”NHz 
Cl-- 

3322s 

v(NHJ 3304s 

6(NHd 1610m 

653m 
p(NHr) 

v(Ru-N: 355w 

G(NRuN) and 
other modes 

242m.s a 

3216s 3230s 
3149s 3158s 

1602s 1603s 

664 686s 
669 m 

414m-w 

284m 
263s. sh 

244s,br 

303m.s 
295s 
268sh 
260s 
239s 

3250m 
3198s 
3160s 
3129s 

1602m 
1515s 

1648m 
1600s 

641s 645m 

395m.w 

294s 

243s 

3340s 
3305m 

352w.m 

287 br. 

254w,sh 
235m 

3230s 
3190s 
3123s 

1620s 
1590s 
1570s 

670s 
652sh. 
640s 

355m 

280 

1 

,.b. 

220 

3245s 
3205s 
3125s 

3255s 
3209s 
3120s 

1620s 
1590s 
1570s 

1635s 
1597s 
1570s 

(1 Very broad band with significant absorption from 287 cm-’ to definite peak at 242 cm-‘. 

352sh 
341m.w 

298w,sh 
278s 
262s 
242s 

678s 

354sh. 
342m.w 

301sh 
285s 
260br 
240br 

rion.16 It is also seen from Table IV that the com- 
plexity of some spectra increases with change of anion, 
the generally more simple spectrum of tetrafluorobo- 
rate and iodide salts in the lower frequency region is 
particularly noticeable. This means that the site sym- 
metry of the cations is not constant across a series 
of salts. 

The assignment of the ruthenium-amine stretching 
frequencies is of some interest. Metal-ammonia 
stretching frequencies are often of weak intensity in 
the i.r. but assignments are now reasonably well esta- 
blished in a number of cases.l’ For Ru(NHX+, Fai- 
rey and Irving” assign a band at 437 cm-’ to v3(Ru- 
NHJ), F1 a suggestion which is reasonable in the light 
of recent work by Kettle et al. with Ru(NH&(N#+ 
salts.19 One of the more definitive studies of metal- 
ammine complexesZo establishes that VJ(M-NH3) is re- 
latively insensitive to the mass of M when M is a 
heavy metal e.g. M = Co’+, 476 cm-‘; M =Rh3+, 
472 cm-‘; M = Iti+, 475 cm-‘. However the fre- 
quency is sensitive to the mass of the ligand e.g. re- 
placement of NH3 by 1jNH3X or ND3.‘9r20 In the case 
of amine ligands considered here we deal with stron- 
ger u-donor, but heavier ligands; it does therefore 
seem reasonable to expect the ruthenium-nitrogen vi- 
brations between 400 cm-’ and 300 cm-’ and the 
suggested assignments in the table follow. 

We have suggested that the rather complex spectra 
below 300 cm-‘, which do not change greatly with 
the amine, include the expected metal-ligand deforma- 
tion vibrations. 

Electronic Spectra. We tabulate the diffuse reflec- 
tance spectra of some hexakis(amine)ruthenium( II) 
compounds in Table V. The spectra of the methyl- 
amine and n-butylamine complexes are very similar 

(17) D.M. Adams, e Metal-Ligand and Related Vibrations s, Ap 
nold. London, p. 274 (1967). 

(18) H.B. Fairey and R.J. Irving, Specfrochinr. Ada, 22, 359 (1966). 
(19) M.W. Bee, S.F.A. Kettle, and D.B. Powell, I. Chem. Sot., 

Chem. Comm.. 767 (1972). 
(20) W.P. Gritllth, /. Clwm. Sot. (A), 899 (l&6). 

to those reported for solutions of Ru(NH&!+ by va- 
rious workers.2’*U The very weak feature at 18.2 kK 
in the spectrum of [Ru(NH2Me)JBrz may arise from 
the spin forbidden transition (3T2g) and the bands at 
25.6 kK (NHzMe) and 27.4 kK (NH?Bu) may be as- 
signed to the first spin allowed band i.e. ‘A~,H*TI,. 
The assignment of the bands close to 37 kK must be 
less certain. The similar band in the spectrum of the 
hexa-ammine is unlikely to be the second d-d trans- 
ition since this would require an unrealistic value for 
the Racah parameter B.= Mayer and Taube have as- 
sumed that it is a charge transfer band?’ The spectra 
of the ethylamine and n-propylamine compounds be- 
low 30 kK are similar to those of some hexakisaniline 
derivatives of ruthenium(I1) recently reported by 
Larkworthy et al.u who assigned the two major di- 
scernable features below 30 kK to the first two spin 
allowed bands. However the spectra of tris ethyl- 
enediemine and tris propylenediamineruthenium(I1) 
complexes suggest that the *AI~*Tz~ band is exptcted 
close to 33 kK.2* We feel that an alternative expla- 
nation for our data fo rthe ethylamine and n-propyl- 
amine complexes, where a lower frequency shoulder 
is resolved on the 27 kK, is that the spin forbidden 
transition is close to the ‘A,,-‘T,, transition and has 
stolen intensity. 

The spectrum of the iso-butylamine complex in Ta- 
ble V is different in that the feature at 16.5 kK is a 
prominent one. Analytical data for this unstable 
compound indicate that it is probably an aquopenta- 
kis(iso-butylamine)ruthenium( II) complex. Addition 
of bromide or iodide ions to the reaction mixture (see 
experimental section) afforded complexes which ana- 
lysis suggests to be hexakis(amine) complexes with 
water of crystallisation. These compounds are also 
very reactive and the iso-butylamine series is the least 
well characterised of those we report here. 

(21) T.J. Meyer and H. Taube. Inorg. Chem., 7, 2364 (1968). 
(22) H.H. Schmidtke and D. Garthoff, He/v. Chim. Acto, 49, 

2039 (1966). 
(23) D.L. Key, L.F. Larkworthy, and J.E. Salmon, I. &em. Sot. 

(A), 2583 (1971). 
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Table V. Electronic spectra of some ruthenium(H) - amine complexes. 

Complex Diffuse reflectance spectrum in nm (and kilokaysers) 

[Ru(MeNH&]Bn 
[Ru(EtNHt)c)L * 
[ Ru(Pr”NH&]Iz * 

Ru(Bu”NH&]CIz 
Ru(Bu’NH&(H~O)]CL * 

550(18.2) v.v.w., 391(25.6), 267(37.5) 
463(21.6) ph., 372 (26.9) 
455(22.0) sh., 375 (26.7) 
365 (27.4),a 270 (37.0) 
606 (16.5), 377 (26.5)” 

(1 broad bands, asymmetric to low wave number. * below 30.0kK only. 

Oxidative Degradation of Amine Complexes of Ru- 
thenium(I1). We present evidence in the experimen- 
tal section that the hexakis(amine)ruthenium(II) com- 
plexes undergo reaction with dioxygen under ambient 
conditions. The presence of an a-methylene group 
is necessary for this degradation to occur and in this 
respect we note that Larkworthy et al.u did not report 
similar reactions for their hexakis(aniline)ruthenium 
(II) complexes. The methylamine complexes degrade 
cleanly6 and the reaction may be studied quantitatively. 
Thus we have established that 3.25 mole of dioxygen 
is consumed per mole of Ru(MeNH#+ and that the 
products of the reaction include water, methylammo- 
nium ions and and insoluble ruthenium(II1) cyanide. 
We have not rigorously excluded the possibility that 
the material contains ruthenium to hydrogen bonds 
derived from the hydrogen atoms of the methyl group 
but we consider this to be improbable in face of the 
considerable evidence for the cyano-complex. The 

material is diamagnetic indicating strong antiferroma- 
gnetic interactions between the Ru” ions, probably 
by bridging cyano-groups a structural feature which 
would account for the extreme insolubility of the sub- 
stance. The stability of this compound probably pro- 
vides the thermodynamic driving force for the reac- 
tion. We find that the overall stoichiometry for the 
reaction is that given in (1). 

Ru(MeNH2),Br~+3.250+Ru(CN)1. 3HzO+2McNH,Br+ 
MeNHIOH+2.5Hz0 (1) 

Although these reactions do. not lend themselves rea- 
dily to quantitative study, they provide novel and in- 
teresting examples of the metal assisted oxidation, by 
molecular oxygen, of a saturated organic substrate. 
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