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SUMMARY

The major products from the reaction between dodecacarbonyitriruthenium
and azobenzene (Hazb) are a trinuclear complex (C,.H,; (N,)Ru; (CO)s,, containing a
rearranged ligand related to o-semidine (semH,),and the complexesare semRu,(CO)s,
and [azbRu(CO);],. Similar reactions with o-semidine gave the dinuclear ruthenium
complexes semi;Ru,(CO), and sem,Ru,{CO),, and the trinuclear compound
sem,Ru3(CO)g. :

INTRODUCTION

Reactions of various iron carbonyls with azobenzene and substituted azo-
benzenes give products which depend on the substituent in the benzene ring. Thus,
azobenzene gives? only one iron complex, in low yieid (3.5%), shown by chemical,
spectroscopic, and X-ray methods® to be the o-semidine** (H,sem) derivative (I).
As found previously with complexes of cobalt?, rhodium® and molybdenum®, the
azobenzene nucleus evidently rearranges to the o-phenylenediamine skeleton. From
p-azoanisole, the analogous complex (II) is obtained in 229 yield, and is accompanied
by a small amount of the substituted bis-2C,N’-(phenylazo)phenyl complex (I1I).
p-Azotoluene gives the corresponding binuclear complex (IV), together with a trinu-
clear compound formulated as (V), both obtained in only very small amounts.

RESULTS AND DISCUSSION

Herein we describe the reaction between azobenzene and dodecacarbonyl-
triruthenium. The well-known” stability of the metal-metal bonds in Ru3(CO),,
suggested that higher yields of polynuclear complexes might be obtained, which
would enable their physical properties to be studied in more detail. This hope was
justified, and this paper describes the complexes obtained.

In refluxing petroleum ether at ca. 100°, reaction between Ru5(C0O),, and

* For Part II see ref. 1.
** g-Semidine = N-phenyl-o-phenylenediamine ; sem = — NHC sH NPh—. azb=2C,N’'{phenylazo)phenyl.
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TABLE 1
MELTING PO[NTS AND ANALYTICAL DATA
No. Complex M.p.° Analyses, found (calcd.) () Mol. wt.,
(&) " found
C H N o (calcd.)
\2)) semRu,;(CO)y 190 34.1 15 3.6 740°
’ : (G4 (13) (38) (740)
(vip semRu,(CO)s 128-130 391 18 5.1
J (404 (28 (598
(Vi) azb,Ru,{CO), 1i5 493 30 7.8 13.1 761¢
: 492 (@5 (76 (131 (732
(%) (H,sem);Ru,(CO), 131 55.35 35 9.5 15 810¢
' 557 (35 (7 (749 (860)
x) (C12H,,N,0),Ru,(CO), 300 522 37 9.2 12.5 22874
: ) (5285) (33) (92) (122)  (908)
[:41) (H ,sem),Ru3(CO)g 184 439 20 6.0 142
: (@31) (22) (63) (143)
(X11) (Hzsem);Ru,(CO), 132 484 30 82

“9.5) - (30 (82

% With decomposition. ®* Mass spectrometry. ¢ Osmometrically, in chloroform. ¢Found Ru 229, Calcd.
22.1%;. :

M | i
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Fig. 1. Proton NMR spectrum of semRu;(CO)s.
Fig. 2. The carbonyl region of the IR spectrum of semRu3(CO)s-
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azobenzene affords three complexes, which can be conveniently separated by chroma-
tography on Florisil. The most tractable compound, obtained in yields approaching
20%;, is eluted first, and forms deep red crystals (VI). Analytical data (Table 1) suggest
the formula C,,N, (N,Ru3(CO),, indicating that it is an analogue, namely semRu -
(CO)s, of the iron complex (V). Degradation with lithium aluminum hydride gave
o-semidine, lending some support to this interpretation.

The proton NMR spectrum (Fig. 1) contains a complex set of resonances
between 12.92 —3.36, the region in which o-semidine resonances appear. The spectra
of the cyclopentadienyl-molybdenum complexes containing o-semidine ligands,
described earlierS, also contain a complex resonance between 72.4 — 3.5, which is
similar in overali appearance to that observed in the spectrum of compiex (VI). No
NH resonance is observed, even in quite concentrated solutions, and in contrast with
the other o-semidine complexes discussed, no v(INH) band is found in the infrared
spectrum. No resonance is found in the region 110 — 40, showing that no metal-bonded
protons are present. The carbonyl region of the infrared spectrum is complex (Fig. 2).

The highest ion in the mass spectrum (centred on m/e 740) correspond to
the parent ions [C,,H,,N,OsRu;]* ; major ruthenium-containing ions are formed
by loss of CO groups, and breakup of the ligand commences while attached to the
Ruj cluster. Strong doubly-charged ions [M-nCO}2* (n=4 -9), and at m/e 432
(IM—-9 CO-2N]?*), are also found. Metal-free ions have only low intensity, and
include [C,;,H,,N,]* and [C¢HsNH,]*. The much higher yield of the ruthenium

-complex (20%), compared to the iron derivative (0.16— 0.3%) reflects the relative
strengths of the metal-metal bonds in the parent carbonyls.

The final assignment of the structure of this interesting complex must await
the results of a single-crystal X-ray investigation.

A second complex, obtained in only ~ 8% yield, is an unstable, rust coloured
solid, and anaiytical data give the formula as C;,H, (N,Ru,(CO)s (VIII). The infrared -
spectrum in the carbonyl stretching region shows a band pattern consistent with the
presence of an Ru,(CO) group, and degradation in the usual way gave o-semidine.
The instability of this complex in solution precluded the recording of the proton NMR
spectrum, only a rather broad signal between 2.5 — 3.3 being found, with no fine
structure resolved. The general similarity in properties with the iron complex (I)
suggests that complex (VII) should be formulated as semRu,(CO)g, containing two
Ru(CO); groupslinked by a metal-metal bond, and bridged by an o-semidine moiety as
shown.

The other major product, isolated from this reaction in 409/ yield is a dark
brown solid, shown to have the formula (C,,HoN;),Ru,(CO)¢ (VIII). Degradation
with lithium aluminium hydride gave azobenzene, and the proton NMR spectrum
confirmed the presence of chelated, ortho-metalated (phenylazo)phenyl ligands,
showingresonancesbetween 1.7 — 3.2. Bromination gave the bromine-bridged dimeric
[azbRu(CO),Br],"' suggesting that the azo ligands chelate each metal atom, rather
than bridge the two ruthenium atoms. The only structure consistent with the properties
of this complex is one containing two azbRu(CO); groups linked by a metal-metal
bond, although it has not been possible to determine the absolute configuration.

The reaction between azobenzene and Ru,(CO), , is thus more versatile and
gives a wider range of products in higher yields, than the corresponding reaction with
iron carbonyls. All the complexes so far found retain at least one metal-metal bond,
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and no compounds of the type azb,Ru(CO), were formed. As with the iron carbonyl
reactions, the mechanism of the rearrangement of azobenzene to o-semidine remains
obscure.

The reaction between o-semidine and Ru3(CO), , was also examined to deter-
mine whether either of the complexes (VI) or (VII) could be isolated from this reaction.
However, neither complex was found in the reaction mixture. Instead, a brick-red
complex (IX) precipitated, and was purified by washing with benzene and light pe-
troleum. Attempted recrystallisation of this material from dichloromethane, chioro-
form, or acetone, the only solvents in which it appeared to dissolve, resulted in rapid
decomposition to a purple material. Complex (IX) analysed for (H,sem);Ru,(CO),;
in chloroform, it is apparently a monomer, and the mass spectrum shows ions cor-
responding to o-semidine, and degradation with lithium aluminium hydride gave
o-semidine.

- The proton. NMR spectrum gave a complex resonance between 12.55-3.60,
with no obvious resemblances to the fine structure found with either azobenzene or
o-semidine complexes. However, rapid decomposition occurred, and the multiplet
quickly broadened. The insolubility of this complex suggests that it may be polymeric.
The carbonyl region of the IR spectrum of the solid is complex.

The purple solution obtained from complex (IX) in polar solvents afforded a
deep purple solid (X) on evaporation, which still showed two broad v(CO) bands in
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the infrared spectrum. A compiete analysis gave an empirical formuta €,oH36N6O7-
Ru,, or (H,sem)3;Ru,(C0O),0,, suggesting that oxidation of (IX) has occurred. Mo-
lecular weight determinations gave a value of 2287 (CHCls;), corresponding to the
presence of six or seven ruthenium atoms in the solute molecules, i.e. a low.polymer.
The proton NMR spectrum consisted of a broad signal between 72.2-4.2, which was
uninformative. The intense colouration associated with this material is reminiscent of
the productsobtained by oxidation ofdiamines. in agreement with the analytical values.

Chromatography of the solution obtained from the reaction between Rus-
{CO)y, and o-semidine gave two more complexes. The first, a rust-red sohd {XI),
analysed for {H,sem),Ru4{CO}; and gave a well-defined IR spectrum in the carbonyl
stretching region. Unfortunately a mass spectrum could not be obtained, and de-
COImpOSition in sotution prevented osmometric molecular weight measarement. A
plausible structure is illustrated, and is based on an assumption that the Ru; cluster
is preserved, with the semidine ligands acting as four-electron donors. In contrast to
(V1), three bands in the N—-H region of the IR were observed. The second complex
(XII) [v,.(NH) 3278 cm ™ !) was even more unstable; analysis suggested the formula
C,sH,;oN,O4Ru, [(H,sem),Ru,(CO),], and the mass spectrum showed ions con-
sistent with the presence of an o-semidine moiety.

Both series of reactions described above suggest that the chemistry of ru-
thenium carbonyl species with nitrogen-containing ligands is complex and deserving
of further study.

EXPERIMENTAL

Spectroscopic studies were carried out using the instruments described else-
where!. Infrared spectra are collected in Table 2. Solvents were dried and distilled
before use. Chromatography was carried out on columns of Florisil, initially packed
in light petroleum. All reactions were carried out under a nitrogen atmosphere.

Reactions of azobenzene with Ru3(CO),,

Dodecacarbonyltriruthenium (1.2 g, 1.9 mmoles) and azobenzene (1.6 g, 8.8
mmoles) in petroleum ether (75 ml) were refluxed for 3.5 h. After removal of solvent,
chromatography gave several fractions.

(i) Light petroleum eluted a mixture of azobenzene and complex (VI). The former was
removed by sublimation (100°/0.1 mm), and recrystallisation of the residue (light
petroleum) gave deep red needles of (VI) (284 mg, 205/), subliming slowly at
150° (0.1 mm).

(ii)- A deep red oil, not further investigated, was eluted with a 1/1 light petroleum/
benzene mixture.

(iii). Benzene eluted complex (VII), which was recyrstallised (light petroleum/ether)
to give a rust-coloured solid (90 mg, 8.6%), slightly unstable in solution.

(iv). Complex (VIII) was eluted with a 1/1 benzene/ether mixture, and could be
recrystallised (light petroleum/ether) to give a light brown solid (390 mg, 42%).

Under slightly different conditions, the yields of complexes (VI), (VII), and
(VIII) were respectively 20, 3, and 469/, and they were accompanied by a fourth
compiex, eluted with benzene/ether (1/1) and crystallised from ether/light petroleum
to give a dark brown solid, showing v(CO) at 2037 and 1973 cm ™! (838 mg), m.p.
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179° dec. The complex was unstable, and not further characterised (Found: C,
47.7; H,3.0; N, 74; O, 12.0%/ ; mol. wt., 543.)

Degradation reactions

The complex (~ 100 mg) in ether was treated with a filtered ethereal solution of
lithium aluminium hydride (~ 100 mg), and the mixture stirred at 0° for 10 min.
Excess hydride was destroyed by careful dropwise addition of ethanol, and the solvents
were removed. Extraction with ether, followed by chromatography on Florisil, gave
orange azobenzene, eluted with light petroleum, or white o-semidine, eluted with ether,
as appropriate, each being identified by comparison with an authentic sample. Re-
covery of the ligand was usually 30-759/.

Reaction of complex (VIII) with bromine. A solution of complex (VIII) (10 mg,
0.014 mmole) in CCl, (5 ml) was treated dropwise with 5% bromine/CCl, (1 ml) at
room temperature, and the mixture was stirred for 30 min. Filtration, evaporation
and recrystallisation from light petroleum gave dicarbonyl[2C,N’-(phenylazo)
phenyljbromoruthenium (2 mg, 17%4), m.p. 217-220°, shown to be identical with an
authentic sample'.

Reactions of o-semidine with Rus(CO),,

A filtered solution of dodecacarbonyltriruthenium (1.2 g, 1.9 mmoles) and
o-semidine (1.6 g, 8.8 mmoles) in petroleum ether (75 ml) was refluxed for 3.5 h. A brick-

" red solid separated, which was filtered, and washed with benzene and light petroleum

to give complex (IX) (543 mg, 49%/). Evaporation of the filtrate and chromatography
gave, with benzene, a red fraction which afforded brick red crystals of complex (XI)
(58 mg, 3.5%) from light petroleum. Benzene/ether (1/1) eluted the unstable complex
(X1I) as a rust-coloured solid, which was recrystallised from a light petroleum/ether
mixture (68 mg, 89;). Acetone eluted a deep violet compound (X) (865 mg, 39%7),
obtained pure by recrystallisation from dichloromethane/n-hexane mixtures.

Complex (X) could also be obtained by treating complex (IX) with dichloro-
methane, chloroform, or acetone.
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