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Absiract

Tha ruthanlum<ll> complexes Ru(nqo>2 <ngoH = 1,2-
naphthoqulnona 1-oxima, or 2-oxIma) ware prepared by
the Interaction of the eodlum salts of the 112-
naphthoquinone mono-oximes with hydrated ruthanium<ilI>
chloride in aqueous tetrahydrofuran. Reaction of
rutheniumdl > chloride with the sodium salts of the
oximes in aqueous pyridine gave complexes of type
Ru(nqo>2 (pyl2, however reaction in ethanol or acetic
acid afforded complexes of type Na[RuCngo>3] and
Ru<ngo>2<nqoH> respectively. In all these reactions,
reduction of the metal occurred, 1.a. ruthsnlumdll > to
ruthsnlumdl >; for the system Na<l-ngo>/RuCl 3 in
methanol, the oxidation product was Identified as
formaldehyde. Coinplexes of type Ru (ngo>2<PPh3)2 were
obtained from the reaction of RuCl2(PPh3>3 with tha
sodium salts of the oximes. NIltrosatlon of 1-naphthol
and 2-naphthol in the presence of rutheniumdll)
chloride, gave complexes of approximate composition
*RuCngo)2<No>2* which on treatment with pyridine gave
complexes of type Ru<nqo>2 (py)2. The complexes Ru(nqo>2
were also obtained from the reaction of Ru<acac>3 with
the sodium salts of the oximes.

The complexes of type Ru<nqo)2 were resistant to
dilute hydrochloric acid whereas the complexes
Ru(ngo)2<nqoH> gave Ru(ngo)2 and the protonated ligand.
Reaction of Ru<ngo>2 and Ru(ngo)2<nqoH> with Lewis
bases gave 1:2 adducts of type RuCnqo)2<lB>2 <IB >
pyridine or trlphenylphosphlne).

All the ruthenlumdl) complexes were diamagnetic.
Infra-red studies indicated that the ngo ligands are
essentially qulnonaoxIntlc in character. For the complex
Ru<l-nqo>2<py>2. tha qulnoneoxImlc character has been
confirmed by X-ray crystallography.

Tha complexes RuCnqo>2 catalysed the aerobic
oxidation of cyclohexene, styrene and 1-octene. The
complexes also catalysed hydration of tha above
alkanes to give alcohols which were further oxidised to
give the respective carbonyl product (aldehyde or
ketone) . Tha homogeneous Ru(ngo)2 catalysts gavs
Insignificant induction times and very high yields of
oxidation and hydration products. Tha turnover numbers
ars exceptionally high and, by a large margin, battar
than values reported to data. Tha oxidation and
hydration reactions were mechanistically assessed.
Dloxygan uptake by the complexes Ru(ngo)2 was
demonstrated in the case of Ru(l-ngo)2.
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1,2-QUINONE HONO-OXIWS AND THEIR I«TAL COl«AXES

1. 1 Qulnona mono-oxli

Ring nitrosation of aromatic compounds Is

difficult unlasa activating groups ars attachsd to ths

aromatic ring, s.g. hydroxy or amino. A hydroxy group

la a strong ortho/para dlrsctor and can ovsrwhslm ths

directing affact of othsr substltusnt groups.

Nltroaatlon of phenols, thus, yield mlxturss of 2- and

4- eubstltutad Isomers with the 4-Isomer dominating.

Nitrosation of naphthols, however, gives the 2-Isomer

ee the main product. “ Ths predominance of the 4-

isomer In the nitrosation of phsnols Is due to the

labile nature of the 2-Isomer, which may undergo

further reactions. These Include oxidation to

2-nltrophenols and reaction with unreacted phenol to

2 .



give indophenole. * In consequence. only e smell

number of 2-nltrosophenols have been Isolated. The

major products, 4-nltrosophenole, can exist In

tautomeric equilibrium with their 1.*-qulnone mono-

oxImlc form (Scheme 1.11.

OH
OH

NO~

NOH R NO

Sche 1.1

For some compounds both forms hove been Isolated.

For example, nltrosatlon of phenol affords a product

from which colourless and yellow-green compounds may be

recrystalllsed from water and acetone respectively. The

coloured compound has been formulated as 1.%-

benzoqulnon. mono-oxIme (1.1). whilst the colourless

form as 4-nltrosophsnol (1.2).

XOH NO

a.1> <1. 2>

-3 -



The 2-eubetltuted laomer also roeults In some
cases, e.g. the nltrosatlon products of naphthol <1.3>
and 5-mathoxyphenol As In the cose of the 4-
substltuted Isomers, some 2-substltuted Isomers hove

been lIsolated in two forms.
<NOH

Me O

<i.3> <1.4>

The qulnoneoxImlc form of 6-methoxy-1, 2-
benzoqulnone 2-oxlme, has been shown by X-ray

crystallography to exist in the anti-quinone form.

In contrast, 5-n-propoxy-1, 2-benzoquinone 2-oxime
<1.6>, exists in the syn-quinoneoximic form. * In the
S//1 form, the oximic oxygen is bsnt towards the

quinoid oxygsn, giving rise to hydrogen bonding between
the two groups, whilst in the anti foroi, the oximic

oxygen la bent away from the quinoid oxygen.

The anti form is not observed in 5-n-propoxy-1, 2-
benzoqulnone 2-oxime, due to sterlc considerations,
and in 5-methoxy-1, 2-bsnzoqulnone 2-oxIms the myn form
is not favourable for intra-molecular hydrogen bonding.
In these structures, soma contribution from the
nltrosophenollc form 1is apparent for the ayn-quinone

oximic form. **



(1.5>

Only 1,2-nophthoqulnon« mono-oxlmes have been
laolated In the nltroeatlon of 2-eubetituted naphthols.
l.r., <« ‘Hn.m.r. * and X-ray cryatallographlc
atudlea, “ have ehown that 1,2-naphthoqulnone 1-oxIme
(.6) and 1,2-naphthoquinone 2-oxIme <1.7> exist In

the syn and anti form repectlvely.

<1.7>

The ability of |I,2-qulnone mono-oxlmaa to form
chelatea with metals Is well known. Many complexes of
1st row transition elamants, e.g. chromium, manganase.
Iron, cobalt, nickel, copper and Uline, have been

-5 -



prepared. «»-** Preparation of these chelates has been
achieved by a number of methods which Include; 1> the
direct reaction of the oxime with a metal salt or metal

carbonyl, 111 nitrosation of a phenol or naphthol In
the presence of a metal salt or more recently. 1111

ligand exchange.

The direct reaction between ligand and metal salt
Involves the Interaction of the metal salt with the
appropriate 1,2-qulnone mono-oxIme In a suitable

solvent (Reaction 1. 11. Limitations In the number of
1,2-qulnone mono-oxIme available restrict this method

of preparation.

HMO. MaOH
M, n<gqcM>

qoH» 1, 2-g\iinon« mono-oxIms

Rsactlon 1.1

Vfdish a phenol Is nltrosated In the presence of a
metal salt, using sodium nitrite In acetic acid, the
2-subatltuted Isomer |Is the preferred product. A
wide range of complexes have been prepared using this
method end It Is particularly useful when the

appropriate 1,2-qulnone mono-oxIme Is unavailable. The

complexes afforded by this method are usually In high



yield. The reaction may be regarded ae an

electrophilic substitution by the nltroaonlum lon NO*

on the phenol followed by chelation of the product with

the metal (Reaction 1.2). Complexée of many 1st row

transition alemente, e.g- Iron(ll), Iron(111).

nickel (ID. chromlumdll > manganese (111), copper (ID.

cobalt(lll) and vanadlum(lV). have been prepared by

this technique.

AcOH
M<go>,
NaOAc, HgO. MeOH

Reaction 1.2

Recently, chelates have been prepared by ligand

exchange. Thus, complexes of type M(nqo)n <e.g. M « »1)
have been syntheeleed by the reaction of the
appropriate 1,2-naphthoqulnone mono-oxIme with the

acetylacetonato complex of the metal (Reaction 1.3). **

N
H(acac>ﬁ * ngoH __ M(ngo>"™ + acecH

Reaction 1.3

1,2-Qulnone mono-oxImato complexes of 2nd and 3rd

row transition metals have received comparatively

little attention. Recently. 1.2-naphthoqulnone mono-

oxImato complexes of Iridium, rhodium and rhenium *e

have been reported. In the case of the Iridium complex.

Ite qulnoneoxImlc character has bean eetabllehed by X-

ray crystallography.



The structures of metal 1.2-benzoqulnone and

1.2-naphthoqulnone oxlImato

complexes have been
established by a \variety of methods. X-ray
crystallography has proved Important In the

clarification of structures of the complexes.

«*F->*

Prior to X-ray crystallographic studies, the mode of

coordination of ligand to metal In these complexes was

presumed to Involve 6-membered chelate rings (1.8),

Evidence obtained from the X-ray studies of several

complexes, however, show 5-centred coordination In the

vast majority of cases (1.9). This form of chelation

occurs through the nitrogen atom of the oxime and the

oxygen atom of the qulnone group. So far. no complexes

having 6-membe ed chelate rings have been Ildentified by

X-ray crystallography.

<1.8>

Recently. X-ray crystallographic studies of

uranium qulnoneoxImlc complexes, showed a novel form of

bonding involving the oxImlc group only <l. 10>. Thus
dlaquoblsd. 2-naphthoqulnone

In

2-oxImato)dloxouranlum-

(vDIittrichloromethane. the ligand Is bound to the metal

solely through the oxImato group. > Similarly.

dlaquobls(triphenylphosphlne) (1,2-naphthoqulnone

oxImato)dloxouranlum(VI)

1
exhibits this mode of bonding.

8 .



All X-ray crystallographic studies to date,

that the ligand In the

show

complexes Is essentially

qulnoneoxImlc In character. For example. In bls<l,2-

naphthoqulnone I-oxImato)bls<acetone>copper(ll>,

the ring carbon bonds show a pattern of short and long

bonds and the average bond length of the CO group is

shorter than that of analogous bonds

In the IlronCIlIl)
complex of

N,N-blIs<sallcylldenelmlne> <1.11>.

Furthermore. the average CN bond Ilength In qulnone-

oxImato complexes, e.g- the Iron complex of the

sulphonated derivative of 1.2-naphthoqulnone 2-oxlIme.
is shorter than that found for the analogous bond in
nltrosonaphthalene <1.12).

<1.11)



other physical methods have also been utilised In

the study of the structure of qulnoneoxImlc complexes.

I.r. spectrophotometry Is of particular note. For all

1,2-qulnon. mono-oxlmes. the shift to lower wavenumbers

for vCO. to ce. 1620 cm- from c. 1630-1675 cm-“ In

the protonated ligands, support, the coordination of

the C=0 group to the metal. **

Mae. apectrometry has also provided information

with regard to the mode of coordination. Fragmentation

patterns from a number of complexes show [M-NO]-
[M-0]* Ilone,

and
supporting the five-centred structure.

U.v./vle. data have been used In the examination of the

complexes In solution. ** Unfortunately. the strong
charge tranf.r region wusually cause, problems In the

evaluation of the spectre. e- Mdsebauer spectra have

been utilised to e.tabll.h the oligomeric character of

some lron complexes.

1.3 U... =~«1 eppllcetloo. of -et.l 1.2-quinone

1,2-nophthoqulnooe mono-oximes.

Metal 1.2-qulnone and 1.2-naphthoqulnone mono-

oxIlme complex.. find a wide rang, of uses and

application. In Industry.

- They are also

biochemically Important and may be found as naturally

occurlng compound., e.g- f.rrov.rdln <1.13>.

10



<1.13>

The reaction between eom. metal M<qgo>n chelatee

end Lewi. bae.B ha- been utlll.ed in catalyel.. *e

Their highly coloured

nature make them particularly
ueeful a. dyee. The

In.olublllty of eome complex«, also

»«kea them extremely ueeful In the gravimetric analy-I-

of varlou. metel.

and their high molar absorbance. In

the epectrophotometrlc analy.l. of metal..

Recently, studies of the reaction, of Iron<ilI>

and 1ironai) complex., of 1.2-naphthoquinone 1-oxlIm.

vrtth Lewi. base, have led to an application

Involving
the _.elective Tiltration

of +tobacco -moke. «e Such

complex., .how strong affinity for Lewi. ba... found In

the -moke. «8- (C0. NO and nicotine, thu. allowing
extraction of the.,

toxic component, from the .moke

vapour. **

Iron complex.. of 1.2-naphthoqulnon. 1-oxlIme.

5-methoxy-1.2-benzoqulnon. [I-oxIlme and 4-methyl-1.2-

benzoqulnon. 2-oxIm. have found application, a. dye

m»<terlal.. “* A dye based on a soluble derivative of an

11 -



Irondl) trischeloto <. 14> has racantly bean patented

and acts specifically on polyamide fibres.

1,2-Naphthoqulnone mono-oxImes are used In metal

analysis. «* For example, In esuperalloys* . cobalt

may be selectively determined In the presence of nickel

by the Interaction of 1,2-naphthoqulnone 1-oxIme In

alcohol with an aqueous solution of the metal at low

pH. Similarly copper, Iron, nickel, and chromium may be

determined via complexation with 1,2-naphthoqulnone 1-

oxime. Palladium may also be precipitated selectively

In the presence of platinum, a feature which 1is

particularly important in the analysis of platinum

group metals. The sulphonated derivative of 1,2-

naphthoqulnone I-oxlIme Is also used In metal analysis.

Ruthenium may also bo analysed spectrophotometric-

ally via complexation with 1,2-naphthoqulnone I-oxIme

or 1,2-naphthoqulnone 2-oxlIme. The method has

been used In the analysis of the metal for a number of

years and was Ffirst used as a semi-quantitative test

for the metal 1lon In solution. The requirement for

faster, more accurate determination of ruthenium,

12 .



generated by the Increased use of nuclear reactors, led

to further development and improvement of the

technique. In the early 1960-s the method was

considered to be superior In detection limit and

accuracy to other means of determination of ruthenium

available at that tine. Significantly, it was shown

that ruthenium could be specifically analysed In the

presence of uranium salts at quite high levels. »e

Ho.~ver. the resulting ruthenium complexes have

received little attention and have not been

Isolated

and characterlaad.
This work reports the Tfirst aucceaful synthesis
and structural elucidation of theae complexes. In

addition, the redox and catalytic chamlstry of the

complexes hoe been explored.

13 -
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THE PREPARATION AND CHARACTEHISAITON OF COIVLEXES
OF RUTHEMIUM DERIVED FROM MOMO-OXIMES OF 1,2-
NAPHTHOQU I NONE.

2. 1 Introduction

Ruthenium ha» many oxidation atata»”, ranging from
-1 to +8. Thla work la concarnad primarily! with

chalata compound» darlvad from ruth»nlum<ll> and

ruthanlum<ll1> complaxaa. A number of cationic and

neutral complex»» of both ruthanlumdl > and

ruthenlumail) have bean previously reported, a.g.

R - 4) - *

The main aynthatlc route» to the complex»» Involv»

the reaction of 1> RuCl j <HzO0),, <n - 1-3) or 11>

RuCl2<PPh3)3 with chelating Uganda. The letter type of

reaction typically lead» to Ru<ll> chalata» “ whersa»

from the former either ruth»nlum<il> or ruthenlumillil>

complaxaa result. *

-19-



Pk¢,Ph

<2.2>

<2.0

RuthenlumCI1) ch«lat®s hav® also been prepared by
reacting the ruthenlumilll) chloride with the chelating

ligand In the presence of a reducing agent. ~

In the reactions which Involve ruthenlumdil>
chloride and lead to ruthenlumCll) coroplexas, reduction
of the metal occurs. The nature of the oxidised species
has only been Identified In the reaction with 2,2"-
bipyrldyl where a dimer of the ligand has been noted.

. 20.



2.2 Complexes of ruthenium derived from mono-oxlnes of

1,2-nephthoquinone

Previously, the reaction between the mono-oxImes
of 1,2-nophthoquinone and ruthenlumail) salts has been

utilised in the analysis of the metal. However, the

systematic study of these reactions has not been

undertaken to any significant degree. Complexes formed

in these reactions have not been isolated In the solid

state, but have been characterised on the basis of

spectrophotomfitric studies,

In this work the reactions of hydrated

ruthenlumail) phlorlde with the mono-oxImos of 1,2-

naphthoqulnone or their sodium salts have been

systematically examined. In addition a study of the

reactions of the mono-oxImes with dichlorotris-

(triphenylphosphlne>ruthenlum<lI> has been undertaken.

The preparation of ruthenium complexes using the

nltrosatlon method and the reaction of the sodium salt

of the mono-oxImes of 1,2-naphthoquinone with trils-
<acetylacetonato)ruthanlumail) hove also been studied.

The results obtained ore presented and discussed In the

next sections of this chapter. In all coses It has been

established that the products arising from the

reactions are ruthenlumCll) species.

- 21



2.3 The direct reectlon between eetol eolto end 1,2

qulnone «ono-oxlees or their eodlum oelte.

In thle section, the direct reactions of hydrated
ruthenlumail) chloride with 1,2-naphthoqulnone 1-oxIme
or 2-oxIlme and their sodium salts are reported and
discussed. In general, these reactions lead to
ruthenlumlll) complexes whose nature |Is strongly

affected by the reaction conditions.

The direct reaction of the oxime with a metal salt
In aqueous alcohol or In aqueous acetic acid has been
used to prepare a wide range of qulnone mono-oxImlc

complexes of various metals. By far. most of the

complexes prepared Involve  first row transition
elements such as copperdl). nlckeKID. *
IronCIl), manganese(lll). * ®nd cobalt<lll>,

e. g- Reaction 2. L

+ 2nqoH Cu(ngo>2

Reaction 2. 1

Some attention has also recently been given to the
preparation of complexes of the second and third row
transition elements and of actinides, such as Rh(nqo)3.
Ir<ngo>3, *“ U0 2 <ngo> 2 <Hz0> 2-"*<CHC1 3>. *"8-

Reaction 2. 2.

. 22.



acetone ~x

+ 3Na<l-nqo) Ir<l-ngoJg

Reaction 2.2

some complexes of non-transition metals have also
been prepared by the direct method, but in this case

the metal hydroxide has been used (Scheme 2. 1>.

nqgoH <l mol. eq.) Li (nqo>

UiOH

LI<ngo> <nqoH>

Generally, the direct reaction of a 1.2 quinone

mono-oxime with a transition metal salt in aqueous

acetic acid or aqueous ethanol Jleads to neutral

complexes of type M(ngo)n. In some cases, the reaction

involves change in the oxidation state of the metal.

For example, reaction of cobalt(ID chloride with 1.2-

naphthoqulnone mono-oximes lead. to cobalt(IID

complexes of type Co(nhqo>3. (Reaction 2. 3>.

aq. EtOH <nqo>,
CoCI™ + 3nqoH
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Preliminary experiments Indicated that the
reaction between 1,2-naphthoqulnone mono-oxImes and
ruthenlum(111) chloride did not Jload to complete
substitution of the chloro ligands. Instead, complex
mixtures of products were Tformed. Chromatographic
separation of these mixtures suggested the presence of
complexes of typo RuCI3_n”hgo)n amongst the reaction
products. However, products formed In the preliminary
experiments could not be reproduced when repeated on a
larger scale. By using the sodium derivative of the

mono-oxIme, complete substitution of the chloro ligands

and the Isolation of pure products was achieved.

Complexes of type RuCngolz were obtained from the
reaction of ruthenlumtlll) chloride with the sodium
salt of the respective 1,2-naphthoqulnone mono-oxlIme in

aqueous totrahydrofuran (Reaction 2.8).
Hj jO/THF
RucI” 2Ha<nqo) Ru(ngo>2

Reaction 2.8

When aqueous pyridine was used In place of aqueous
tetrahydrofuran, complexes of type Ru(ngo)2<py)2 were
obtained (Reaction 2.9).

H 0/pyridina
RuClg + 2Ma<nqo) Rutnqolgtpylg
Reaction 2.9
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Reaction In ethanol using 3 mole equivalents of

the sodium salt of the oxime per mole equivalent of
ruthenlum(111) chloride hydrate, afforded complexes of
the type Na[Ru<nqo>3] CReactlon 2.10) whereas in acetic
acid complexes of the type Ru<ngo)2<ngoH) resulted

(Reaction 2. 11>.

RUCI3 + 3lta<nqo> ethanol ~ Ma[Ru<nqo)3l

Reaction 2. 10

RUCI3 + 3Na<nqgo> Ru<ngo>"<nqoH)

Reaction 2. 11

As noted above, ruthanium<lll> 1is reduced to

ruthenlumdl). Metal reduction hoe also been observed
in the reaction between Iron(l111) salts and the sodium
salts of 1,2-benzoqulnone and 1,2-naphthoqulnone mono-

oxlImes.

The formation of ruthenlumdl) complexes Involves

reduction of the metal which must be accompanied by

oxidation of the ligand and/or the solvent. As noted
earlier, in the reactions Involving ruthenlumdil)
chloride with various chelating ligands, reduction of

the metal from +3 to +2 has been observed but the

nature of the oxidised species has been overlooked or

disregarded. On the other hand, studies of the reaction
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of ruthenlum<lll> chloride with trilphenylphosphlne have

Indicated formation of aldehydes when the reactions are

carried out In high boiling point alcohols.

In this study the nature of the oxidised species

originating from the reaction between ruthenlumCIlI>

chloride <l mol. eq. > and the sodium salt of

1,2-naphthoqulnone 1-oxlme (3 mol. og. ), In methanol,

was established by gas chromatography. Methanol was

chosen as the solvent because the expected oxidation

products, formaldehyde, formic acid or methyl formate

are volatile. Oxygen was eliminated from the reaction

mixture with a stream of nitrogen. The nitrogen also

acted as a carrier for any volatile oxidised species

which were collected In methanol at -80 *C.

Gas
chromatography of the resulting methanol solution
showed the presence of formaldehyde. The gas

chromatogram produced <Flg. 2. 1> was well defined, the

peak for the formaldehyde being separated well from

that of the methanol Indicating a high yield of

formaldehyde <ca. 80%).

The solid product obtained from the reaction was

diamagnetic and TLC suggested that It was a mixture of

Na[RuU-ngo) 3] end Ru<l-ngo)2. As noted above In

Section 2. 1 of this chapter, reduction of the metal Is

also observed In the reactions of a number of other

bldentate chelating ligands with ruthenlumCII1 >

chloride. These Include 1, 10-phenanthrolene,
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2, 2-dlpyridyl, * dlorslnes, ** dlphoephlnee and

phosphothiolc esters of dlthioacyloln.

Rctent ion  titno

(m>

Fig. 2.1 Chronatogram of the reaultant solution fro«

the reaction bet»»oon RuClg. 2HgO and Ma<l-nqo).

In contrast, no reduction Is observed when

ruthenlumail) chloride |Is treated with some other

bldentate chelating ligands such as ethylenedlamlne,

acetylacetone or a-benzll mono-oxImes In ethanol.

From the above observations, It |Is evident that

the reaction between ruthenlumCIll) chloride and

Uganda which exhibit n-acceptor properties generally

lead to ruthenlumCll) complexes. In contrast, ligands

with limited x-acceptor properties usually give rise to

products whore the metal oxidation state Is unchanged.
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Reduction of ruthenlumdil> to ruthenlum<il) 1Is In

accord with the strong Uligand Tfield effect of the

1,2-naphthoqulnone mono-oxlImes.

The reaction of dlchlorotrisftriphonylphosphlno)-
ruthanlum<l1> with the «ono-oxleoa of 1,2-nophtho-

qulnonee and their sodlu« aalts.

A number of complexes have been prepared by the

reaction between dichlorotrisCtriphenylphosphlne)-

ruthenlumCIl) and chelating oximes such as a-dloxlmes,

imlno-oxImes, pyridine oximes and a-carbonyl oximes,

g 72 ,5>, *e the latter of which are structurally

related to 1,2-qulnone mono-oximes. These reactions

lead to complexes of type RuCl2”<lloxH2) <PPh35 2>
RuCl2<oxH>2<PPh3>2 Ru<ox>2CPPh 3>2 CdloxH2=dloxIme;
oxH= a-carbonyl oxime, o-imlno oxime, pyridine oxime)

Involving either the neutral or anionic ligand.

PPh,

2.5
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The nature of the product is strongly effected by

the reaction conditions. For example, when the reaction

is carried out |In ethanol, a complex containing a

neutral ligand 1is Tformed <.6>; however, when the

reaction |Is carried out In the presence of sodium

hydroxide, a complex Involving anionic ligands results

L. > When the oxime Is chelated as a neutral

species, the resultant complex also contains

unsubstltuted chloro Jligands and has the general

fomulo RuCl CoxH) 2 Ne

Q. 7>

The reaction between 1,2-naphthoqulnone 1-oxIme or
1,2-naphthoqulnone 2-oxIme and dlchlorotrisCtriphenyl-

phoephlne>ruthenlumai> In acetone, tetrahydrofuran or

ethanol, afforded complex mixtures which could not be

separated chromatographlcally or by recrystalllsatlon.
Similar mixtures resulted when the reaction between the
sodium salts of the 1,2-naphthoqulnone mono-oxlImes and

dlchlorotri8<triphenylphosphlne)ruthenlumai) was

carried out In acetone. However, reaction of the sodium

salt of the 1, 2-naphthoqulnone mono-oxIme <2 mol. eq. >
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and dichiorotris Ctriphenylphosphine)ruthenlum<l 1>
(@ mol. eg.> in refluxing tetrahydrofuron, afforded

complexes of type Ru<nqo>2<PPh3>2 In high vyield,
(Reaction 2. 12).

RuClgfPPhglg + 2Na<nqo) ~ Ru<ngo>-<PPhj>,-t PPh"

Reaction 2. 12

2.5 NItroaatlfjn of phenols and naphthola in the

presence of ruthanluaidll) chloride.

Nitrosation of 1-naphthol or 2-naphthol, using

sodium nitrite and acetic acid, 1in the presence of

metal salts generally leads to 1,2-naphthoquinone mono-

oxImlc complexes in high yield. Similarly, nitrosation

of aome phenols  such as 3-methoxyphenol, 4-
chlorophenol, 4-bromophenol give 1, 2-benzoqulnone
mono-oxImlc complexes in high vyield, e.g Reaction
2. 13.

..H NaNO~/acld

matal aalt M

Reaction 2. 13
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In most cases the above reactions lead to neutral

complexes of the type MCgo)« <x = 2 or 3). For example,

when the nitrosation of 3-methoxyphenol 1is carried out

in the presence of nickel<ll> chloride, the neutral

complex <2.8) results.

<2.8)

Similarly  4-chlorophenol, 4-methyl-phenol and

4-bromophenol give neutral chelate complexes of type

M<go)2 when nitrosated in the presence of a metal<ll)

chloride. However, In some cases, anionic complexes are

obtained together with the neutral complexes. For

example, when 4-chlorophenol Is nitrosated, using

potassium nitrite and acetic acid, in the presence of

nickel (1D chloride, NI(4-Clgo)2 and K|[Ni <4-Clqgo) 3]
<4-ClqoH = 4-chloro-1, 2-qulnone mono-oxime) . Is
obtained (Reaction 2.14). Complexes of type

Na[Co(qo)2<N02)2] have been obtained together with the
neutral complex Co(qo)3 when a number of phenols were

nitrosated In the presence of cobalt(ll) chloride.
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,OH KNOg- " ACOH NK4-Clqo>2

+

NICI, K[NK4-Clgo> 1]

(o b
Reaction 2. 14

In the reactions involving cobalt(ID salts,

oxidation of the metal occurs. In contrast, when

phenols are nltrosated In the presence of lron<lll)

salts, reduction of the metal occurs, to some extent,

and mixtures of lron<ID and IronClIl) vresult, e.g.

Reaction 2. 15.

Na[Fe<3,4-Meqo>
~OH MaNO~/ACOH L qo>_]

3+

Fe Fe <3, 4-Meqo>,

Me

Reaction 2. 15

In this study, when 2-naphthol was nltrosated In

the presence of ruthenlum<llil> chloride, using sodium

nitrite and acetic acid, a mixture of products

resulted. The main product <solld A) was Insoluble In

water, methanol, acetone and toluene. Solid A was found

to be diamagnetic and Its 1. r. spectrum showed typical

peaks associated with chelated 1,2-naphthoqulnone 1-

oxImato anions, e.g. 1610-1500 cm-“. Significantly, the

spectrum also had a peak at 1890 cm-° <Flg. 2.2).
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Elemental analysis of solid A Indicated an approximate

metal! nitrogen ratio of U 4, which together with the

l.r. data, suggested the formation of a nltrosyl

derivative of approximate Tormulation Ru<l-nqol2<N0)2-

Attempts to purify solid A were unsuccessful. as

treatment with refluxing acetone led to the

disappearance of the NO band at 1890 cm-* and to a

product (Solid B> of composition approximately

corresponding to Ru(l-ngo>2- Solid B, on treatment with

pyridine gave Ru<l~nqo)2/py/2*

Fig 2.2 I.r- spoctru« of the product from the

nitrosation of 2-naphthol.

Similar results were obtained with 1-naphthol when

nltrosated In the presence of ruthenlumdll> chloride.

However, when 4-chlorophenol or 4-methylphenol were

treated In a similar fashion, tarry multicomponent

mixtures resulted.
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The formation of a nitrosyl 1,2-naphthoquinone

mono-oxImlc complexes by ruthenium Is not unexpected,

as ruthenlumCll) has a pronounced tendency to form

nitrosyl compounds. This Is demonstrated by the ease of

formation of the complex Na[Ru<NOXNO2>4<0H)] by the

action of nitrous acid on ruthenium<llI> chloride
(Reaction 2. 16>.
RUCI,  * NaNo. acid Na[Ru(NO> <OH>(HO")J

Reaction 2. 16

Of relevance la also the reaction of nitric oxide

with chelates of ruthenium. For example, treatment of

the dlthlocarbamato complex Ru(Et2NCS2)3 with nitric
oxide gives rise to the complex Ru(NO)<Et2NCS2>3- **

An X-ray study of this complex shows that there are two

bldentate dlthlocarbamato ligands and one monodentate

dithlocarbamato group cis to the nitrosyl group, giving

an octahedral structure <2.9). **

Q. 9>
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2.6 Th« reaction between trle<ocetylacetonato>

ruthonlum<i11> and the eono-oxleoa of 1,2-

naphthoqulnonee.

Matal acatylacotonato complaxaa have been used

extanalvely for the synthesis of other complexes via

ligand exchange reactions. Generally. such reactions

lead to mixed ligand complexes of type M<acac),,<l>o0.

For example when Mn<acac>3 1« treated with N.N"-

disubstltutad amlnotroponlmlnes <datlH) the complex

MnCacacMdatDz Is formed. Recently, complexes of

type Mn<nqo>3 h»ve been obtained from the reaction

between Mn<acac>3 -nd the mono-oxImes of 1.2-

naphthoqulnone, (Reaction 2.17). **

«fei(acac>3 3nqoH  — ————————— _  tto(nhao)_ 3acacH

Reaction 2. 17

In this study it has been eatabllahed that ligand

exchange reactions |Involving tris(acetylacetonato>-

ruthenlumdll) and the sodium salts of 1.2-naphtho-

qulnone mono-oximes in tetrahydrofuran. provide a

convenient route to complexes of type Ru(hqo)2, e.g-

Reaction 2. 18.

Ru(acac>3 + 2Na<nqo> Ru(ngo>.

Reaction 2. 18
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These reactions Involve reduction of the metal,

but the oxidised species has not been Ildentified.

2.7 Characterisation and atructure of the coaplexes

Ru<ngo>2, Na[Ru<ngo>3] »nd Ru<nqo>2 <ngoH).

2.7. 1 Chemical propertlea.

All the complexes prepared during this study, 1l.e.
Ru<nqo>2, Ru (ngo)2 CngoH) and Na[Ru<nqgo>3], showed
stability towards aerial oxidation In the solid state
as their 1.r. spectra Indicated no significant change

over a period of several months.

The complexes Ru(ngo>2 were resistant to attack
from cold, dilute hydrochloric acid. In contrast, the
complexes Ru(ngo)2<nqoH) afforded the bis chelate and
free ligand on reaction with the acid, (Reaction 2. 19).
dil. HCI

Ru(ngo> " <ngoH> __Ru<ngo>2 ngoH

Reaction 2. 19

Pyridine and trilphenylphosphine reacted with the
complexes Ru<ngo>2 to give the adducts Ru(nqo)2<LB>2
(LB = py, Ph3P>. These reactions and their products are

described In detail in Chapter 3.
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2.7.2 Physical propertloo and atructura.

The room temperature magnetic susceptibility

measurements show all the above complexes to be

diamagnetic suggesting low .pin d» configuration and

supporting the suggested Ru(ll) metal oxidation state.

Thermal gravimetric analy.l. and macroscale

pyrolysis of the complexes Ru<nqo>2<ngoH) showed

quantitative lose of nqoH at ca. 80-85 «C to give the

bis chelates Ru<nqo>2. Further heating of these

compounds led to decomposition

290 *C.

of Ru<ngo>2 at ca.
Decomposition temperatures for the complexes

NaJRuCngo>31 and Ru<nqgo>2 are shown In Table 2.1.

Conductlmetrlc measurements on the complexes

Na[Ru(l-ngo)3] and Na[Ru<2-ngo> 3] showed them to be 1:1

electrolytes. The molar conductances for the above

complexes In ethanol at 21 *C ware found to be 153 and

151 respectively. These are consistent with values

reported for 1:1 electrolytes In the literature.

The u.v. /vis. spectra of all the complexes show

intense charge transfer absorptions which tall Into the

visible region, e.g. Figs 2.3. 2. 4. and values obtained

for molar absorptlvltles are shown In Table. 2.2 and

2.3. In general, the spectra show close similarity to
those reported earlier for ruthenium 1.2-naphthoqulnone

aono-oxImlc complexes erroneously formulated as

ruthOnlumCIIl) spocl6s.
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Table 2. 1 Th«r«al

gravimetric analysis of the complexes

Ru<ngo>2, Ru<nqo) 2<q°H> Hs[Ru<nqgo> 3].

Compound Sample Weight Loss Decomp,
weight Teig>. Found Calc. Temp.
(M> <*C> Cmg> <mg> coO

RuCl-ngo>2 100 319

Ru <I-ngo> 2 <1-nqoH) 102 23 28

Na[Ru<l-ngo>2] 110 310

RuC2-ngo>2 113 307

Ru <2-ngo> " <2-nqoH> 100 22 28

Na[Ru<2-ngo>"] 107 296

Loss of I-nqoH

e = Loss of 2-nqoH
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Table 2.2 Electronic oboorptlon results for the

cosplexes Ru<l-nqo>2, Ru<l-nqo>2<Il-qoH>

and
Na[Ru<l-ngo>si at 20 *C.
Compound/ Xnax €
concentration Cnm) (mmol 7>
(mol dm-*)/
solvent
1-nqoH 390 320
2.9 X 10 * 260 1750
ethanol 205 2000
Ru(l-nqo>2 620 3200
2.2 X 10“* 570 5800
ethanol 525 4050
400 1400
325 11200
Ru Cl-ngo> 2 <1-ngoH) 615 5900
3.3 X 107* 570 7800
ethanol 530 5250
400 1750
320 12600
NaiRuO-nqolg] 620 5100
3.2 X 10~* 565 7300
ethanol 525 6100
405 1360
316 11900
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Table 2. 3 Electronic abeorptlon resulte for the

coeplexes Ru<2-nqo>2, Ru<2-ngo>2<2-qoH> and

NaJRu<2-ngo>si at 20 *C.

Compound/ Xmax €
concentration (hm) (m mol >
Cmol dm-*)/
solvent
2-nqoH 390 310
2.9 X 10-n 260 1700
ethanol 205 2050
Ru<2-nqo>2 625 4000
2.2 X 10~* 580 6400
ethanol 525 4600
too 1050
325 9800
Ru <2-nqo)”~(2-ngoH) 625 6500
3.3 X 580 8000
ethanol 540 5250
400 1750
310 13300
Na[Ru<2-ngo>g] 620 4800
3.2 X 10“* 580 7600
ethanol 535 5150
405 1650

315 10200



Fig 2.3 U.v./vls. ap«ctrtt of 1,2—nojrfithoqulnone 1-

oxImato conplexoa of ruthenium.

(na)



Fig 2.4 U.v./vis. spectra of 1,2-naphthoqulnone 2-
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Some information regarding the structure of the
ruthenium complexes and the nature of bonding of the

ligands has been obtained from comparisons of their

1. r. spectra with those of the free ligands and related

compounds CTable 2.4, Figs. 2.5 and 2.6).

Generally, complexes containing anionic chelating 1,2-

naphthogulnone mono-oxImato ligands exhibit a shift of

the absorption due to vCO to a lower frequency than

that observed for the protonoted ligand. In the case of

the 1-nqo complexes, the shift Is small (ca. 10 cm-%),

whilst In the 2-nqo complexes the shift Is larger <ca.

50 cm-°). This difference Is due to the differing

arrangements of the oxImlc group In the protonated

ligands. In the 1,2-naphthoquinone 1-oxIlme, the NOH Is

anti to CO and VvCO appear at ca. 1620cm-“. In

1,2-naphthoqulnone 2-oxIme, the NOH Is syn to CO and

because of Intra-molecular hygrogen bonding, the vCO

appears at ca. 1660 cm-“. The 1.r. spectra of all the

complexes show strong absorptions at 1610-1600 cm-*,

characteristic of chelated qulnone mono-oximato
ligands. In the case of the complex Ru<l-nqo)2<py>2i
this has been established by X-ray crystallography <see

Chapter 4).
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Table 2.4 vCO absorption

oxlaea and their coaplaxaa

Coapound

1-nqoH

L1(I-ngo>
Cu(l-ngo>2

Fe (1-ngo>2

LI (I-ngo)Cl-nqoH)
RuCl-nqgolg
Ru(1-nqo) 2 (1-nqoH)
Na[Ru CI-ngo>d]
2-nqoH

LIC2-ngo>

Cu C2-nqo) 2

Fe (2-ngo)g
L1<2-ngo)<2-nqoH)
Ru(2-ngo>2

Ru <2-ngo)” <2-ngoH)
Na[Ru -nqgo>d]

this work

of 1, 2-naphthoqulnone aono-

0 <CB-“>

1618
1620
1610
1610
1665, 1618
1605
1601
1606

1668
1620

1618
1620
1670, 1618
1604
1601
1605
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Fig. 2.5 I.r. spectra of 1,2-naphthoqulnono 1l-oxinato

coB4>laxes of ruthanlum<lI>e

T.r. «poctrua of RuCHTp).,

1.r. >pectrubs ot Ru(l-nop), o)

1.r. sectiubs of Na fu Hop)
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Pig. 2.6 Il.r. spectra of 1,2-naphthoquinona 2-oxlInato

complaxas of ruthenluM(l1>.

T.r. spectrum of Ru(2~nqo)2

1.r. spectrum of Ru(2-nqo)2<2*nqoH)
(KBr disc).
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CuCEtgNCSS)”~ + 2PPhg Cu <EtgNCSS)2 <PPhg>2

Reaction 3.1

In reactions between Lewis bases and the chelated
ligand there Is no increase In the oxidation state of
the metal and the coordination number usually does not
change. These reactions are typified by the
condensation of primary amlnas with metal chelates of

salicylaldéhyde (Reaction 3.2>. *

+RNH2
-HjO

Reaction 3.2

Internal redox reactions between chelates of typo
M(chel>2 or M(chol)3 and Lewis bases usually lead to a
change in the oxidation state of the metal and
liberation of a ligand as a radical, »>* e.g. Reaction
3.3. Internal redox roactlone are also induced by

light ” and/or heat = (Reaction 3. *>.
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F«<Etj,NCSS)3 + RNC A FeCEt™NCSSIi~«RNC)”® + ELNCSS

Raactlon 3.3

ka"— L t / hv/ A N-1 n L-

Reaction 3.4

Internal redox reactions are Important In various
fields, such as synthesis, catalysis, and biological
systems. For example, the role of copper In oxygenases
has been succesfully accounted for In terms of Internal
redox behaviour. Oxygenases are a class of enzyme
capable of oxidative opening of the aromatic ring In
phenols and catechol, by Inserting oxygen atoms
(from 0,) Into the substrate. Molecular oxygen Is
activated by Its reaction with the metal. Using model
systems. It has been shown that for the oxygenation of
catechol, copper(ll> Is the active apecies. » The
Initial stages Involve chelation of the metal through
the hydroxy groups of the phenol or catechol. This Is
followed by reduction of copperdi) to copperd) and
the release of benzoqulnone (Scheme 3. 1. The
benzoqulnone reacts further with copper speclee present

to give els, cie muconlc acid monomethyl ester.



py-"

+ Cu{l) product

SchfiM 3.1

3.2 The reaction between aetal coa”™>lexes derived froa

mono-oxlaes of 1,2-naphthoqulnone and Le%#IB bases.

Chelates of type M<go>x <x = 2 or 3> undergo
similar reactions with Lewis bases as those noted
above for complexes of type M<chel>.. Thus, reactions
between coordlnatlvely unsaturatod 1,2—-qulnone mono-
oxImato metal chelates and Lewis bases can lead to
adduct formation. Internal redox reactions generally
lead to Tformation of darivatlvas of the ligand and a
change of oxidation state or coordination number of
the metal and, as In the case of other metal chelates,
will usually occur If the metal In the complex can be
easily reduced. Reactions of the ligand with the
Lewis base, without affecting the metal®s oxidation

state, have been also been reported (Reaction 3.5).
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+ PhNH,

RMCtlcxi 3.5

The nature of the Lewis base affects the type of
reaction. For example, Cu(ngo>2 reacts with
triphenylphosphlna to give the copper<l> complex
Cu<ngo><PPh3>2 (Reaction 3.6), while the reaction
of the complex with pyridine gives the copper(ID
complex Cu(nqo>2(py) (Reaction 3.7). The metal also
affects the nature of the products. Thus, the reaction
of Fe(nqo>3 with pyridine (Reaction 3.8) gives a
reduced metal complex and the free ligand, whilst In
the analogous reaction with Cu(ngo>2, the oxidation
state Is unaffected and an adduct results
(Reaction 3.6>. In the reaction between manganese(lll>
1,2-naphthoqulnone mono-oxImato complexes and pyridine,
an oxo-bridged complex of type [Mn(ngo>2]0 is formed
via an Internal redox reaction (Reaction 3.9).
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Studies of the reaction between 1,2-naphthoqulnone
mono-oxImato complexes of 2nd and 3rd row transition
elements, or of non-tronsltlon metals, with pyridine
has been limited by the availability of well defined
complexes. Recently, some complexes of this type have
been prepared, 1le 1r<ngo)3, Rh<ngo>3* *
LKngo), “ and their reactivity towards pyridine has
been examined. The trilschelates of both Irldlumail)
and rhodlumail), do not react with pyridine. However,
addition of pyridine to the mixture arising from the
reaction of 1,2-naphthoqulnone 1-oxIme with
hexachloriridictlll) acid leads to the well defined
complex [pyH][lIr<l-ngo>CpylCIs]. * Lithium chelates
derived from 1,2-naphthoqulnone  mono-oxlImes, 1. e.
LKngo) and LKngo) <nqoH>, do not react with

pyridine. **

Complexes of type Ru(ngo)2 react readily with
pyridine, to give the 1:2 adducts Ru<nqo)2<PX>2
(Reaction 3.10). The complexes Ru(ngo)2<nqoH) also

react readily with pyridine to give the adducts

Ru(ngo)2<py>2 ««d 1,2-naphthoqulnone mono-oxlIme

(Reaction 3. 11). As noted In Chapter 2, the pyridine

complexes may also be obtained In excellent yield by
the Interaction of ruthenium trichloride hydrate and

the sodium salt of the appropriate 1,2-naphthoqulnone
mono-oxIme In water, in the presence of pyridine

(Reaction 3. 12).
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Ru<ngo>, ¢ py Ru<nqo>2<py>2

Reaction 3. 10

Ru<ngo>2 <ngoH) + py ~ Ru<nqo>2<py>2 "I

Reaction 3. 11

py/H O

RuCl, + Hatngo) ___ Ru<ngo>2 <py>2

Reaction 3«12

Internal redox reactions have not bean observed in

any of the above reactions between pyridine and the

1,2-naphthoqulnona mono-oxImato complexes of

ruthenlumCl1).

The readiness of reaction between chelates of typo

RuCnqo)2 and pyridine 1Is noteworthy. Analogous 1.2-

naphthoqulnone mono-oxImato complexes of IrontlD react

slowly with pyridine at room temperature. In the

case of the IronCll) complexes, oligomerisation has

been established by Mdssbauer spectroscopy and magnetic

studlos <3.1>.
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The speed of reaction between the blschelatee of
type RuCngo)2 and pyridine thus suggests that these

complexes are not associated.

As noted above. there 1Is no reaction between

chelates of type LI (hgoMnqoH) and pyridine. while

complexes of type Ru<ngo>z<nqoH) react with pyridine to

give the free ligand and Ru<ngo)2<py>2- former,

intra-molecular hydrogen bonding has been demonetrat.d

from L.r. and X-ray crystallographic studies (3.2).

Facile loss of the neutral ligand In ruthenlu«<lI>

Chelates may be due. In part, to the ab.enc. of Intra-

molecular hydrogen bonding.
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Previously. studies of the Interaction of

triphenylphosphlne with metal chelates derived from

mono-oxImes of 1,2-naphthoqulnonee for a number of I1st

row transition elements, e.g. copper<lil), zinc(ll),

irondll). chromlumdll) and manganese (111> have shown

that the Lewis base causes deoxygenation and/or an

Internal redox reaction, e.g. Reaction 3.13 and

Scheme 3. 2. »»-»«m *>

Reaction 3.13

Studies of reactions between 2nd and 3rd row

transition metal 1.2-naphthoqulnone mono-oxImlc

complexes and trlphenylphosphlne are limited to that of

the trischelatee of rhodlumdil) and Iridlumdll).

In these cases no reaction occurs. This stability Is

explained In terms of the spin-paired d» configuration.
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PG<PR < RE@wOR

Hﬁ E)m, PI.3P "o ?

T2 o/ teap

R0 + PP-mo2 e

Sch 3.2

Complexos of copporCll) ond Ilron(l1lIl) undorgo
Internal redox reaction* with triphenylphoephlne. In
Buch system», products arising from further reactions
of the released ligand radical occur and are often
complex. Thus, the reaction between Cu(2-ngo), and
triphenylphosphlne leads to the formation of 2-amlno-
N(*)-<l-hydroxy-2-naphthyl)-1, 4-naphthoqulnone mono-
Imlne, 5-hydroxy-dlb*nzo[b, IJphenazln-12<6H)one and
Cu(2-nqo> (PPh3>2" *
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In the reaction between Cu<l-ngo>2 ®nd
triphenylphosphlne, the main products are I-amlno-2-
naphthol and Cu<1-ngo)<PPh3>2. with traces of
I1-phenylomlno-2-nophthol and 6-hydroxydlbenzo[b, kl]-

acrldIn-8-ono. *e

The reaction between Ru(ngo>2 “nd triphenyl-
phosphlne in tetrahydrofuran afforded complexes of type
Ru<nqo)2<PPh3)2 <Reaction 3. 14>. No deoxygenation
products are present even wtien reflux conditions ore
maintained for several days. Similarly Ru(ngo)2<ngoH>
gives the bis triphenylphosphlne complex in
tetrohydrofuron together with the free 1.2-

naphthoqulnone mono-oxime CReactlon 3. 15).

TW

Ru<nqgo>2 Ru(nqo>2<PPh3>2
reflux

Reaction 3. 14

THF
reflux

Ru(ngo>2<nqoH> + PP**g Ru<nqo)g<PPhg>2+ nqoH

Reaction 3. 15

This behaviour contrasts that of the Tfirst row
transition metal complexes of 1.2-naphthoquinone mono-
oximes which generally undergo deoxygenotlon of the
ligand or reduction of the metal on treatment with
triphenylphosphine. However, similar resistance towards
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the phosphine Isshownby the complexes RhCngols, and
as noted earlier, canbe accounted for by the Ru(ll)

and Rhdll) Hlow-spin d* configuration.

In contrast to Ru<ngo>2, the analogous complexes
of typeFeCngqo>2 do not form adducts with
triphenylphosphlne. This may be due, In part, to
the strength of the Intel- molecular bonds In the

oligomeric structure.

When the above reactions are carried out In
the presence of pyridine, the bis triphenylphosphlne
adduct Is not formed. The metal containing product In

both cases Is Rutnqo)2<py>2 (Reactions 3. 16 and 3. 17).

ridine
Ru(nqo>2 + 3 id Ru(nqo>2<py>2
reflux
Reaction 3. 16
Ru<ngo>2 (ngoH) PPh3 pyridine _ Ru(ngo>2<py>2
reflux

Reaction 3. 17



3.3 Prop«rtl® and atructuroo of tha coaplexea.

The pyridine adducts have been formulated on the
baals of their elemental analysis and phyalco-chemlcal
studies. The complex Ru<l-ngo)2<py)2 has also bean
recrystalllsed from pyridine: acetone to give crystals
of cls-ble<1,2-naphthoqulnone I-oxImato)dlpyridIne-
ruthenlumCIl) with pyridine of crystallisation In the
crystal lattice, Tfor which an X-ray crystallographic

structure hae been derived <Sae Chapter 4).

The adducts Ru(ngo)2<py>2 were monomeric in
acetone. Magnetic susceptibility measurements on the
complexes at 20 *C Indicated that the complexes were
diamagnetic. OF Interest, Is the high thermal stability
of theae adducts. T.g.a. under nitrogen. Indicated loss
of pyridine between 240 and 280 *C, followed by
decomposition of the ruthenium bis chelate at ca. 290 -
310 "C. Macroscale pyrolyals of Ru<l-ngo>2<py>2
Ru<2-ngo)2<py>2. 270 *C, In vacuo, gave

Ru<l-ngo>2 ®nd Ru(2-nqo>2 respectively (Reaction 3.18).

270 *C
Ru<nqgo>2 + 2py
Ru(ngo>2<py>2 0. 1 ass Hg

Reaction 3. 18
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The complexes Ru(nqo)2<py)2 were soluble In
ethanol Cca. 15 g.dm->>. *H n.m.r. spectra (Fig.- 3.1)
In ethanol were obtained. The chemical shifts |In the
region 5.5-8. 6 ppm, agree well with values obtained for
analogous 1,2-naphthoqulnone mono-oxImlc metal
complexes. * The fine structure observed In the
region 8.0-8.6 ppm Is In accord with the presence of

cle-arranged ligands.

The u.V. /vis spectra of the adducts In ethanol,
<Flg. 3.2), show Intense charge transfer bands which
tall off In the d-d region similar to those observed
for the parent complexes Ru(nqo>2« Ru<ngo)2<ngoH) and

Na[Ru<ngo> 3].

The 1.r. spectra obtained for the complexes show
bonds In the region 1620-1200 cm-“ attributable to the
1,2-naphthoqulnona mono-oxImato Uligands (Fig- 3.3),

similar to those reported for the analogous Iron, »»e»»

nickel and copper »»e»* complexes.

The complexes of type Ru(ngo>2<PPh3)2 hove bean
formulated on the basis of their elemental

analysis, 1l.r., t. g.a. and magnetic meoaurements.
Treatment of complexes of typ« Ru(nqo)2(PPh3)2

vilth pyridine gave the pyridine complexes

Ru(ngo)2(py)2 ®hd triphenylphosphlne (Reaction 2. 19).
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. 3.1 *H n.».r.

apectro of cooiplexea of type RuCnqgolgipy)”
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Fig. 3.2 U.V./via spactra of coaplexea of typa Ru<nqo> <py>.
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Fig. 3.3 Ll.r. epectra of coaplexea of type Ru<nqo>2"Py)2

i000 1»00
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Ru<nqo>2<PPh372 _ Py«~idl«™= N Ru<ngo>g<py>2 + PP\"a
Raaction 2.19

T.g. a. of Ru<l-nqo>2CPPh3>2 and Ru<2-nqo) 2<PPh3>2.
Indicates loss of both molecules of trlphenylphosphine
between 150 and 170 *C. Further heating to ca. 300 “C

led to decomposition of the perent complexes.

Magnetic susceptibility measurements on the
complexes at 20 °C |Indicated the complexes to be

diamagnetic.

The u. V. /vis. solution spectra of the complexes In
ethanol ehowed Intense charge transfer bands which tall
off Into the d-d region, as observed for the precursor

metal complexes CFlg. 3.4).

The 1.r. spectra obtained for the complexes show
bands In the region 1650-1200 cm-“, attributable to
qulnone mono-oxImlc structures, similar to thoae
reported for the analogous lIron, *»e*» nickel and
copper **e»e complexes (Fig. 3.5). Furthermore, the
adducts exhibit bands attributable to the phosphine
ligands similar to those observed In related
ruthenlumCIl1) complexes, such as Ru(dloxH)2(PPh3)2-
Thus, bands present at 400-700 cm-“ which are absent In
the parent complexes, are attributable to P-C

vibrations CTabla 3. 1).
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Fig. 3. A U.V./vis spectra of coaplexas of type

Ru(ngo>2<PPh3>2

o)
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Flg. 3.5 Ll.r. spectra of coB™>lexaa of type Ru<ngqo)2 ~+*nga2

I.r. spectru» of Ru(l-nqo) j 2

4000 Moo 200 130

I.r. snoctruii of 110(2°1140)2("N"3)2
(KBr dl«c).



Table 3.1 L.r.

banda for complexée of type RuCnqoi”™PP~glg

compared %d.th thoee for RuCI™CPPh"lg.

Coipltx

HCFAB)3

RO-ndjtPhjJj

R2-><0)J DI

PhoipMnt

itritching rigion

i(P-«r) i(P-Ar) i(P-Rr)
tsao u77 1430

1 Y] o2

isas u77 143S
> 1 ) *
isas u76 1434
°)* L mn*

wavenumbers <cm-*>_

Aroiiilic
vibrition
o(C-H)
1190

1
1200
°)*
119S

°)*

0(C-H)

loas

Phsiphint
lirtich vibMtion

i(P-C) O(P-Ar) O(P-Ar)

sas sl 4SS
1 "

sas s10 485
|

o) 1

sas 08 487
1

o) L

= m Milupllt (2 ™ ivo ptilti, * < ion thin tuo piiki)

t m tingi

t m includi nqo piiki
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X-RAY CRYSTAL STRUCTURE OF BIS<I1,2-NAPHTHOQUMONE-

1-OXIMATODIPYRIDINERUTHENIUM<11>.

4. 1 Crystal preparation

The dipyrldlne complex of 1,2-naphthoqulnone 1-
oxIlme was prepared by stirring bls0O, 2-naphthoqulnone
1-oxImato) @, 2-naphthoqulnone I-oxIme>ruthenlum<ll) In
pyridine under reflux. Recrystalllsatlon of this
complex from an acetone-pyrldlne mixture gave purple
needle-l1lke crystals of bis(1,2-naphthoqulnone 1-
oxime)dlpyrildineruthenlum(1l) . IUpyridine. The crystal
selected for this study hod the dimensions 0.81 x 0. 18
X 0.18 mm. The crystals were mounted In a single
crystal X-ray diffraction camera and data were
collected over a period of 24 hours.
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A. 2 Detarninatlon of the etructure

A Philips PWIIOO computer controlled, four circle,
single crystal diffractometer with 0-29 scan was used.
A constant speed of scan at 0.05* e—* and a scan width
of 0.8* were used, with a background time equal to half
the scan time. Three etandard reflections wore examined
every 3 hours during the collection of data, showing no
significant variation In Intensity. In all, 25
reflections with 3.0<0<25.0* were examined and the
crystals unit cell dlmonelone were Tfound to bej
a=16. 321, b«11.519, o©»9.354 <A>, o»102. 41, 0=102.2,
*=38. 02 <e>. From the unit coll dimensions and from the
Intensity relationships, the crystal was found to be
triclinlc, apace group P-. The measured reflections
were 4114, out of which 4030 hod [1>30<Il> and used In
the refinement of the structure. Corrections were made
for Lorentz polarisation factors and for absorption.
The structure was solved by the Patterson and Fourier
methods and the positions of all the atoms, except
hydrogen, were located. The hydrogen atoms were located

In subsequent difference Fourier maps.

In the refinement of the structure by full matrix
least square procedure, which converged to R«0. 0505,
ruthenium, nitrogen and oxygen wore assigned
anisotropic thermal parameters. The hydrogen atoms,
which were aeelgned Isotropic thermal parameters, were
Included In structure factors calculations but were not
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refined. Neutral atom scattering Tfactors were used
throughout and calculations were done using the SHELX *
programs. All  the atomic coordinates, temperature
factors, bond lengths, Intra bond angles. Inter and
Intra-molecular distances are given In Tables 1-7 In

Appendix 1

4.3 Results and discussion

The ruthenium atom Is hexa- coordinated in a
distorted octahedral environment, with two anionic 1,2-
naphthoquinone 1l-oximato ligands and two neutral
pyridine ligands. The octahedral unit |Is monomeric,
however, 114 molecules of pyridine are associated In the
crystal lattice. A view of the molecule with the atomic
numbering scheme 1is shown in Fig. .1l Selected bond
lengths and bond angles are given in Figs. 4.2 and 4.3
respectively. In the dlecuseion, the bond lengths are
given to two significant figures to allow comparison
with other reported data. As noted earlier, previous
studies have shown that 1,2-naphthoqulnone 1-oxIme has
essentially a quinoneoximlc structure involving
Intramolecular hydrogen bonding. This is shown by the
ehort CN <1.31 A> CO <1.25 A). (C3-C4 <1.33 A) bond
Itingths and the long NO <1.36 A> C1-C2 <1.48 A) bond
lengths <Flg. 4.4). < The CO bond distance compares
well with that found in quifiones, e.g. 1,4-benzoqulnone

€0, 122 A), ’* and NO and CN bond lengths with

- 80 -



Fig. 4.1 A vl«w of Ru<l-nqo>: <py-. with tho

atomic nuabarlng achoao.
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Fig. =.2 A view of RuCl-nqo>2<py>2
selected bond lengths <A>.
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Fig. 4.3 A view of Ru<l-nqo>: <py-. with

selected bond engles (*>.
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those found In oximes. « e.g. acetoxime (CN. 1.29

N-0, 1.36 A). The CO and CN bond Ilengths in 1.2-

naphthoqulnone 1-oxlIme are longer than the

corresponding bonds In 1.2-quinone mono-oximes which do

not exhibit intramolecular hydrogen bonding. For

example, 1,2-naphthoquinone 2-oxime 5-sulphonic acid

has a CO bond length of 1.24 A and a CN bond length of

1.30 A *

Fig. 4.4 Crystal structure of 1,2-naphthoqulnone 1-

oxIne with the atomic numbering and selected

bond lengths (A>.

Two types of complexes derived from naphthoquinone

1-oxlIme have been characterised by X-ray

crystallography. Both types Involve the anion of the

ligand which either chelates or bonds to the metal via

the NO group. In both cases the nature of the ligand is

essentially qulnoneoxImlc as shown by the C1-C2 and C3-

C4 bond lengths which exhibit single and double bond

character respectively, e.g Figs. 4.5 and 4.6.
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Chelotion involving o 5-membered ring hos been

establiahed by X-ray crystallographic techniques in

four 1,2-naphthoquinone I-oxImato complexes,

CuU-nqgo)2.2Me2Co. CuU-ngo) <PPh3>2. LKI-ngo)-

<1-nqoH) .EtOH and [pyH] [ir<l-nqo)<py>Cl3]. This type of

bonding has also been established In several other 1,2-

quinone-oximlc ligands. i«-i*

Fig. 4.5 Crystal structure of [pyH][Ir<l nqo>CpylCI~™]

and selected bond lengths.

Recently, bonding to the metal via the nitrogen

and oxygen of the NO only has been Ildentified for the

complex Uo2<l-nqo)2<Ph3P0).H20 CFlg. 4.6). *" In this

complex, the CO 1is not Involved |In the bonding.

Platinum complexes derived from 4-Isonltroso-3CR)-

iaoxozol-5-one also exhibit bonding to the metal via
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only the NO group, < but In thle case, bonding is
through the nitrogen atom only. In complexes Involving
the anionic chelated 1-nqo" ligand, the CO and CN bonds
are longer than In the free ligand (Table 4. 1>, and are
In agreement with the observed shift In the vCO
absorption In the 1.r.spectra as noted In earlier

chapters. In contrast, the NO bond lengths In these
complexes are shorter than that found In the free
ligands, thle being partly due to the absence of
hydrogen bonding In the former. In the uranyl complex,
the CN bond Is longer than in the free ligand whilst,
the CO bond, which does not take part In bonding to the

metal . Is slightly shorter than that of the free

ligand.

Fig. 4.6 Crystal structure of UOgd-nqolgCPhgP0O). H™O

and selected bond lengths (A>.
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Recently, the structure for a [lithium complex
derived from 1,2-naphthoqulnone 1-oxIme has been
reported. In this complex, L1C1-ngo)<l-nqoH) .EtOH,
chelation to the metal Is via an anionic ligand and a
neutral ligand. In this case, the bond lengths for the
neutral ligand are very similar to those of the free
ligand. For the anionic ligand, the bond lengths agree
well with other complexes with anionic ligands.
Selected bond lengths for metal complexes derived from

1,2-naphthoqulnone 1-oxIlme, are presented In Table 4.1.

In the complex Ru<l-nqo>2(py>2, both ligands are
anionic and are qulnoneoximlc In character. The
qulnoneoxImlc character of the ligand Is Indicated by
the long C1-C2 (1.43 t 0.01 A) and the short C3-C4
(1.34 i 0.01 A) average bond distances (Fig. 4.2>. The

CO (1.28 t0.01 A) average bond length 1Is longer than

that of the free ligand and Is In agreement with those

observed for the anionic ligands of the copper. Iridium
and lithium complexes. The NO (1.26 t 0.01 A) average
bond length Is chorter than that of the free ligand and
similarly is in agreement with the above metal
complexes. The CN (1.39 = 0.01 A> average bond length
Is longer than that of the free ligand and Is slightly
longer than observed for other metal complexes of this
type. The 1,2-naphthoqulnone 1-oxImato ligands are

found In a els configuration.
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In RuCl-nqo)2<py>2. the pyridine ligands are found
in a cis configuration. The Ru-N bond Ilength for the
pyridine molecule trans to the NO group <. 12 A) is
slightly longer than that observed for the bond trans

to the CO group C2.08 A).

This cls-pyrldlne arrangement 1is similar to that
observed in the copperCll) complex CuC4-Clgo),<blpy>
<4-ClqoH = 4-chloro-1-benzoqulnone 2-oxlIme)
<Flg. 4.7). The 2,2"-blpyrldlne adduct is similarly
found coordinated to the metal through one short <Cu-N3
2.01 A) and one long (Cu-N4 2.18 A) metal-nitrogen
bond. In this case however, the long metal-nitrogen
bond corresponds to the pyridine molecule trans to the

CO group, while the short bond to that of the NO group

of the qulnone 2-oxImato ligand.

Fig. 4.V Crystal structure of Cufqgol”<blpy)
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In the complex under study, the average metal-

pyridine bond length <. 10 A) 1Is Identical to that

observed In the complex [pyH] [1r<l-ngo><py)CI 3]

<Flg. 4.5). <.10 A) and that of the average metal-

2.2"-bipyrldyl bonds. In the complex
C2.10 A) (Fig. 4.7>.

Cu<qo>2<blpy>

The similarity of the average

metal-pyridine <M-N) bond [lengths for the above

complexes 1is noteworthy. Although the atomic radius of

the atoms of the 1st. 2nd and 3rd row transition

elements Increase respectively. the metal-pyridine

average bond length remains constant.
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KUTHBNIUM COMPLEXES DERIVED FROM 1,2-NAPHTHOQUIMONE

mono-oxiies as catalysts for the aerobic oxidation

OF ALKENES

5.1 Introduction

Epoxldatlon of alken«» la commercially very

important a. It allows the almultaneou.

functlonallaatlon of two adjacent carbon atoms.

addition, the Tfield

In
la also of thaoretlcal Interest. A

machanlatlc understanding in this area can expedite

understanding of biological oxygenation reactions,

e.g.
those 1involving cytochrome P-«0 » * Consequently,
epoxldatlon reactions are currently receiving intense

attention. Many transition metal complexes hove

been studied for the oxidation of organic eubotratea

Including complexes of cobalt, copper,

- 94 -



chromium. «e->» iron. manganese, e>e>* and

ruthenium. Generally, these systems do not give

good yields In terms of alkene converted to oxidation

products. Furthermore. they suffer from two other

disadvantages. Firstly, oxidations Involving dloxygen

activation require the presence of a co-reductant.

Secondly, In most studies. the important problem of

dloxygen activation la bypassed and alternative oxygen
sources such as lodosobenzene, hydroperoxides or
hypochlorites are used. »e The catalytic systems which

based on the alternative oxygen sources are expensive
and also have the drawback of stoichiometric coproduct

formation (Reaction 5.1). *

Reaction 5. 1

Most of the catalytic systems cited above are

based on porphyrins. * Development of non-porphyrin

metal complexes as catalysts for alkane oxidation has
received limited attention, particularly with regard to
aerobic oxidation. The lodosobenzene epoxidatlon of
alkenes catalysed by non-porphyrln complexes of type

OsL “PPh3CI. MnL“ClI  and MnL«Cl has been reported
[L“H = 1,2-bls(pyrldlne-2-carboxamldo>benzene and L*H

1,2-bls(pyrildlne-2-carboxamlde>-4 ,5-dIchlorobenzene]. “*
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The aerobic oxidation of alkenee to aldehydes and
ketones using a 1:4 mixture of Pd(MeCN>2<NOz> and CuCl2
as the catalyst, has been reported during the course of

this study. *~

Benzoqulnonea are well known oxidants In synthetic
organic chemistry. “ The 1,4-benzoqulnone/hydroqulnone
redox couple has bean used as part of a catalytic
system Involving the redox couples Pd(11>/Pd(0) and
Co(TPP)<0>/Co(TPP> as catalysts (Schema 5.1).

OH

e U))

Scha 5.1

It has been also reported that systems based on
the nltroso/nitro redox couple (Reactions 5.2 and 5.3)
can catalyse the aerobic oxidation of alkanes to
ketones and the stoichiometric oxidation of norbornene
to exo-epoxynorbornane. <*
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\ /
PACI(N02)(MeCN) ~ AC= C~——PdCI(NO)(MeCN) +

Reaction 5.2

PACI(NO)(MeCN) + iO, PdC1iNOgXMeCN)

Reaction 5. 3

The use of complexae derived from
1,2-naphthoqulnone mono-oxImee and Involving transition
metals such as Iron, manganese, chromium etc., as
catalysts for alkene oxidations |Is advantageous. In
addition to the ability of the metal to activate
dloxygen, the coordinated ligands In such complexes
have qulnold and oxImlc features which can expediate
catalytic oxidation. Furthermore, 1, 2-naphthoqulnone
mono-oxImato complexes are cheaper than metal porphyrin

complexes.
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Recently, It has been reported from this
laboratory that the complexes Mn<ngo>3 and Mn<ngo)2 are

efficient catalysts for the aerobic epoxidatlon of

alkanes (Table 5. 1>. ** The manganese catalysts are,

however, susceptible to decomposition and the reactions
Involve long [Induction periods. In an effort to
Increase yield and reduce the Induction period, the
catalytic potential of the complexes Ru<ngo>2 was
Investigated. Ruthenium has close similarities to Iron
vjhlch Is known to be Involved In the catalytic cycle of
cytochrome P-450. In addition, the complexes Ru<nqo>2
are more soluble than Mn(ngo)2 and more stable than

Mn <nqo> 3.

5.2 Oxidation of alkenes

Cyclohexane, styrene and 1-octene, were selected
as substrates as they represent a range of reactivities
with regard to aerobic oxidation. Furthermore, these
olefins have been used as substrates by other workers
and therefore yields and turnover numbers can be
compared. All the oxidation reactions were carried out
at room temperature and at 60 *C, under oxygen and In
air. In addition, the oxidation of cyclohexane was

also Investigated at 20 *C In the presence of a small

amount of pyridine.
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Table 5. 1 The epoxldotlon of alkenes with dloxygen at

60 *C, ualng BMnganeaa catalyeta.

Catalyat Alkene Induction
tine <h) turnover

MnCl-ngo>2 cyclohexene 18 65/260
Mn <2-nqo) 2 cyclohexene 929 46/184
Mn<l-nqo>2 cyclohexene 88 40/160
Mn(2-ngo)g cyclohexene 32 55/220
Mn<l-nqo>2 styrene 32 21/82
Mn(2-nqo>2 styrene 100 14/55
MnO-nqo)g styrene 94 17/67
Mn<2-nqo>g styrene 38 22/86
Mn<l-nqo>2 1-octane 46 30/53
MnC2-ngo>2 1-octane 120 24/43
Mn<l-nqo>g 1-octane 110 19/34
Mn<2-nqo>2 1-octsne 65 27748

~Based on alkane.
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5. 2.1 Oxidation of cyclohaxana

When cyclohexane <1000 mol. eg. > and Ru<2-ngo>2
@ mol. eg. ) were stirred at 60 *C under oxygen, 1,2-
epoxycyclohoxano, cyclohexanol and cyclohexanone were
obtained In yleld/turnover of 34%/340, 37»/370 and
20X/200 respectively (Table 5.2). A soiall amount of
cyclohexane woe recovered unreacted (O»>. The total

turnover of oxidation products was 91X/910.
Catalyst decomposition was not observed <t.l.c.> The

catalyst was recovered and re-used In a repeat of the

above experiment. This led to 1,2-epoxycyclohexane,
cyclohexsnol and cyclohexanone In yleld/turnover of
30X/300, 32X/320 and 14X/140 <Flg. 5.1). Cyclohexene
(24X> was recovered unreacted. The total yield and
turnover of oxidation products was 76X/760, 1.e. the

catalyst retained 86X of its activity.

Vfdan the above experlmants were repeated using
Ru<l-nqo>2 »e catalyst, similar results were obtained
<Flg. 5.2). Thus, yield turnover of 1,2-
epoxycyclohexane and cyclohexanol and cyclohexanone
were  29X/290, 31X/310 and 12X/120, respectively!
unraacted cyclohexane <28X) woe recovered. The total

aid/turnover of oxidation products was 72X/720. Once
again catalyst decomposition was not observed and the
catalyst was found to retain 90X of its original

activity.
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Wh#n cycloh«x«ne <1000 mol. og.) and Ru<2-nqo>2
<1 mol. eg. ) or Ru<l-nqo)2 <1 mol. ag. ) ware atlrrad at

60 *C in air, no oxidation of tha aubatrata occurad.

At 20 *C, undar oxygan, oxidation of cyclohaxana
by Ru<2-nqo>2 affordad i, 2—-apoxycyclohaxana,
cyclohaxanol and cyclohaxanona 1in ylald/turnovar of
34X/340, 21X/210 and 10X/100 raapactivaly CFig. 5.3).

Tha total yiald/turnovar wax 65X/650.

At 20 *C, undar oxygan, oxidation of cyclohaxano
by Ru<l-nqo>2 gava eimilar results to tha corrasponding
reaction involving Ru<2-nqo>2- Thua 1,2-apoxycyclo-
haxana, cyclohaxanol and cyclohaxanona ware obtainad in
yield/turnovar of 25%/250, 15%/150 and 10%/100
raapactivaly <Fig. 5.4). Tha total ylald/turnovar baing
50%/500 .-

Whan cyclohaxana <1000 mol. ag. ) and Ru<2-nqo)2
<L mol. ag. ) or Ru<l-ngo)2 <1 mol. aq.) wara atirrad at

20 *C in air, no oxidation of tha aubstrata occurad.

It has baan raportad that tha addition of a small
amount of pyridlna, or aubstitutad pyridinaa, Incraasaa
tha rata of altcana oxidation and tha yiald of oxidation
products. This has baan pravloualy ratlonallaad by
propoalng that alactron donation by coordinatad
pyridlna axpadltae formation of high—-valant oxo-matal
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Int«rm«diat®s. This epyrldlna affact* waa obearvad In
tha catalyat ayetema Involving tha complaxae Mn<ngo>2

or Mn<ngo) 3. *~

When tha oxidation of cyclohaxana waa carried out
in tha preaenca of pyridine, with Ru<2-nqo>2 aa
catalyat, a marked increase In tha rata of oxidation
and yield of oxidation products was observed relative
to tha corraapondlng reaction in the absanca of
pyridine. Thus, at 20 *C and under oxygen, tha reaction
afforded 1,2-epoxycyclohaxana and cyclohexanol and

cyclohexanone in ylald/turnovar of 45X/450, 30X/300 and

12X/120 respactlvaly CFlg. 5.5) <tha corresponding

figures iIn the absence of pyridine ware 34X/340,
21X/210 and 10X/100). Tha total ylald/turnovar was
87X/870 <In tha absanca of pyridine tha total

ylald/turnovar was 75X/750).

Similar results wars obtained with Ru<l-nqo>2 ‘e
the catalyst <Flg. 5.6). Thus at 20 *C, under oxygen
and in tha presence of pyridine, the oxidation of
cyclohaxene gave 1,2-apoxycyclohaxana, cyclohaxanol and
cyclohexanone in ylald/turnovsr of 38X/380, 27X/270,
13X/130 respectively (the corresponding flgurss in the
abeence of pyridine were 25X/250, 15X/150, [10X/100).
The total yleld/turnover being 78X/780 (in the absence

of pyridine the total yleld/turnovar was 50X/500).
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Th» yl«ld/turnov«r of th» oxidation products from
ths rsactlone involving Ru<nqo>2 complaxss and
cyclohaxsna ara battar than tha rasults raportad using
Mn<ngo>n <n - 2 or 3> as catalysts undar Idantlcal
conditions. In tha csss of tha manganasa complaxas,
turnovar numbars for 1,2-apoxycyclohaxana wara in tha
ranga 160-260. Tha ruthanlum complaxas howavar, gava
turnovar numbars of 290 and 340 for tha formation of
tha 1,2-apoxycyclohaxana; whilst tha turnovar numbars
for total oxidation products wara 720-910. Tha
manganasa complaxas are howavar, more salactlva and
give tha apoxidas as tha major products. It has been
previously also reported that tha MiL“Cl — and MnL*Cl -
catalysed PhlIO apoxidatlon of cyclohexane affords the
apoxida in yields of 39-58 % and turnovers of 12-29.
Similarly, the CrCsalan) - catalysed PhlO apoxidation
of cyclohexane affords tha apoxida in yields of 2-22%
(basad on ths amount of PhIO converted to Phl>. *
Thus, tha total yiald/turnovar of 1, 2-apoxycyclohaxana
and other oxidation products obtained in this study
(Table 5. 2) ara battar than those previously raportad

for other catalyst systems.

Tha complaxas Ru(nqo)2i behave similarly to tha
complexes Mn(ngo>3 and Mn<nqo>2i that they catalysa
tha aerobic oxidation of cyclohexane at 60 *C. In
contrast to tha manganasa catalysts, tha complaxas
Ru(nqo>2 also catalyse ths aerobic oxidation of

cyclohexane at 20 *C.
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Fig. 5.1 Reaction profile for the oxidation of
cyclohexane with dioxygan, at 60 *C,

catalyaed by the coaplex Ru<2-ngo>2.

Cyclobexanol Cyclohexanone
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Fig. 5.2 Raaction profile for the oxidation
c]fclohexana «ilth  dloxygan, at 60

catalyaed by tha coaplax Ru<l-ngo)z.

Cyclohexene 1,2-Epoxycyclohexane

Cyclohexanol Cyclohexcmone
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Fig. 5.3 Raactlon profil* for the oxidation of
cyclohaxena with dloxygan, at 20 *C,

catalyaed by the coeplax Ru<2-ngo>2<

TIME (HOURS)
1,2-Epoxycyclohexane
Cyclohexene poxycy

-5K- Cyclohexanol Cyclohexanone
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Fig. 5.* Reaction profile for the oxidation
cyclohexane with dloxygan, at 20

catalyeed by the coaplex Ru(l-nqo>2.

y Cyclohexanol Cyclohexanone
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Fig- 5.5 R«actlon profll* for the oxidation of
cyclohexane with dloxygen, at 20 *C In the
preaenca of pyridine, catalyeed by the

coaplex Ru<2-nqo>2>

TIME (HOURS)

Cyclobexene 1H— 1,2-Epoxycyclohexane

Cyclohexanol D Cyclohexanone
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Fig. 5.6 Reaction profile for the oxidation of
cyclohexane with dloxygwi, at 20 *C In the

praaence of pyridine, catalyeed by the

coB~Mlex Ru(l-nqo>2.

Cyclohexanol O - Cyclohexanone
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A« In tha casa of tha manganasa complaxas, the
ruthenium complaxas do not catalysa aaroblc oxidation

of cyclohaxana in air at 20 *C or at 60 *C.

Tha manganasa catalysts Mn<ngo>3 and Mn<nqgo>2,
afford tha 1,2-apoxida as tha major oxidation product
with only minor amounts of othar products. In tha casa
of tha ruthanlum catalysts, thraa products era forotad
ovar a similar reaction time: an epoxlda, an alcohol
and a katona. In this study, tha oxidation of
cyclohaxana by the ruthanlum catalysts Ru(nqo>2 affords
identical products to those reported previously for the
aaroblc oxidation of cyclohaxana wusing porphyrin

complexes of ruthanlumCll> as catalyst. **

5. 2. 2 Oxidation of styrana

Whan styrene (1000 mol. ag. > and Ru(2-ngo>2
@ mol. ag. > wars stirred at 60 *C, complete oxidation
of tha styrana was observed after 180 h to give atyrana
epoxide and phanylacataldehyda in yields/turnover of
5%/50 and 80%/600 raspactivaly (Fig. 5.7>, plus four
unidentified minor products. Tha reaction profila
showed that initially tha epoxide plus an unldantlflad
component wars tha rajor oxidation products in tha
reaction mixture. Formation of phanylacataldahyda

starts to occur only after an induction period of 10 h.



Formation of aldahydaa In styrana apoxldatlon haa baan
pravloualy raported to occur via daconpoaltlon of tha

atyrena apoxlda.

Similar raaulta wara obtalnad whan Ru(l-ngo>2 wax
usad as catalyst. Thua, whan atyrana <1000 mol. aqg. >
and Ru<l-ngo>2 <l mol. ag. > wara stlrrad at 60 *C for
200 h, styrana apoxlda and phanylacataldahyda wara
obtalnad In ylald/turnovar of AX/AO, and 78X/780
raspactlvaly <Flg. 5.8). Unldantliflad componanta
accountad for tha vremalndar of tha mlxtura with
ylald/turnovar of approxImataly 15X/150. Tha raactlon
proflla of tha Ru(l-nqo>2 ayatam showad a similar
bahavlour to tha Ru<2-nqo>2 systam with ragard to

product variation.

Wlhan styrana <1000 mol. ag. > and Ru<l-ngo>2
@ mol. ag. > or Ru<2-nqo>2 d Ilool* > wara stlrrad
at 20 *C undar oxygan, oxidation of tha substrata did
not occur. Similarly, whan tha raactlon was rapaatad In
air at 20 *C and at 60 *C, no oxidation of tha styrana

was obsarvad.

Tha ylald/turnovar of products from ths oxidation
of styrana was high comparsd to pravlously rsportsd
valuss. Thus, tha catalysts Mi(nqo>n (h = 2 or 3) glvs
14-22 X convsrslon of styrsns to styrsns spoxlds with
total turnovsr figuras of 58-86. Tha Ru<ngo>2/styrsna
systam laada to complsta oxidation of ths substrata and
total turnovars of 820-850.
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Fig. 5.7 Raaction proflla for the oxidation of atyrana
«flth dioxygan, at 60 *C, catalyaad by tha

coaplax Ru(2-nqo>2.

Styrene Styrene epoxide

2-Phenylacetaldehyde
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Fig. 5.8 Raactlon profil* for th* oxidation of styrene
%d.th dloxygan, at 60 *c, catalyaad by the

coaplex Ru<l-ngo>2.

TIME (HOURS)

Styrene Styrene epoxide

2-Phenylacetaldehyde
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5.2.3 The oxidation of 1-octene

Whan 1-octene (1000 mol. ag.> and Ru(2-ngo>2
@ mol. ag. > wara stlrrad at 60 *C, undar an atmosphara
of oxygen, complata oxidation of 1-octana waa obaarvad
aftar 180 h to glva 1,2-epoxyoctana, 1-octanol and
octanal In ylalda/turnover of 2X/200, 28%/280 and
70%/700 raspactlvaly. Continuous g.c. monitoring of the
raactlon showad formation of 1,2-apoxyoctana during tha
aarly atagas of tha raactlon (Fig. 5.9>. Tha quantity
of tha apoxlda was, howavar, naver more than 5% of the

total reaction composition.

Similar results ware obtained idien Ru(l-ngo>2 waa
used as the catalyst. Thus, when 1-octene (1000 mol.
ag- > and Ru(l-ngo>2 mol. eq. > were stlrrad at 60 *C
undar oxygen for 180 h, 1,2-apoxyoctana, 1-octanol and
octanal wore obtained In ylalds/turnovar of 1%/10,
25X/250 and 74X/740 rospactlvoly. Tha reaction profile
of the Ru(l-ngo>2 system was similar to tha Ru(2-ngo>2

system with regard to product variation (Fig. 5.10).

The oxidation of 1l-octana (1000 mol. eg. > with
Ru(2-nqo>2 <1 >»ol. ag. > at 20 *C, under an atmosphere
of oxygen, led to 1,2-opoxyoctane, 1-octanol and
octanal In ylelds/turnovar of 12X/120, 34X/340 and
7X/70 respectively, after 180 h. 1l-octane (47%) was
recovered unraactad. Continuous g.c. monitoring of tha
raactlon showad rapid formation of 1,2-apoxyoctana
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during th« «arly stages of the reaction, but after the

Initial increase, leveled off at ca. 14% <Flg. 5. 11>.

The complex Ru<l-ngo>2 d mol. eq. > also catalysed
the oxidation of 1-octons <1000 mol. eg. > at 20 *C
under oxygen. Thus after 180 h, 1, 2-epoxyoctane, 1-
octanol and octanal was obtained in yleld/turnover
12%/120, 29%/290 and 4X/40. The reaction profile woo
sloillar to that obtained for the reaction between

1-octene and Ru(2-nqo>2 <Flg. 5. 12>.

Catalyst decomposition was not detected in any of
tha above oxidation reactions. In contrast, the
complexes Mn<nqo>3 decompose during oxidation
reactions. This is because the manganese trlechelates
act as catalysts via an internal redox process during
which a ligand is discharged <Reactlon 5.4>. This has
the disadvantage of co-product formation, 1.a. ngoH.
The ruthenlumCIll> catalysts do not suffer from this

problem.

i<ngo>" Ifei(ngo>2 ngoH

Mn(nqo>2" *
Active Catalyst

Reaction 5.4
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Fig- 5.9 Reaction profile for the oxidation of octane

with dloxygan, at 60 *C, catalysed by the

coaplex Ru<2-nqo>2.

SiK- 1-Oct«nol 1-Octanal

-117-



Fig. 5. 10 Reaction profile for the oxidation of cxrtene
with dloxygan, at 60 *C, catalysed by the
cosplex Ru(@-nqgo>2>

- 1-Octene 1,2-Epoxyoctane

1-Ootanol 1-Octanal

-118-



Fig. 5. 11 Reaction profile for the oxidation of octene
with dioxygen, at 20 *C, catalysed by the

coeplex Ru(2-nqo>2.

“5K- 1—Octanol 1-Octanal
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Fig. 5. 12 Reaction profile for the oxidation of octene
with dloxygen, at 20 *C, catalysed by the

coaplex Ru<l-ngo>2.

-3K- 1-Octanol 1-Octanal
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5. 3 Machanlstic aspacta of oxidation reactlona

As noted In section 5.2, oxidation of alkenes by
the catalysts Ru<nqo>2 leads to throe types of product;
namely an epoxide, an alcohol and a carbonyl compound
(ketone or aldehyde). The question arises os to whether
the alcohol and carbonyl products ore formed through
decomposition of the epoxide or via some other route.
For Instance, the alcohol con be formed by means of a
hydration reaction catalysed by the complexes Ru<ngo>2
or by a high valent oxo-ruthenlum species (Reaction

5. 5).

Ru(ngo>2 \1 \/

OH

Reaction S.5

The alcohol could then be oxidised to the respective
ketone by a hlgh-volent oxo-ruthenlum  species.
Oxidation of alcohols by high valent oxo-metol
complexes Is well known, s.g. the use of CrOs In

glacial acetic acid (Scheme 5.2).

In those reactions, it Is bsllevod that high
valant oxo-chromlum species form a chromate ester
Intermediate () which loses a proton and a HCrOs"

anion to form a ketone (). At this stage, loss of a
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In order to decide between the two olternatlvee
proposed above, aerobic oxidation reactions of 1,2-
epoxycyclohexane and cyclohexanol were Investigated

with Ru(l-ngo)z as catalyst.

When 1, 2-epoxycyclohexane <225 mol. eq- ) and
RuO-ngo>2 <1 mol. eg. > were stirred at 20 *C under
oxygen for 7 days, no oxidation products were formed.
When cyclohexanol (218 oiol. eg. > and Ru(l-nqo>2
<L mol. eg. > were stirred at 20 *C under oxygen for for
7 days, cyclohexanone was obtained In yield/turnover of

28%/59.

The above reeults Indicate that the formation of
alcohols In the aerobic oxidation of alkanes by the
catalysts Ru<ngo>2 1Is “ result of hydration of the
alkane. In addition, the formation of the carbonyl
group Is a result of oxidation of the alcohol (Reaction

5.6) and not of rearrangement of the epoxide.

Significantly, the catalytic hydration of
cyclohexane by the catalysts Ru<nqo>2 requires the
presence of water In the reaction mixture. A similar
feature has been noted previously In the catalytic
oxidation of cyclohexane whan bipyrldyl-ruthenlumdl>-
aquo complexes were used as catalysts. >> In order to
assess the affect of high concentrations of water In
the system, the aerobic oxidation of cyclohexane In

water was Investlgatsd with Rud—-nqo>2 e catalyst.
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When cyclohexene <1000 mol . eg- ), water
<280 mol. eg. ) and Ru<l-ngo>2 <1 mol. eg. ) were stirred
at 20 *C under oxygen for 7 days, 1,2-epoxycyclohexane,
cyclohexanol <218 mol. eg.) and cyclohexanone were
formed In yleld/turnover 10%/100 > 21%/210 and 33X/330
reepectlvely <the corresponding figures without the
addition of water were 25%/250, 15%/150 and 10%/100).
This shows that addition of water decreases the
yleld/turnover of the epoxide and |Increases the

ylold/turnover of alcohol and ketone.

Generally, there Is agreement amongst workers In
the field of catalytic oxidation of organic substrates
that hlgh-valent oxo-metal Intermediates are the active
catalytic species. Thus, It has been reported that
the rate determining step In alkene epoxldatlon, by the
mono~oxygenase model <tetra—p—tolylporphlnato)-
Bianganese<111) acetate/sodium hypochlorite. Is the
conversion of the manganese<lll) hypochlorite complex

<n Into a high valent oxo-manganese <V) species <2)

<Scheme 5.4). ‘e

In the case of Mn<ngo>n <n » 2 or 3) catalysts. It
has been suggested that the Induction period observed
In the catalytic epoxldation of cyclohexene, styrene
and 1-octene represent the time required for the
formation of catalytlcally active hlgh-valent oxo-
manganese Intermediates. The manganese catalysts
give long Induction periods because the complexes
Mn<ngo>3 and Mn<nqo>2 are coordinately saturated.
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epoxide olefin
Sch«M 5.4
Th« manganese blschelates can form oxo-manganese

Intermediates only after their polymeric structure

<5.1> breaks down. **

5. >
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Simllorly, the trlechelotes can only Tform the
catalytlcally active Intermediates after one of the
ligands Is discharged or becomes monodentate by means

of an Internal redox reaction (Reaction 5.6).

r'r
rfo B

Reaction 5.6

In contrast to tha manganese complexes, the
ruthenium catalysts do not require significant
Induction parloda as shown by the reaction profiles
(see Flga. 5. 1-5. 12). This can be rationalised In terms
of weak Inte«— molecular association In the ruthenium
catalysts, 1l.e. Ru<nqo)z <eee Chapter 3). The ruthenium

blachelatea can, tharafora readily raact with dloxygen

to give active oxo-Intermadlatee (Reaction 5.7).

02 )
Ru *High valant
. ‘) oxo-ruthanium apaclmm’

Reaction S.7
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Evidence for the formetlon of an active oxo-
ruthenlum intermediate would substantiate the proposed
mechenlsm for opoxldatlon and hydration of the alkene.
With this in mind, the effect of oxygen on the catalyst

in ethanol was investigated.

As noted earlier in Chapter 2, the complexes of
type Ru<nqo>2 are diamagnetic. When Ru<l-nqo>2 was
stirred in ethanol wunder on atmosphere of oxygon
for 3 days, the solid (Solid E> obtained upon
evaporatlon of the solvent was found to bo paramagnetic
(Xa = 8.5 X 10-?). In addition, the u.v./vis. spectrum
of Solid E was significantly different from that of

Ru(l-nqo)2 (Fig- 5.13).

It was thought that Solid E could bo a species of
type Ru(l-ngo)20n or Ru(1l-ngo)2<02>n (n » 1 or 2).
These species would be expected to be paramagnetic. It
has been previously reported that dloxygen adducts lose
the coordinated dloxygen upon heating under nitrogen.
In contrast, complexes of type Ru(l-nqo)20n
(n = 10r 2) do not undergo ony dsoxygenation under
Identical conditions. * Whan Solid E was hsatad undsr
reflux in toluene in an atmosphere of nitrogen for 24h,
the solid obtained upon evaporation of the solvent was
a diamagnetic species. This solid had 1i.r. and
u.V./vis. spectra identical with that of Ru(l-nqo)2 and

was, thus, identified as such.
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Fig. 5.13 U.V./vio. opoctro of Solid E and Ru<l nqgo>2
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Th«B« raaulta Indlcata that Solid E la a dloxygan
adduct. Thla la tha Tfirst raportad axample of adduct
formation batwaen dloxygan and a complax of typa M<qgo)n
<M » any matal). Thla result Is also In agrasMnt with
papers which have reported tha Tformation of active
hlgh-valant oxo-ruthenlum spaclas through the

Intarmadlate formation of ruthenium dloxygen adducts. *

To concluda, catalytic oxidation and hydration of
unsaturated organic substratas Is vary Important and,
therefore, tha results obtained In this study are of
particular significance. This study has dlIscoverad
potent oxldatlon/hydratlon catalysts which give

turnover Tfigures approaching 1000.

-129-



5.

4

. J.T. Orovas and R.J. Quinn, J. Am. Chem. Soc

Raferencas

R. A. ShelJon and J.K. Kochi, “Metal Catalysed
Oxidations of Organic Compounds, " Acadamlc Pracs,

New York, 1981.

P.Chaloner, “Handbook of Coordination Catalysis in

Organic Chemistry, " Butterworths, London, 1986.

R.Sato and T.Omura, “‘Cytochrome P-450, “ Academic

Press, New York, 1978.

F.P.Guangerlch and T.L.MacDonald, Acc. Chem. Res

1984, 17, 9.
J.E.Lyons, “Aspects of Homogeneous Catalysis,"
Eds. R.Ugo and D.Reldl, Vol. 4, Dordrecht, Hollon,

1977, p. L

. J.E.Lyons, “Fundamental Research in Homogeneous

Catalysis,” Ed. M. Tsultsul and R. Ugo, Planum,

London 1977, p. 1L

G.Hanricl-Ollva and S.Oliva, “‘Coordination and
Catalysis,” Ed. H.F_.Ebal, Schwatzingar, Verlags-

druckcreli GMBHI X977] p- 226.

-, 1985,
107, 5790.

C.M.Cha, W.H.Leung and C. K. Poon, J. Chem. Soc.
Chem. Comm., 1987, 173.

C. Bllgrian, S. Davis and R.S.Drago, J. Am. Chem.

Soc. , 1987, 107, 3786.

-130-



14.

17.

R. A. Lelslng and K. J. Takauchi, Inorg. Cham., 1987,
26, 4391 and rafa. thareln.

B. L. Ferlnga, J. Cham. Soc. , Cham. Comm. , 1986, 12,
909, and rafa. thcraln.

G. Struckul and R.A.MIchalln, J. An. Cham. Soc.,
1985, 107, 7563.

E. G. Sanaal, K. SrInlraaan and J.K. Kochi, J. Am.

Cham. Soc., 1985, 107, 7563.

J. A. S. J. Razanbarg, R.J.M. Nolte and W.Drenth, J.
Cham. Soc., Cham. Comm., 1986, 4, 277 and ref.

thareln.

G. Read and M. Urgal lea, J. Cham. Soc., Dalton

Trane., 1985, 1591.
Y. Matauda, S. Sakamoto, H.Koehlma and Y. Murakanl,

J. An. Cham. Soc., 1985, 107, 6415.

T.G. Traylor, J.C. Maratara Jnr., T.Nakano and

B. E. Dunlap, J. Am. Cham. Soc., 1985, 107, 5537.

C.Cha and W.Chang, J. Cham. Soc., Cham Comm.,
1986, 18, 1443.

D. H. R. Barton, J. Boivin, MGaatgar, J.Morzycki,
R. S. Hay-Motharwall, W. B. Motharwall, N.Ozballk and
K. M. Schwatzantrubar, J. Cham. Soc. , Parkin Trane.

I, 1986, 947 and rafe. tharain.

J. E. Backvall, A.K.Awaeltla and Z.D. Renko, J. Am.
Cham. Soc., 1987, 109, 4750 and rafa. thareln

J. A. Smegal, B.C. Schardt and C.L.Hill, J. An. Chanm.
Soc., 1983, 105, 3510.

-131-



24.

27.

31.

M. Yamada, K. Arakl and S. Shlralahl, J. Cham. Soc.,
Cham. Comm. , 1988, 530.

N. Kitajlma, H. Fukui and Y. Moro-oka, J.Cham. Soc. ,
Cham. Comm. , 1988, 485.

(@A. NIshlnaga, Cham. Latt. , 1975, 273. <b)
A.Nlahlnaga and H. Tomita, J. Mol. Catal., 1980, 7,
179.

N. Harron, M. Y.Chavan and D.H. Buach, J. Cham. Soc.,

Dalton Trans., 1984, 8, 1491.

A. F. Tal, L. D. Margaruoi, J.S.J.valentlne, f. An
Cham. Soc. , 1986, 108, 5006.

K. B. Sharplaaa and T.C. Flood, J. Amn. Cham. Soc.,
1971, 93, 2316.

J. W. Buchlar, K. L. Lay, L. Castle and V. Ulrich,

Inorg. Cham., 1982, 21, 842.

S. E.Craagar and R.W. Murray, Inorg. Cham. , 1985,
24, 3824.

J.T. Grovaa and Y. J.Watanaba, J. An. Cham. Soc.,
1986, 106, 7834.

N. Harron, L. L. ZImmar, J. J. Grzybowakl ,
D. J. Olazanskl, S. C. Jackals, R. W. Callahan,
J.H. Camar6n, G.G.Chrlatoph and H.D.Busch, J. Amn.

Cham. Soc., 1983, 105, 6585.

J. A. SoMigal and C.L.Hill, J. Am. Cham. Soc., 1983,

105, 3515.
B. Maunlar, E. Gullmat, M. E. DaCaralllo and
R. Pollblanc, 1. An. Cham. Soc., 1984, 108, 6668.

-132-









EXPERIHSNTAL

6. 1 Raegants

Triphanylphosphlna was racryatalllaad twlca from
toluana. Pyridlna waa purlflad by diatlllatlon and
atorad ovar  KOH. Tha commarclal grada ruthanium
trichlorlda hydrata waa auppllad by Johnaon Matthay aa
RuCl13.1RH20. Trla<acatylacatonBto>ruthanium<II1) and
dichlorotrla<triphanylphoaphlna>ruthanlum<l1> wara

praparad aa daacrlbad In tha litaratura. *»*

6. 2 Solvanta

Tha aolvanta uaad wara OPR grada. Thaaa wara
purlflad prior to wuaa by fractional diatlllatlon.
Ethanol and mathanol wara drlad ovar aodlum, dlatlllad
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and the distillate kept in the presence of molecular

sieves (grade 4A>.

The silica gel used for column chromatography was
Merk silica gel 60, 70-230 mesh. Precoated Merck
Klselgel 60, F294 silica gel plates were used for thin

layer chromatography.

6. 3 Analytical technlquea

Carbon, hydrogen and nitrogen analyses were carried
out by the mlcroanalytical services of the Polytechnic
of North London and Pascher Laboratorle, GBR (courtesy
of Johnson Matthey Research). For the determination of
ruthenium, the sample (0.05 - 0.1 g> was ashed in the
presence of sodium carbonate (1.0 g) in a zirconium or
nickel crucible. Sodium peroxide (0.5 g) was added to
the cooled melt. The mixture is further heated until the
melt is at red heat (ca. 650-750 *C> and all components
were completely dissolved. Water (25 cm*> was added to
the cold mixture and the mixture warmed to ensure
complete hydrolysis. This was followed by careful
addition of 1:1 hydrochloric acid (@5 o). The
resultant solution was made up to 100 cm* in a grade A
volumetric flask. Atomic absorption spectro-photometry
(AAS) or Inductively coupled plasma atomic emission
spectrometry (ICP-AES) was used to determine the
ruthenium content of the solution. For the determination
of sodium, the sample (@©.1 - 0.2 g) was warmed with
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cone. nitric acid G cm>) and heated to dryness.

Concentrated sulphuric acid <5 cm>) was added and the

mixture heated strongly to destroy the acid. 1:1
aqua regia (5 cm’> was added to the residue and the
mixture was warmed to destroy the excess nitric acid.
The resultant solution was made up to 100 cm” in a
grade A volumetric flask and AAS or ICP-AES was used to

determine the sodium content of the solution.

6. A Physical techniques

Infra-red spectra in the region 4000-400 cm-* were
recorded on a Pye-Unlcam SP2000 spectrophotometer. The

spectra were recorded as nujol or hexachlorobutadlene

mulls (with KBr or KCI windows) or os KBr discs. The KBr
was dried In air at 130 *C and stored In dasslcators
over dried silica gel. Ultraviolet and visible solution
spectra In the region 200-800 nm were recorded on a Pye-
Unicam SP1800 Spectrophotometer. Fourier Transform
‘H n.m. r. spectra were recorded on a Bruker WP 80 >Wz
spectrometer. Tetramethylsllane was used as a reference

standard and the spectra were recorded In ethanol.

Conductivity measurements were carried out with a

PT 1-18 digital conductivity meter. Thermal gravimetric

analyses were carried out on a Stanton HT-Sm

Thermobalance. A downward flow of nitrogen was

maintained In the oven. A linear rise in temperature of

100 *C h-* was used. Room temperature magnetic moments
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were determined using a Oouy balance, employing a
permanent magnet of field strength 3600 Oersted, and on
a Johnson Matthey magnetic susceptibility balance. Both
instruments were calibrated with mercury(ll) tetrathlo-

cyanatocobaltate(ll).

Gas-liquid chromatography was carried out using a
PerkIn-Elmor Instrument with 1) Chromosorb W-HP/10%
oVIOl and il> 5X carbowax columns; column temp. 150 *C,
injection temp. 100 *C and oven temp. 150 *C. The
reaction profiles in the oxidation experiments were
generated as best-fit curves on data obtained with the

above Instrument.

6.5 Reactions

6.5.1 Reaction of ruthenium trichloride hydrate with

1,2-naphthoqulnone 1-oxlIne In methanol

Ruthenium trichloride hydrate (0.24 g, 1.0 mmol) in
ethanol (2 ocm») was added to a solution of
1,2-naphthoqulnono 1-oxIme (0.52 g, 3.0 mmol) in 2:1
ethanol (50 cm*) and the mixture was stirred under
reflux for 24h. Removal of the solvent afforded a black
residue (0.69 g). The residue was stirred in hot water
(100 cm») and Ffiltered. A solid (0.65 g) (Found: C,
48.2; H, 3.3; N, 5.7; CI, 14.3; Ru, 14.1 X) (ill defined
by 1.r. and multicomponent by t 1.c. > was filtered off,

washed with cold methanol (60 cm») and dried in vacuo.
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similarly, reaction of ruthenium trichloride hydrate
<0.2* g, 1.0 mmol) with 1,2-naphthoqulnone 2 -oxime <0.52
g, 3.0 mmol) afforded a aolld <.68 g> which waa 111

defined by 1.r. and multicomponent by t.1.c.

6.5.2 Reaction of ruthMilua trichloride hydrate with
aodlum 1,2-naphthoqulnone 1-oxImate In aqueous

tetrahydrofuran.

Ruthenium trichloride hydrate <1.2 g, 5.0 mmol) In water
<50 cm*> waa added to a stirred suspension of sodium
1,2-naphthoqulnone 1-oxIlmate <.0 g, 10.0 mmol) In 2:1
water: tetrahydrofuron <100 cm*) and the mixture was
stirred at 20*C for 24h. Purple-brown

naphthoquinone [I-oximato>ruthaniva(ll> <2.2 g, 98%)
<Found C, 53.61 H, 2.7; N, 6.1 Ru, 22.4. CaciHlaNzOiRu
requires: C, 53.6; H, 2.7; N, 6.3; Na, 3.6; Ru, 22.7%)
was TFTiltered off, washed by stirring with cold 2:1
water: methanol <200 cm*) and dried at 20 *C In vacuo.
Analysis showed the presence of sodium <0.23 g, 10 mmol)
and chlorine <0.53 g, 15 mmol) In the acidic <pH 3.5)

filtrate.
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6.5.3 Reaction of ruthanlu« trilchlorlda hydrata
with aodluB 1,2-naphthoqulnona 2-oxIBata In

aqueous tatrahydrofuran«

Ruthanlum trichlorlda hydrata <1.2 g, 5.0 mmol) In water
<50 cm*) waa added to a atlrrad auepanalon of sodium
1,2-naphthoqulnona 2-oxImata <2.0 g, 10.0 mmol) In 2:1
watar/tatrahydrofuran <100 cm*) and tha mlxtura waa
atirrad at 20*C for 24h. Brown bimd, 2-naphthoquinon*
2-oximato)ruthanium(ll> <. 1 g, 95*) <Found C, 53.8;
H, 2.4; N, 6.0; Ru, 22.6. CzoH 12N2004RU  raqulraa:
C, 53.6; H, 2.7; N, 6.3; Ru, 22.7») waa TFfiltered off,
washed by stirring with lea cold 2:1 water: methanol <200
cn») for 1 h, and dried in vacuo at 20 *C. Analysis
showed tha prassnes of aodlum <0.23 g, 10 mmol) and
chlorine <0.52 g, 15 mmol) In tha acidic <pH 3.7)

filtrate

6.5.4 Reaction of ruthanlua trichlorlda hydrata %«Ith
sodium 1(2-naphthoqulnona i1-oxImata In aqueous

pyridlna.

Ruthanlum trichloride hydrata <1.0 g, 4.1 mmol) In watar
<50 cm*) was added to a solution of sodium
1,2-naphthoquinona 1-oxImata <1.9 g, 9.7 mmol) In 10:1
watar: pyridlna <220 cm*) and tha mlxtura was stirred
under reflux for 24h. Purple bim<t, 2-naphthoqulnona
I-oxImato>dipyridlnaruthaniua<lJd) <2.1 g, 82») <Found:
C, 59.6; H, 34; N, 9.4; Ru, 17.1. C30H22N*04Ru
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requires: C, 69.7; H, 36; N, 9.3 Ru, 16. %) was
filtered off, washed with 2:1 water: methanol <100 cm»)
and dried in vacuo at 20 *C. Analysis showed the
presence of sodium <0.21 g, 9 mmol) and chlorine
(0.42 g, 12 mmol) in the neutral filtrate. Concentration
of the filtrate afforded a Tfurther crop of bled, 2-
naphthoquinona I-oxImato)dlpyrildineruthenlum<il) <0.29
g, 11%) (identified by comparative t.l1.c. and i.r. with

an authentic sample).

6.6.5 Reaction of ruthenium trichloride hydrate with
sodium 1,2-naphthoquinone 2-oxImate in aqueous

pyridine

Ruthenium trichloride hydrate <1.0 g, 4. 1 mmol) in water
<50 cm») was added to a solution of sodium
1, 2-naphthoquinone 2-oxImate <1.9 g, 9.7 mmol) in 10: 1
water: pyridine <220 cm») and the mixture was stirred
under reflux for 24h. Purple biad, 2-naphthoqulnona
2-oxintato>dipyridlnmruthanium<il) <1.8 g, 71%) (Found:
C, 60.1; H, 3.6; N, 9.1; Ru. 16.8. C 30H22N404RU
requires: C, 59.7; H, 3.6; N, 9.3; Ru, 16. 7%) was
filtered off, washed with cold 2:1 water: methanol
<100 cm») and dried at 20 *C/1.0 mm Hg. Analysis showed
the presence of sodium <0.21 g, 9 mmol) and chlorine
<0.42 g, 12 mmol) in the neutral filtrate. Concentration
of the Ffiltrate gave further bled, 2—naphthoquinone
2—oxImato)dlpyridIneruthenlum<Il) <0.65 g, 25%)
(identified by comparative t.1.c. and 1.r. with an
authentic sample).
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6.5.6 RMctlon of ruthonlUB trichlorlda hydrate %«lth
aodlua 1,2-naphthoqulnona 1-oxlaata In

ethanol.

Ruthenium trichloride hydrate @.1 g, 8.05 mmol> In
ethanol <100 cm*> waa added to a stirred solution of
sodium 1,2-naphthoqulnona 1l1-oxImata <5.8 g, 29.7 mmol)
In ethanol <150 cm*) and the mixture was stirred under
reflux for 24h. On cooling purple modlum trJdm-
@, 2-naphthoquinon» I-oxImato>ruthmnatmfl 1) <4.89 g,
89») <Found C, 55.8; H, 3.0; N, 6.4; Na, 3.5; Ru, 16.1.
C30H 1sN~a0eRu requires: C, 56.2; H, 2.8; K, 6.6;
Na, 3.6; Ru, 15.8») was filtered off, washed with 2:1
methanol : water <200 cm*) and dried In vacuo at 20 *C.
The Filtrate on concentration afforded further crop of
sodium tris<l, 2-naphthoqulnona I-oxImato)ruthanate<ll)
<0.5 g, 9») <Ildentlflad by comparative t.1l.c. and 1. r.

with an authentic sample).

6.5.7 Reaction of ruthenium trichloride hydrate %<lIth
aodlum 1,2-naphthoquinona 2-oxiaeta in
ethanol .

Ruthenium trichlorlde hydrate <1.0 g, 4.3 mmol) In
ethanol <50 cm*) was addad to a stlrred eolution of
sodlum 1,2-naphthoqulnona 2-oxImate <3.0 g, 15.4 mmol)
In ethanol <100 cm*) and tha mixture was stlrred under
reflux for 24h. The mixture was cooled and blua modium
triad, 2-naphthoqulnona 2-oximato>ruthanata(ll> <2.14 g,
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79%) (Found C, 56. 1 H, 2.7; N, 6.5 Na, 3.5 Ru, 15.7.
C3C"N 18NsNaOgRu  requires: C, 56.2; H, 2.8; N, 6.6;
Na, 3.6; Ru, 15.8%) was Tiltered off, washed with 2:1
methanol: water <100 cm») and dried in vacuo at 20 *C.
On further concentration the Tfiltrate gave a further
crop of aodlum tried,2-naphthoqulnone 2-oxImato)-
ruthenatedl) (0.5 g, %) (ldentified by comparative

t.1.c. and 1.r. with an authentic sample).

6.5.8 Reaction of ruthenium trichloride hydrate
with sodium 1,2-nophthoqulnone 1-oxImate In

aqueous acetic acid.

Ruthenium trichloride hydrate <2.1 g, 8.05 mmol) In 2:1
acetic acid: water <50 cm») was added to a solution of
sodium 1,2-naphthoqulnone 1-oxImate <5.8 g, 30.0 mmol)
In glacial acetic acid (260 cm») and the mixture was
heated under reflux with stirring for 24h. Violet-blue
bisd, 2-naphthoquinone J-oximato) <1, 2-naphthoqulnone
i-oxime>ruthenlum<ll) <4.82 g, 92%) (Found: C, 56.2;
H, 3.1; N, 6.7; Ru, 16.2. C30H 19N306RU  requires:

C, 58.3; H, 3.1; N, 6.8; Ru, 16.2%) was TFTiltered off,
washed with hot water <4 x 25 cm») and dried in vacuo at
20 *C. The filtrate on concentration afforded a further
crop of bled,2-naphthoqulnone 1-oximato)<l,2-naphtho-
qulnone I-oxIme)ruthenlum(ll) <0.4 g, 7%) (identified by

comparative t.1.c. and 1.r. with an authentic sample).
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6.5.9 Reaction of ruthenium trichloride hydrate
with sodium 1,2-naphthoqulnone 2-oxImete In

aqueous acetic acid.

Ruthenium trichloride hydrate <1.0 g, 4.3 mmol) In 2:1
acetic acid! water <30 cm*) was added to a etlrred
solution of sodium 1,2-naphthoquinone 2-oximate <3.0 g,
15.3 mmol) in glacial acetic acid <100 cm*) and the
mixture was refluxed for 24h. Blue bis(i,2-
naphthoquinone 2-oxImato> (1, 2-naphthoquinone 2-oxIme)-
ruthenlum<ll> <2.0 g, 711) <Found: C, 56.9; H, 2.9; N,
6.9; Ru, 16.5. C30H19N306RU requires: C, 58.3; H, 3.1;
N, 6.8; Ru, 16.2%) was Tiltered off, washed with hot
water <4 x 25 cm») and dried In vacuo at 20 *C.
Concentration of the filtrate afforded further
bls<l, 2-naphthoquinone 2-oxImato)<i,2-naphthoqulnone 2-
oxIme)ruthenlumlll) <0.45 g, 17%) <ldentlfled by

comparative t.1.c. and 1.r. with an authentic sample).

6.5. 10 Reaction of ruthenium trichloride hydrate with
sodium 1,2-naphthoqulnone 1-oxImate In

methanol under nitrogen.

Deoxygenated methanol <50 cm*) was added dropwlse to a
mixture of ruthenium trichloride hydrate <.1 g, 8.1
mmol) and sodium 1, 2-naphthoqulnone 1l1-oxIlmata <4.7 g,
24. 1 mmol) under a flow of nitrogen 100 cm* m-°. The
mixture was stirred under reflux and the nitrogen flow
continued for 4 h. The carrier nitrogen was passed
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though a trap at -80 *C to collact any volatila
compounda. Tha collacted dlatlllata .4 g> containad
mathanol %5.2 g¢g> and formaldahyda <0.18 g, 75%)
(ldantlflad by g.c. wlth authantlc aamplaal. Tha
raactlon milxtura waa fllterad. Tha filtrata containad
furthar formaldahyda <0.04 g, 16%> and mathanol <42.1 g>
<ldantlflad by g.c. > Tha realdua waa waahad wlth watar
and a aolld <4.80 gl waa obtalnad <mlxtura by t.l.c. -
aodlum tris<l, 2-naphthoqulnona [I-oxImato>ruthanata<IlI>
<maJor> and bla<l, 2-naphthoqulnona I1-oxImato>-
ruthanlum<lI 1> <traca> - calluloaa/athyl acatata;
Idantiflad by comparativa t.1l.c. wlth authantlc
aamplaa). Tha waahlnga containad aodlum chlorlda

<0.39 .

6.5.11 Raactlon of dichlorotrlaftriphanylphoophlna)-
ruthmnlum<lI> t>lth 1,2-naphthoqulnona 1-oxImo

In ocotona.

DIchlorotrila<triphonylphoaphlno>ruthonlum<lI> <1.0 g,
1.0 Buool) and 1,2-naphthoqulnona 1-oxIBta <0.35 g, 2.0
r>mol> wara atlrrad In acatona <50 cm*> undar raflux for
24 h. Tha mlxtura waa coolad and Tflltarad. Tha aolld
<1.3 g> <mlxtura by t.l.c.> waa waahad wlth dlathyl
athar <25 cm*> followad by cold watar <4 x 25 cm*> and

drlad i1n vacuo.

Simllarly, raactlon of dlchlorotrla<triphanylphoaphlna>-
ruthanlum<ll> <1.0 g, 1.0 mmol> and 1,2-naphthoqulnona
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(50 cm» > under reflux for 24 h. The mixture was cooled
and filtered. The solid was washed with diethyl ether
<25 cm») Tollowed by cold water <4 x 25 cm») and dried
In vacuo to give black bis(t, 2-naphthoqulnone
j—oxImato)bis(triphenylphosphlne)rutbenlum(ll) <0.86 g,
82%) (Found: C, 70.4; H, 3.9; N, 2.7; P, 6.3 Ru, 10.5.
Cs6H42N204P2Ru requires C, 69. 3; H, 4.3; N, 2.9 P, 6.5;
Ru, 10.5%).

6.5.14 Reaction of dlchlorotris<trlphenylphoaphlne>-
ruthenluBdX) with sodium 1,2-naphthoqulnono

2-oxlaiate In tetrahydrofuran.

DIchlorotris<triphenylphosphlne)ruthenlum(ll) <0.5 g,
0.52 mmol) and sodium 1,2-naphthoqulnone 2-oxImate <0.2
g, 1.0 mmol) were stirred In tetrahydrofuran <50 cm*)
under reflux for 24 h. The mixture was cooled and blue-
black bisfl, 2-naphthoqulnone 2-oxImato>ble<trlphenyl-
phosphlne)ruthenium (13> <0.35 g, 70%) (Found; C, 70.4;
H, 3.9; N, 2.7; P, 6.8; Ru, 10.5. CssHf2N204P2RU
requires C, 69.3; H, 4.3; N, 2.9; P, 6.5; Ru, 10.5%) was
filtered off, washed with diethyl ether <25 cm»)

followed by cold water <4 x 25 cm») and dried in vacuo.
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6. 5. 15 Nltroaatlon of 2-naphthol |In the presence of

ruthenium trichloride hydrete.

Ruthenium trichloride hydrate <1.2 g, 5.0 mmol) In water
<50 cm>> wae added to a stirred solution of 2-naphthol
<2.0 g, 13.9 mmol), acetic acid <20 cm*) and sodium
acetate <5g) in 2:1 ethanol: water <100 cm»). Sodium
nitrite <1.0 g) in water <25 cm*) was added portlonwlse
and the mixture stirred for 7 days. A block solid <Solld
A) <1.2 g <Found: C, 45.3; H, 3.0; N, 11.5; Ru, 19.2)
was Ffiltered off and washed with hot water <25 cm*)
followed by ethanol <2 x 50 cm*). The filtrate was dried
in vacuo. Extraction of the residue with chloroform
showed the presence of 1,2-naphthoqulnone 1-oxIme
<ldentlfled by comparative t.l.c. with an authentic
sample). Solid A was stirred In acetone <50 cm*) for 4
h. A brown solid <Solld B) <1.0 g0 <Found C, 52.1;
H, 3.2; N, 6.0; Ru, 21.3*) was filtered off, washed with
2:1 water: methanol <50 cm*) for 1 h, and dried in vacuo
at 20 "C. Solid B was stirred In pyridine <25 cm*) and
the mixture evaporated to dryness. The residue <1.4 Q)
was stirred in acetone <50 cm*) for 4 h and filtered.
Evaporation of the Tfiltrate at 50 *“C in vacuo gave
bls<l,2-naphthoqulnone 1-oxImato)dlpyridlneruthenlum<Il)
<1.3 g, 40%) <Ildentlfled by comparative t.l.c. and 1.r.

with an authentic sample).
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6. 5. 16 NItrosatlon of 1-naphthol In the preaence of

ruthenlun trichloride hydrate.

Ruthenium trichloride hydrate <1.20 g, 5.0 irol) In
water <50 cm*> wae added to a atlrred solution of 1-
naphthol <2.0 g, 13.9 rool>, acetic acid <20 cm>> and
sodium acetate <5g) In 2:1 ethanol: water <100 cm?”).
Sodium nitrite <1.0 g0 In water <25 cm’) was added
portlonwlee and the mixture stirred for 7 days. A black
solid <Solld C) <1.68 g) <Found: C, 46.3; H, 2.8; N,
10.6; Ru, 20.0) was Ffiltered off and washed with hot
water <4 x 25 cm”) followed by ethanol <2 x 50cm»). The
filtrate was dried in vacuo and extraction of the
residue with chloroform showed the presence of
1, 2—naphthoquinone 2-oxime <conflrmed by comparative
t. 1. c. with an authentic sample). Solid C was stirred In
acetone <50 cm’) for 4 h. Abrown solid <Solid D)
<1.40 g) <Found C, 52.5; H, 3.0; N, 6.5; Ru, 22.9%) was
filtered off, washed with Ice cold 2: 1 water: methanol
<100 cm?) for 1 h, and dried in vacuo at 20 *C. Solid D
wae stirred In pyridine <25 cm’) for 1h and the
pyridine removed in vacuo. The residue <1.7 g) was
stirred In acetone <50 cm’) for 4 h and Tfiltered.
Evapoatlon of the filtrate at 50 *C iIn vacuo gave
bis<l,2-naphthoqulnone 2-oxImato)dlpyridIneruthenlum<Ill)
<1.6 g, 58%) <ldentifled by comparative t.l.c. and 1.r.

with an authentic sample).
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6. 5. 17 NitroMtlon of |di«nola In the prasanc« of

ruthmluB trilchlorlda hydrata.

Nitroaatlon of 4-chlorophanol or 4-mathylphanol
C15 Bunol) [In tha praaanca of ruthanlum trichlorlda
hydrata <1.2 g, 5.0 mmol) waa carrlad out In a almllar
way to tha nitroaatlon of 2-naphthol. Filtration
affordad a black tar whlch waa 111 daflnad by 1.r. and
nultlcomponant by t.l.c. Atomic apactroacopy Indlcatad

that moat of tha ruthanlum waa praaant In tha aolld.

6. 5. 18 Baactlon of trla<acatylacatonato>ruthanlum
<I11> %«lth aodlum 1,2-naphthoqulnona l-oxlaata

In tatrahydrofuran.

Trla<acatylncatonato>ruthanlum<lIl> <0.5 g, 1.2 mmol>
and aodlum 1. 2-naphthoqulnona 1-oxlmata <2.0 g, 10 maol>
waa atlrrad In tatrahydrofuran <25 cm*> at 20 *C for 7
daya. On ramoval of tha aolvant a aolld raaultad <1.9
g)- Tha aolld waa waahad wlth toluana <2 x 25 cm*>, cold
mathanol <2 x 25 cm*> and drlad in vacuo to giva
bla<l, 2-naphthoqulnona 1-oxImato>ruthanlum<Ii 1> <0.35,
63%> <ldantlflad by comparativa t.l.c. and 1.r. wlth an
authantlc aampla). Tha Ffiltrata contalnad unraactad
aodlum 1,2-naphthoqulnona 1-oxImata and trla<acatyl-
acatonato>ruthanlura<i1I> <ldantliflad by comparativa

t.l.c. and 1. r. wlth authantlc aamplaa).
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6.5.19 Reaction of tri8<ocetylacetonoto>ruthenlu«

<HlI1) with Bodlim 1,2-nephthoqulnono 2-oxlaiate

In tetrohydrofuran.

Trils<acetylacetonato)ruthenlumail) <0.5 g. 1.2 mmol>

and eodium 1.2-naphthoqulnone 2-oxImate <1.9 g. 10 nunol)

was stirred In tetrahydrofuran <25 cm*> at 20 “C for 7

days. On vremoval of the solvent a solid resulted

Cl.9 g). The solid was washed with toluene <2 x 25 cm*),

cold methanol <2 x 25 cm*) and dried in vacuo to give

ble<l.2-naphthoqulnone 2-oxImato)ruthenium<ll)  <0.35.

63*) <Ildentlfled by comparative t.l.c. and 1.r. with an

authentic sample). The washings contained unreacted

sodium 1.2-naphthoquinone 2-oxImate and trls<acetyl-

acetonato)ruthenlum<lll) <ldentlfied by comparative

t.l.c. and i.r. with authentic samples).

6.5.20 Reaction of bleCl.2-naphthoqulnone 1l-oxlaato)-

ruthenlumCIl) with dilute hydrochloric ecld.

Bis<l, 2-naphthoqulnone I-oxImato)ruthenlum<ll) <0.45 g.

1 mmol) was suspended In dilute hydrochloric acid <50

cm*) <10%) and stirred at 50 “C for 6 h. The mixture
was cooled and bis<l.2-naphthoqulnone 1-oxImato)-
ruthenlum<il) <0.45 g. 99%) <Ildentlfled by comparative

I.r. with an authentic sample) was filtered off.
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6,5.21 Reaction of bis<l, 2-naphthoqulnone 2-oxl«ato>-

ruthenlun(ll) with dilute hydrochloric acid.

BIsCl, 2-naphthoqulnone 2-oxImato>ruthonlumdl > <0.45 g,
I nuol) was suspended In dilute hydrochloric acid <50
cm>) <1010 and stirred at 50 *C for 6 h. The mixture was
cooled and bis<l, 2-naphthoqulnone 2-oxImato)-
ruthenlum<ll) <0.45 g, 99%) <Ildentlfled by comparative

1.r. with an authentic sample) was filtered off.

6.5.22 Reaction of bla<l, 2-naphthoqulnone I-oxImato>-
<1,2-naphthoquinone 1-oxI»o>ruthonlum<ll> with

dilute hydrochloric acid.

A suspension of bis<l, 2-naphthoqulnone 1-oxImato)<l, 2-
naphthoqulnone 1-oxIme)ruthenlum<ll) <0.6 g, 1 mmol) was
stirred In dilute hydrochloric acid <50 cm*) <10%) at
50 'C for 6 h. Bis<l, 2-naphthoqulnone 1-oxImato)-
ruthenlum<ll> <0.42 g, 92%) <Ildentlfled by comparative
1. r. with an authentic sample) was Tfiltered off washed
with ethanol <2 x 25 cm*) and dried in vacuo. An extract
of the filtrate was obtained In diethyl ether <25 cn*).
Removal of the solvent at 20 *C under nitrogen gave 1,2-
naphthoqulnone 1-oxlme <0, 15 g, 88%) <ldentlfled by

comparative t.l.c. and 1. r. with an authentic sample).
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6.5.23 Reaction of bio<l, 2-naphthoqulnono 2-oxl«ato>-
(1,2-naphthoquinone 2-oxlI»e)ruthenlu«<lI> with

dilute hydrochloric acid.

BisCl, 2-naphthoqulnone 2-oxImato)<l, 2-naphthoqulnone 2-
oxIme)ruthenlumai) <0.62 g, 1 mmol) was suspended In
dilute hydrochloric acid <50 cm*) <10%) and stirred at
50 *C for 6 h. Bis<l,2-naphthoqulnone 2-oxlImato)-
ruthenlum<ll) <0.45 g, 99%) <Ildentlfled by comparative
1. r. with an authentic sample) was filtered off, washed
with Ice-cold ethanol < x 25 cm*) and dried at
20 *0/1.0 mm. A diethyl ether extract of the filtrate
afforded <1,2-naphthoqulnone 2-oxlme <0.16 g, 92%)
<ldentlfled by comparative t.1.c. and 1. r. with an
authentic sample) on removal of the solvent at 20 *C

under nitrogen.

6.5.24 Pyrolysis of bls<l, 2-naphthoqulnono 1-
oxImato)<l, 2-naphthoqulnono 1-oxIme)

ruthenlumdl)

Bls<l,2-naphthoqulnone 1-oxImato)<l, 2-naphthoqulnone 1-
oxIme)ruthenlum<ll) <0.62 g, 1 mmol) was heated at
80 *0/0.1 mm Hg for 4 h. Bis<1,2-naphthoqulnone
I-oxImato)ruthenlum<ll) <0.45 g, 99%) <Ildentlfled by
comparative 1.r. with an authentic sample) was obtained.
The sublimate, 1,2-naphthoqulnone 1-oxIme <0.14 g, 85%)
<ldentlfled by comparative t.l.c. with an authentic
sample) was collected In a trap at -80 *C.
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6.5.25 Pyrolysla of bla<l, 2-naphthoqulnon« 2-
oxiMtoXl, 2-naphthcx]ulnon« 2-oxlaa>

ruthcmluB<I 1>

Bla<l, 2-naphthoqulnona 2-oxlImato><l, 2-naphthoqulnona 2-
oxina>ruthanlum(ll> <0.62 g, I mmol) waa haatad at
80 *C/0. 1 mm Hg for 4 h. Blad, 2-naphthoqulnona
2-ox1Bato>ruthanlum<ll> <0.43 g, 99%> <Ildantlflad by
comparativa 1l.r. wlth an authantlc aampla) waa obtalnad.
Tha aubllmata 1,2-naphthoqulnona 2-oxIma <0.11 g, 60%>
<ldantlflad by coB”aratlva t.1.c. and 1.r. wlth an

authantlc aampla) waa collactad In a trap at -80 *C.

6.5.26 Raactlon of bia<l, 2-nai”“thoqulnona I-oxImato>-

ruthanlua<ll > wlth pyridlna.

Bla<l, 2-naphthoqulnona I-oxImato)ruthanlum<ll> <0.50 g,
1.1 mmol) waa dlaaolvad In pyridlna <25 cm*> and haatad
undar raflux for 2 h. Evaporatlon of pyridlna at
70 °C/1.0 mm gava bla<l,2-naphthoqulnona 1-oxImato>-
dipyrildInaruthanlum<Il1> <0.67 g, 99%) <Ildantlflad by

comparativa t.X.c. and 1.r. wlth an authantlc aampla).

6.5.27 Raactlon of bla<l,2-naphthoqulnona 2-o*Imato>-

ruthanlumdl) wlth pyridlna.

Bla<l, 2-naphthoqulnona 2-oxImato)ruthanlum<ll) <0.50 g,
1.1 mmol) waa dlaaolvad In pyridlna <25 cm*) and haatad
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under reflux for 2 h. Removal of the solvent at

70 -C/1.0mmHg gave bis<l.2-naphthoqulnone 2-oxImato)-

dipyrildIneruthenlumai) <0.68 g. 99%) TFldentlfled by

t.l.c. and L.r. with an authentic sample).

6.5.28 Reaction of bis<l. 2-naphthoqulnone I-oxl«nto>

<1, 2-naphthoqulnone l1-oxliie>ruthonlu»<ll) with

pyridine.

BIs(l,2-naphthoqulnone 1-oxImato)U.2-naphthoqulnone 1-

oxime)rutheniumai) <0.68 g. 11 mmol) was stirred In

pyridine <30 cm>) at 20 *0 for 4 h. Evaporation of the
mixture afforded a solid <0.88 g). The solid was stirred

in diethyl ether <50 cm>) for 2 h.

and bis
(1.2-naphthoqulnone

I-oxImato)dlpyridlneruthenlum<Il)

<0.64 g. 99%> <Ildentlfied by comparative t.l.c. and 1.r.

with an authentic sample) was filtered off. The filtrate

on removal of the solvent. gave 1.2-naphthoqulnone

l-oxime <0. 16g. 84%) <identifled by comparative t.l.c.

with an authentic sample).

6.5.29 Reaction of bled. 2-naphthoqulnone 2-oxl«ato>

<l.2-naphthoqulnone 2-oxl-e>ruthenlum<lI> with

pyridine.

Bis<l.2-naphthoqulnone 2-oxImato)<l. 2-naphthoqulnone 2-

oxIme)ruthenlum<ll) <0.62 g. 1-0 mmol) was stirred In

pyridine <25 cm*) at 20 *C for 4 h. Evaporation of the
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mixture afforded a aolid <0.60 g). The solid was stirred
In diethyl ether <40 cm») for 2 h. Bls<l, 2-naphtho-
quinone 2-oxImoto>dipyrldineruthenium<ll> <0.60 g, 99%)
<identlfled by comparative t.l.c. and 1L r. with an
authentic sample) was filtered off. The Tfiltrate on
evaporation under nitrogen gave 1, 2-naphthoqulnone
2-oxlme <0.13 g, 75%) <ldentlfled by comparative t.l.c.

with an authentic sample).

6.5.30 Reaction of bis<l, 2-naphthoqulnone [I-oxInato>-
ruthenlumfll) with triphcuiylphosphlne In

tetrahydrofuran.

Bls<l, 2-naphthoqulnone [I-oxImato)ruthenlum<ll) <0.5 g,
1 1 mmol) and trilphenylphosphlne <. 1 g. 4.0 mmol) in
tetrahydrofuran <50 cm») were stirred under reflux for 7
days. The mixture was cooled and filtered. The residue
was washed with cold methanol <4 x 25 cm») and dried
In vacuo to give bls<l, 2-naphthoquinone 1-oxImato)-
bls<triphenylphosphlne)ruthenlum<Il) <0.84 g, 7%)
<ldentlfled by comparative 1.r. with an authentic

sample).
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6.5.31 Reaction of bis<l, 2-naphthoquinone 2-oxlBato)-
rutheniuB<Il) with triphenylphosphlne In

tetrahydrofuran

Bis<l, 2-naphthoqulnone 2-oxImato)ruthenlum<lI> <0.5 g,
1 1 mmol > and trilphenylphosphlne (1.0 g, 3.8 mmol) In
tetrahydrofuran <50cm*> were stirred under reflux for 7
days. The mixture was cooled and black bis-
@, 2-naphthoqulnone 2-oximato>bls<triphenylphosphlne>-
ruthenlumCll) <0.69 g, 65%) (ldentified by comparative
1.r. with an authentic sample) was filtered off, washed

with methanol <4 x 25 cm*) and dried In vacuo.

6.5.32 Reaction of bis<l, 2-naphthoqulnone [I-oxl«iato)-
ruthenlundl) t«lth triphenylphosphlne in
pyridine

Bis <1, 2-naphthoqulnone 1-oxImato) ruthenlumdl) <0.5 g,
1 1 mmol) and triphenylphosphlno <1.0 g, 3.8 mmol) In
pyridine <25 cm*) were stirred under reflux for 7 days.
The mixture was cooled and Tfiltered. Removal of the
solvent afforded a dark purple solid <1.7 g). The solid
was stirred In toluene <50 cm*) for 2 h. Filtration of
the mixture gave bled, 2-naphthoquinone 1-oxImato)-
dipyrldlneruthenlumdl) <0.60 g, 90%) (ldentified by
comparative t.1.c. and 1.r. with an authentic sample).
The Filtrate contained unreacted triphenylphosphlne
(ldentified by comparative t.l.c. with an authentic
sample).
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6.5.33 Reaction of bis<l, 2-nophthoqulnone 2-oxIBoto>-
ruthenlum<iI1> vilth triphenylphosphlne In

pyridine

Bled, 2-naphthoqulnone 2-oxlImato)ruthenlumdl) <0.5 g,
1 1 mmol) and trlphenylphosphlne <1.0 g, 3.8 mmol) In
pyridine <25 cm>) were stirred under reflux for 7 days.
Removal of the solvent afforded a dark blue solid <1.65
¢>. The solid was stirred in toluene <50 cm>> for 2 h.
Filtration of the mixture gave bis<l, 2-naphthoqulnone
Jj-oximato>dlpyridIneruthenium<l1)<0. 65 g, 97%> <Ildentl-
fled by comparative t 1.c. and 1.r. with an authentic
sample). The filtrate contained unreacted
triphenylphosphlne <identlfled by comparative t.l.c.

with an authentic sample).

6.5. 34 Pyrolysis of bis<1l,2-nephthoqulnone 1-

o X1 neto>di pyrldlneruthenlua<l1>

BlIs<l, 2-naphthoqulnone [I-oxImato)dlpyridlneruthenlum<Ill)
<0.61 g, 1 mmol) was heated at 270 °C/0. 1 mm Hg. Tfor 4
h. Bis<1,2-naphthoquinone [I-oxImato)ruthenlum<il) <0.45
g, 99%) <ldentlfled by comparative 1.r. with an
authentic sample) was obtained. Pyridine <. 12 g, 75%)
<ldentifled by comparative 1.r. with an authentic

sample) was collected In a trap at -80 *C.
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6. 5. 35 PyroXyBI© of blsf1*2 naphthoquinone 2

oxI»ato)dlpyrildIneruthenlum<ll)

Bla(1l12—naphthoqulnone 2-oxImato)dipyrldlneruthonium<Iil)
<0.61 g, 1 mmol) was heated at 270 *C/0. 1 mm Hg for 4 h.
Bis(1t2—naphthoquinone 2-oxImato)ruthenlum<ll) <0.45 g,

99%) (ldentified by comparative 1. r. with an authentic

sample) was obtained. The sublimate, pyridine (@. 13 g,

80%) (identified by comparative i.r. with an authentic

sample) was collected in a trap at -80 "C.

6.5.36 Reaction of bis<l,2-naphthoqulnone I-oxl»ato>-
biIB<trilphenylphoophlne>ruthenlu»<Il1> with
pyridine.

Bled, 2—naphthoquinone i-oxImato)bls(triphenylpho8-

phine)ruthenlum(ll) <0.2 g, 0.2 mmol) was stirred In

pyridine (5 cm») at 20 ’C for 24 h. The solution

contained trlphenylphosphlne and bis<l,2-naphthoqulnone
2-oxImoto)dipyrildineruthenium(ll) (identified by
comparative t.l.c. and i.r. with authentic samples).
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6.5.37 Reaction of blo<1,2-n«phthoqulnona 2-oKl»ato>-

tleCtriphenylphoophlno>ruthenlu»<llI > with
pyridine.
Ble<l,2-naphthoqulnone 2-oxImato>ble<trliphenylphos-

phineiruthonlumCIl) (0.2 g, 0.2 mmol) was dissolved In
pyridine (25 cm») and the mixture stirred for 24 h. The

solution contained bis(l,2-naphthoqulnone 2-oxImato>-

dlpyridineruthenlum(ll) and triphenylphosphlne
(ldentified by coo™paratlve t 1.c. and 1.r. with

authentic samples).

6. 5. 38 Oxidation reactions
(@ Catalytic oxidations of alkenee

Allcene and catalyst wore stirred at 60 *C In an oxygon
atmosphere, In quantities specified In Table 6.1
Samples (@ cm») wore token at intervals and analysed for
oxidation products by g.1l c. (% Carbowax 20M on

Chromosorb W-HP).
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Table 6. 1

Aerobic oxidation of cyclohexane at 20 *C after 120 h.

Catalyst

g/mmol

Ru(2-ngo>2
0. 10/0. 225

Ru(l-ngo)z
0. 10, 0. 225

Aerobic oxidation of cyclohoxana at 60 *C after 120 h.

Catalyst

g/mmol

Ru<2-ngo) 2

0. 10/0. 225

Ru<l-nqgo> 2

0. 10, 0. 225

Catalytic oxidation# of alkenes

alkane

g/mmol

cyclohexane

18.4/225

cyclohexene

18.4/225

alkene

g/mmol

cyclohexane

18.4/225

cyclohexane

18.4/225

oxidation products

1, 2-epoxycyclohexene
cyclohaxanol

cyclohexanone

1,2-epoxycyclohexene
cyclohexanol

cyclohexanone

oxidation product#

1,2-epoxycyclohax#ne
cyclohexanol

cyclohexanone

1,2-epoxycyclohexene
cyclohaxanol

cyclohexanone
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7.5/76
4. 7/47
2.2/22

5.5/56
3.4/34
2.2/22

g/ounol

7.6/77
8.4/84
4. 4/45

6. 4/65
7.0/70
2.6/27



Aaroblc oxidation of cyclohaxana at 20 *C in tha praaanca of

pyrildlna aftar 120 h.

Catalyat altcena oxidation producta g/mmol

g/mmol g/mrool

Ru<2-nqo)2 cyclohaxana 1,2-apoxycyclohaxana 9. 97101

0. 10/0. 225 18.A/225 cyclohaxanol 6. 8/68
cyclohaxanona 2.6/27

Ru<l-ngo)2 cyclohaxana 1, 2-apoxycyclohaxana 8.4/86

0. 10, 0. 225 18. 4/225 cyclohaxanol 6. 1/61
cyclohaxanona 2.9/29

Aaroblc oxidation of atyrana at 60 *C aftar 200 h.

Catalyat alkana oxidation producta g/mmol
g/Buaol g/maol

RuC2-ngo)2 atyrana atyrana apoxlda 0.9711
0. 10/0. 225 23.5/225 phanylacataldahyda 21.6/180
Ru<l-nqo>2 atyrana atyrana apoxlda 1 1/9.0
0. 10/0. 225 23.5/225 phanylacataldahyda 21. 17176
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Aerobic oxidation of l-octone at 60 *C after 180 h.

Catalyst alkane
g/mmol g/hinol
Ru(2-nqo) 2 1l-octene
0. 10/0. 225 25.2/225
Ru<l-ngo>2 1-octene
0. 10/0. 225 25.2/225

Aerobic oxidation of

Catalyst alkene
g/mmol g/mmol
Ru<2-nqo)2 1-octene
0. 10/0. 225 25.2/225
Ru<l-ngo>2 1-octene
0. 10, 0. 225 25.2/225

1-octene
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oxidation products

1, 2-epoxyoctane
1-octanol

1-octanal

1,2-epoxyoctane
1-octanol

1-octanal

at 20 *C after 180 h.

oxidation products

1, 2-epoxyoctana
1-octanol

1-octanal

1, 2-epoxyoctane
1-octanol

1-octanal

g/mmoll

0.6/4.5
8. 8/63
227157

1.6/2.2
7. 9/56
237167

g/minol

3. 7/27
11/77
2.2/16

3.7/27
9. 1/65
1.2/9.0



(b> Reaction of 1,2-epoxycyclohexane with oxygen In the
preeence of ble<l, 2-naphthoqulnone lI-oxinato)-

ruthanluafll)

BleCl, 2-nephthoqulnone [I-oxImato>ruthonium<Ill> <0.1 g,
0.22 mmol) and 1,2-epoxycyclohexane <4.8 g, 49.3 nunol>
were etlrred et 20 *C under oxygen for 7 days. The
epoxide wee returned In full <by comparative g. 1.c. with

an authentic aample).

<c> Reaction of cyclohexanol with oxygen In the
preaance of bla<l, 2-naphthoqulnone 1-oxImato>-

ruthenlim<I 1>

Bls<l, 2-naphthoqulnone [I-oxImato>ruthenlum<Il) <0.1 g,
0.22 mmol) and cyclohexanol <4.8 g, 48.0 mmol) were
stirred at 20 *C under oxygen for 7 days. The mixture
contained cyclohexanone <1.3 g, 27.6%) and cyclohexanol
<3.5 g, 72.4%) <by comparative g.l.c. with authentic

samples).

<d) Reaction of bla<l, 2-naphthoqulnone I-oxl«ato>-

ruthenluB<Ill1> tdth oxygm In ethanol.

Bis<l, 2-naphthoqulnone [I-oxImato)ruthenlum<ll) <0.5 g,
1.1 mmol) and ethanol <25 cm*) were stirred at 20 *C
under oxygen for 3 days. Removal of the solvent at 20 *C
under a stream of nitrogen afforded a solid <Solld E)
<0.6 g)- Solid E was dissolved In toluene <25 cm*) and
the mixture etlrred under reflux for 24 h In a nitrogen
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atmoBph«r«. Ramovol of the eolvent under a stream of

nitrogen gave bls<l, 2-naphthoquinone 1-oximato)-
rutheniumCIl) <0.5 g) (identified by comparative 1i.r.

and u.V. with an authentic sample)

(e) Catalytic oxidation of cyclohexane In the praeanca

of bla<l, 2-naphthoqulnona 1-oxImato>ruthanlum<lI>

and water

Biscl, 2-naphthoqulnona [I-oxImato)ruthenlum<il> <. 1 gi

0.22 mmol), water <5 g, 278 mmol) and cyclohexane

<18.4 g, 225 mmol) were etlrred at 20 'C under oxygen
for 7 days. The mixture contained 1.2-epoxycyclohexane

<10.0%), cyclohexanol <21.5%). cyclohexanone <33.1%) and
cyclohexane <4.5%) (identified by comparative g. 1 c.
with authentic samples) and an unidentified component

<30. ).
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X-ray cryatallographlc data

Tabla 1. Fractional atéale coordlaataa and tharaal paraaatara <A)

Atoa

Ru

0<12>
c@2>
C<11>
U B
0<11>
c@s>
Cc<V)
c(5)
C<16)
c@an
c@s>
cQo>
c(0>
0(22)
c(2)
cL
N(1>
02
(23>
c(4>
c(25)
c(26>

C<27>

0.
0.
0.
0.
0.
0.
0
0.
0.
0.
0.
0.

0.
0.
0.

0.

0.

. 0881(2)
. 1112(3)
. 1976(3)
.2488(3)
. 3283(3)
.0524(4)
. 0773(4)

. 1612(4)

1808(5)

. 2605(6)

3211(5)

3046(4)

.2231(4)
. 1786(2)
. 2434(3)
. 3099(3)

. 2959(3)

3480(3)
2486(4)
3165(4)
3851(4)
4530(4)

5159(4)

. 193U<3) 0. 12474(4)

0. 1726(3)
0. 2699(5)
0. 3369(5)
0. 2763(4)
0.3195(4)
0.3157(6)
0.4196(6)
0.4914(5)
0.6018(6)
0.6717(7)
0. 6359(6)
0. 5259(5)
0.4516(5)
0.2183(3)
0. 2213(5)
0. 1591(5)
0. 1002(4)
0.0377(4)
0. 2892(6)
0. 2936(6)
0. 2301(6)
0. 2337(7)

0. 1697(6)

N

o

. 28527(5)

o

. 1543(4)

o

. 1164(6)

o

. 1708(6)

o

. 2536(5)

o

. 3034(6)

o

.0149(7)

-0.0209(7)

0.0403(7)
0. 0052(8)
0. 0649(10)
0. 1644(9)
0.2019(7)
0. 1394(6)
0.4894(4)
0.5979(6)
0. 5713(6)
0.4193(5)
0. 3774(5)
0. 7484(7)
0. 8619(7)
0.8391(7)
0.9634(7)

0. 9467(8)
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Ulao or Uaq

0. 0395 (3)
0.047(2)
0.044(3)
0.041(3)
0.044(3)
0.077(3)
0. 056(4)
0.062(4)
0. 054(4)
0.075(5)
0.098 (6)
0.082(5)
0. 063(4)
0.047(3)
0.053(2)
0. 046(3)
0.041(3)
0.044(3)
0.066(3)
0. 060(4)
0. 065(4)
0.057(4)
0. 067(5)

0.068(5)



Tabi* 1L Fractional atéale coordinata* and thamal

Atoa

c<28>
cEo>
cEo>
N>
c<31>
c32>
c(33>
C(34)
o>
N(41>
c<a1)
c@2>
c43>
C<as>
C<49>
cG1>
c(s2>
& EO))
C(61)
c(62>
C(63)
C<64>
cs>
C<66>

0. 5U4(4>
0. 4998(3)
0. 3830(3)
0. 2075(3)
0. 2836(4)
0. 2919(4)
0. 2221(5)
0. 1438(5)
0. 1389(4)
0. 1194(3)
0. 0394(4)

-0.0105(5)
0. 0236(7)
0. 1060(6)
0. 1519(4)
1.0680(5)
0. 9868(5)
0.9183 ®)
0. 5984(7)
0. 6792(7)
0. 6971(5)
0. 6369(7)
0. 5519(6)
0. 5335(5)

0. 1005(6)
0. 0947(5)
0.1599(5)
0. 0254(4)
0. 0325(5)

-0. 0296(6)

-0. 1033(6)

-0.1114(6)

-0. 0452(5)

-0.0323(4)

-0.0334(6)

-0.1274(8)

-0. 2246(8)

-0.2272(7)

-0.1288(6)
0. 4667(7)
0. 4205(6)
0. 4520(7)
0. 4583(9)
0. 4223(9)
0. 3248(8)
0. 2449(8)
0. 2682(8)
0.3741(8)

0. 8033(8)
0. 6794(7)
0.6932(6)
0.0808(5)
0.0434(7N)

-0.0953(7)

-0.1965(8)

-0. 1616(8)

-0. 0288(7)
0. 3117(5)
0. 3195(8)
0. 3488(9)
0. 3747(9)
0. 3620(9)
0. 3318(7)
0. 4502(9)
0. 3587(8)
0. 4076(9)
0. 3579(12)
0. 3698(12)
0. 4057(10)
0. 4268(11)
0. 4158(10)
0. 3824(10)
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Ulao or Uxg

0.066(4)
0. 052(4)
0. 045(3)
0.041(3)
0. 052(4)
0.065(4)
0. 071(5)
0.065(4)
0.052(4)
0. 048(3)
0.065(4)
0. 087(6)
0.096(7)
0.088(6)
0.066(4)
0.088(2)
0.078(2)
0.086(2)
0.139(4)
0.147(4)
0. 106(3)
0.133(3)
0. 1213)
0. 113(3)



Tabi* 2. Fractlooal atdale coordlnataa for tba hydrogan ate

Atoa X y z
H(13> -0.0124 0. 2657 -0.0316
H) 0. 0320 0. 449% -0. 1004
H<16) 0. 1329 0. 6305 -0.0703
HQ7> 0. 2762 0.7559 0.0345
H(ie> 0. 3824 0.6955 0. 2150
H(1S> 0. 3536 0. 4975 0.2763
H3) 0.1981 0.3364 0. 7703
H(24> 0. 319 0. 3462 0. 9742
H(26) 0. 4545 0. 2886 1.0735
H@27) 0. 5669 0. 1731 1.0430
H(28) 0. 5646 0.0501 0.7902
H29> 0. 4496 0. 0400 0. 5699
H@GD 0. 334 0.0889 0. 1256
HE2> 0. 3531 -0.0186 -0.1229
H3) 0.2282 -0.1567 -0.3025
H(3A> 0.0871 -0.1676 -0.2415
HES> 0.0778 -0. 0503 0.0051
H(4D) 0.0124 0.0442 0.3012
H(42> -0.0758 0. 12% 0.3523
HA43> -0.0128 -0.2975 0. 4043
H(@4> 0. 1337 -0.3054 0.3742
HE5> 0.2171 -0.12% 0. 3247
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Tabla 3. Anlaotroplc tharaal paraaatara (A)

Atoa

(0@
c(z>
canr>
NCI>
oai)
c@3>
c)
cas
c@e>
cqar
Cc@s)
cQao
c@o>
02
>
o3>
4>
ces>
C(2)
cEr
c@s>

UH

0.0339(2)
0.036(2)
0. 040(3)
0.042(3)
0.035(2)
0.039(2)
0.048(3)
0.061 @)
0.063(4)
0.090()
0. 141(8)
0.090(5)
0.077(5)
0.057(4)
0.046(2)
0.044(3)
0.058(4)
0. 067(4)
0. 067(4)
0.061(4)
0. 054(4)
0. 047(4)

(92224

0.0441(3) 0.0407(3)

0.053(2)
0. 049(3)
0.042(3)
0. 048(3)
0.070(3)
0. 068(4)
0. 066(4)
0. 048(3)
0.062 @)
0. 061(5)
0. 063(5)
0. 050(4)
0. 043(3)
0. 064(3)
0. 047(3)
0. 068(4)
0. 084(5)
0.070(4)
0. 099(5)
0. 093(5)
0. 084(5)

0.053(2)
0.043(3)
0.039(3)
0.050(3)
0. 121(4)
0.051(4)
0. 058(4)
0. 052(4)
0.074(5)
0. 092(6)
0. 094(6)
0. 062(4)
0.041(3)
0. 050(2)
0. 046(3)
0.053(4)
0. 044(4)
0. 043(4)
0.040(4)
0.057(5)
0.066(5)
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uz23

0.0131(2)
0.016(2)
0.010(3)
0.010(3)
0.010(2)
0.043(3)
0.018(3)
0.025
0.016(3)
0. 030(4)
0.044 )
0.032(4)
0.021(3)
0.008(3)
0.010(3)
0.012(3)
0.003(3)

-0. 004(3)
0. 009(3)
0. 003(4)
0.019(4)
0.024(4)

ui3

0. 0070(2)
0.007 @
0.011(3)
0.010(3)
0.003(2)

-0.008(3)
0.005(3)
0.012(3)
0.015(3)
0.014(4)
0.029(6)
0.001(5)
0.009(4)
0.013(3)
0.015(2)
0.014(3)
0.018(3)
0.014(3)
0.011(3)
0.001(3)
0.001(3)
0.007(3)

u12

0. 0076(2)
0.008(2)
0.012(3)
0.013(2)
0.006(2)

-0.002(2)
0.022(3)
0.029(3)
0.019(3)
0.015(4)
0.021(5)

-0.011(4)
0. 004(3)
0.014(3)
0.020(2)
0.011(3)
0.021(3)
0.012(4)
0.013(3)
0. 004(4)
0.010(4)
0.019(3)



Tabi* 3. Anlaotroplc tharaal paraaatars <l

Atoa

c(o>
co>
N<31>
C(31>
Cc(32>
€€
€D
C(3xB>
NUDD)
cun
cuz>
c(43>
C(44>
C(45>

UH

0. 046(3)
0.043(3)
0.045(3)
0. 053(4)
0. 067(4)
0.091(5)
0.073(5)
0.049(3)
0. 046(3)
0. 060(4)
0.078(5)
0. 124(6)
0. 116(7)
0.071(4)

0. 059(4)
0. 048(3)
0.036(2)
0.049(3)
0.071(4)
0. 075(5)
0. 065(4)
0.051(4)
0.053(3)
0.066(4)
0. 104(6)
0.098(7)
0.067(5)
0. 060(4)

0.050(4)
0.043(3)
0.039(3)
0.053(4)
0.057(4)
0.045(4)
0.057(4)
0.055(4)
0.046(3)
0.069(5)
0. 079(6)
0. 064(5)
0.061(6)
0.066(5)
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uz23

0.019(3)
0.012(3)
0.014(2)
0.024(3)
0.026(4)
0.006(4)
0. 007(4)
0.009(3)
0.018(2)
0.011(4)
0.005(5)
0.033(5)
0. 037(4)
0. 027(4)

u13

0.010(3)
0.009(3)
0.007(2)
0.017(3)
0.025 (@)
0.011(4)

-0.001(4)
0.007(3)
0.009(2)
0.024(4)
0.033(5)
0.011(5)

-0.012(5)
0.003(4)

coni..

u12

0.015(3)
0.005(3)
0.006(2)
0.012(3)
0.029(%)
0.033(%)
0.011(4)
0.011(3)
0. 004(2)

-0.005(3)

-0.026(5)

-0.043(6)

-0.016(5)
0.004(3)



Tabla 4.

0(12)
c(2>
cun)
ca3>
15>
c@e>
c@as>
0
c2>
c@1>
cE3>
ces>
C(26)
cEs>
NGD)
C(31>
C€S))
N(41>
cit
CCS))
C(L)
c(61>
c(62>
C<64)

Bond laogtha (®)
012 210
0(2) 2.060(4)
-H@BLD) 2.085(4)
€(12) 1.278(6)
€(13) 1.40()
©@10>  1.439()
4>  1.343(8)
€(6) 1.32@
@7 1.383(10)
<1 1326
(2> 1.2983(6)
€<23) 1.434(8)
€@0) 1.463(7)
C24)  1.350(8)
©<26) 1.416(8)
C27)  1.3650(9)
©(9) 1376(8)
€@  1.3%(7)
0<32) 1.384(8)
(34> 1.381(9)
€@ 1.321(0)
C@2> 1.371309)
@4 1.378(12)
C(82>  1379(10)
62> 1.421(12)
C<63>  1.292(11)
C<65>  1.437(11)

Ru

Ru

(1
can
NCIT)
cQ4)
c(5)
cQ@n)
C(19)
€ ¢2)
c@D)
NCL)
C4)
C(x)
c@n
C(9)
N(3L)
c3)
CEH
N(41)
C42)
& C2))
& €)
C(6D)
€ CS))
C(65)

)
-NE@D
-H(@AD)
o))
-NCID)
-0(11)
(15
-C(10)
—C(18)
—C(10)
<D
-HED
-0(21)
<(5)
-€(20)
(2
<20
-C(3%)
-0
-0(35)
-0(45)
043
-0(45)
-0
-0(66)
-069H
-0(66)
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1.963(5)
1.965(4)
2. 120(4)
1.437(7)
1.381(6)
1.270(5)
1.427(8)
1.417(8)
1.380(10)
1.408(8)
1.417(7)
1.393(7)
1.250(5)
1.447 ®)
1.420(8)
1.399(9)
1.419(7)
1.343(7)
1.358(9)
1.381(8)
1.329(7)
1.362(11:
1.384(9)
1.360(9)
1.424(11
1.327(11
1.378(10



Tabi«

N(H>
0(22)
N(2U
N(31>
N(31>
N(41>
N(41>
N(41>
C (11>
C(13>
Cc(10>
C (11>
0(11)
cos)
C(10>
C<17)
C(19>
C(15>
C(19>
C<21>
C(23)
C(20>
C<21>
0(21)
C<25>

c(20>

S. Bond Aiigl«« <*>

-Ru -0(12)
-Ru -N<11>
-Ru SN (11>
-Ru -0(12)
-Ru -0(22)
-Ru -0(12)
-Ru -0(22)
-Ru -N(31)

-C(12) -0(12)
-C(12> -C<11)
-can -C(12)
N(II> -Ru

N(ID -c<11)
-C(14> -C(13)
-C(16) -C(14)
-c(16> -C(15>
-C<18) -C(17)
-C(10) -C<11)
-C<10> -C(I1S)
-C<22> -0<22)
-C<22) -C(21)
-C(21> -C<22>
-N<21> -Ru

-N(21) -C(21)
-C<24> -C(23)

-C<25) -C(24)

79.7(2)
90. 1(2)
95.0(2)
85.9(2)
178. 3(2)
93.9(2)
88.5(2)
90.0(2)
121. 4(5)
117.2(5)
122. 1(5)
117. 1(3)
119. 3(5)
122.8(6)
119.9(5)
120.0(7)
121.6(7)
117. 1(5)
118. 7(5)
121. 3(5)
119. 1(5)
122. 1(5)
115. 1(5)
119. 7(4)
122.5(6)

120. 3(5)

0(22)

N(21)

N(41)
c(12)
c(13)
N(D
c(o)
0(11)
c(14)
c(16)
c(10)
c(18)
c(10)
c(19)
c(22)
c(23)
N(21)
C(20)
0(21)
C(24)
c(26)

C(20)
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-Ru

-0(12)
-C(12)
-c (1
-c (1>
NCID
-c(13)
-C(15)
-c(15)
-C(17)
-C(19)
-c(10)
-0(22)
-C(22)
-c(21>
-C(21)
-N(21)
-c(23)
-C(25)

-Cc(25)

-0(12)
-0(12)
-0(22)
-M (1)
-M(21)
N(D
-N(21)
-Ru

-0(12)
-c(12)
N(D
-Ru

-c(12)
-C(14)
-c(16)
-c(16)
-c(18)
-c (I
-Ru

-0(22)
-Cc(22)

“H<21)

-Cc(22)
-C(24)

-C(26)

95.0(1)
173.3(2)
80.9(2)
91. 4(2)
98.4(2)
173.3(2)
91.2(2)
no. 7(3)
121.4(5)
no. 9(5)
127.0(5)
123.6(4)
120.6(6)
119.6(6)
120.5(6)
120. 4 (7)
118.7(6)
124. 1(5)
110.7(3)
119.6(5)
111.8(5)
126.2(5)
125. 2 (4)
119.9(6)
120. 1(6)

119.5(6)



Table B.

c@n
cEo>
cS)
cEo>
<35>
cE2>
c<34>
c(34>
c@s>
c(2>
c(a>
c(as>
C<66)
c(es>
C<66)

<26
-C<28)
(20
(20
-M(3L>
(@1
33>
-C35>
-N(41)
-C(41>
-C<43)
(45>
-C<61>
-C<63)
-C(6S>

{28
-C27N)
-c<2n
-C<25)
-Ru

-H31)
-C<32)
-H31>
-Ru

-H<a1)
C<42)
—H<a1)
-C<62)
(62
-C<64>

Bond Anglas (>

121.4(6)
121.0(6)
116. 1(5)
117.7(5)
119.8(4)
122. 4(6)
119.5(6)
122.8(6)
122.6(4)
123.6(7)
118. 1(8)
122. 7(7)
114.7(9)
120.0(1)
119.4(9)

C(28)
C20)
C(29)
C(3D)
C(3H)
o)
C(3B)
c@n
c(@s)
cEd
C(45)
)
C(63)
C(65)
C(65)
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@0
<2
(0
-HED)
NE1L)
<3
-C3H
-M(41)
-N(41)
(42)
—C(44)
<(52)
<(62)
(64
-C(66)

(26
-C(28)
(@D
-Ru

@)
<@
<3

(D)
(D)
<@
-<GD
-C(6D)
<63
-C(6D)

119.5(6)
120.9(6)
126. 1(5)
122.8(4)
117. AG5)
119.2(6)
118.8(6)
119.9(4)
117. 4(6)
119.3(8)
119.0(8)
119.6(7)
125.0(1)
120. 2(5)
119.9(9)



Tabii« 6.

Atoa 1

H(3S>
H(24>
C (42>
C<43>
Cc<44>
C (14>
H(U >
C<43>
H(23>
Cc(s2>
C<53>
C(32>
C(33>
C7>
C<28)
H(24>
H<24>
H(42>
H(2S>
H(42>
C<32)
H<32)
H (32>
Cc (66>
H (32>

c(32>

Intaraolacular dlatancas <A>

Atoa 2

.C(12>

-cau

ca3l)

.C(13)
LH(13>
.C(14)
.C (14>
.C(14>
.C(15)
LH(16>
.Hae>
CH(17)
CH(17)
.H(18)
.H(18>
.C(19>
.C(10)
.0(22>
.C<21>
.C<23>
.C(25>
.C<25>
.C(26>
.H<26>
.C7)

CH<27)

dlat

2.81

3. 46

3.05

3.37

2.76

3.49

2.99

2.86

2.99

2.98

3.03

2.97

2.75

2.71

2.67

2.73

2.98

3.01

3.40

2.95

2.98

2.80

3.04

S



Tabl™ 6.

Atoa 1

H(32>
c@
H32>
H32)
c(63>
<63>
c(es>
H@1>
52>
c@2>
cG3>
c(s1>
c2>
c(s1>
c(s1>
c(2>
cGE3>
cG2>
CcGE3>
CcGE3>

Intaraolacular dlatanca« (A)

Atom 2

..Co8>
...H(s>
...0<29)
...CCo>
...C(33>

.. HE>
...C3D
.. HEe
...C(1>
.. H@3>

.. H@3>

.- -CG1>
.. .CBD)
..-CGD
...C52>
.. .C52)
.. .C53>

diat

3.08
3.02
3.05
3.00
3.46
2.5
2.90
2.89
2.87
3.42
2.96
2.76
2.87
2.98
2.72
2.38
1.41
2.78
2.43
2.78

S

0.0
1.0
0.0
0.0
1.0
1.0
1.0
0.0
1.0
0.0
1.0
1.0
1.0
1.0
2.0
2.0
2.0
2.0
2.0
2.0

-177-

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
1.0
0.0
0.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

-1.0
1.0
-1.0
-1.0
0.0
0.0
0.0
0.0
0.0
1.0
0.0
1.0
1.0
0.0
1.0
1.0
1.0
1.0
1.0
1.0



Tabla 7. Intraaolacular dlatancaa (®)

c(z> -Ru 2.82 can ...Ru 2.87
oul> -Ru 2.87 C(A3> ...Ru 4.23
22> .Ru 279 C@ ...Ru 2.85
0@ .Ru 2.85 C(23> ...Ru 4.19
c@GBl> .Ru .04 H@EL) ...Ru 3.10
C<39> -Ru 2.9 H@E5> ...Ru 3.01
Cul> -Ru 3.00 HA41) .. .Ru 3.01
C(ds> -Ru 3.05 H45> . __Ru 3.10
c<11) 0@z 237 HAI> ...0(12) 2.60
c(13> .c(12) 2.37 H(13) ...0(12) 2.64
0(2) «.CA2> 3.07 NGEL> ...0(12) 2.89
cE> .c1>> 3 H35> .. .0(12) 2.6l
N(@l>  .Cc12>  3.00 c4l) ...0(12) 3.20
H@L>  .c12> 2.59 N<in ...C(12) 2.3
HU3> Cc(1 2.18 cad ...c12) 242
C<1B) c(2> 2.8 10> ...C(12) 252
N<31) Cc(1> 3.4 oA ...can 229
C(A3> <e.C(ID 2.46 c@a4sd ...can 2.78
C<1S>  .can 2.44 c<19) ...cap 251
H(19> < .can 2.78 C(19 ...N(ID 3.06
H(9> -N<in 2.80 cao) ...N(D 2.52
0() e..Han 2.89 c<22> __.N(ID  3.43
H<21> Han 2.91 HELD) -..N{D 2.9
CBl> ee.Nan 3.2 H@EL> .. .NaD  2.97
C(1®> .can 2.79 19> ...0(11) 2.1
cao> .can 2.87 N21> .. .0(1D) 2.93

H@EL> - .0(l)  2.87 c6> ...0l) 3.2






Tabla 7.

Cc(0o>
C(31>
C(4>>
H2D
C(20)
c(26>
C(20>
c(26>
c<2n)
c(9)
C<28>
C@0)
H(a>
c(o>
H(29>
cEo>
H(3L>
33>
H(5>
cis>
C(33>
cGEs>
H(33)
s>
H(G4>
C(34>
cEs>

Intraaolacular dlataacaa <A)

.0 Q1)

0@1)
.0@1)

..C23>

.23

...C24>

.co)
H(2a>
.C<25)
.C(25)
.C(26)
C(26>

..c2n)

<.

027>
C(28)
HEs>

...N@D

.. .N@D
.. .N@1>

.. NG

...C@3L>

...C@EL>

...C(3)

...C(32>

. .03

. .H34)

2.88
3.06
3.38

2.89
2.48
2.49
2.69
2.42
2.43
2.38
2.46
2.15
2.82
2.13
2.13
2.09
277
2.08
3.43
2.37
231
2.12
27
2.15
2.14
2.14

N(D)
H(31>
H<45)
C(25)
C(2d
H<26)
C<25>
H<26>
c(z8>
H27>
c(>
Cc27)
C(29)
c(z8>
C(20>
C(2o>
(3
C<34>
N(4D)
H32)
C(34>
C(32
C(34>
C(33>
C(35>
H35>
N<41)

...0@1)
...0@D)
...0@1D
...C<=23)
. H23>
.. Ca>
.. .HED)
..C<5)
...C<25)
...C<6)
...C(26)
. .H6)
--C@2D

--H@n
-..C<28)

.. HE>
...H@1>
- N@GD)
.. N@1>
...C31>
...C(3D)
-..H@D)
.. <)
T=7))
.. .0(33)
...C3%)
. .C35)

317
2.53
2.55
2.45
2.11

2.68

»
N

N
3

224
2.16

2.40
2.39
2.97
2.14
271
2.13
2.37
2.12
2.38
2.13
319

coat.



Tabi* 7.

N(4U
C(42
C(44>
H(42>
C44>
c2>
eCD)
(43>
C45>
H(45>
s3>
c(es>
C<64>
C(66>

C(66>

- HES>
N4>
N4
.C(41>
.C(41)
-H@D)
(42>
H(42>
C<43>
C(44>

«<C(D)
~C(61)
< (62>
(62>
.C(63>

2.76
2.37
2.38
213
2.68
2.12
2.35
213
2.38
213
2.37
27
2.27
2.40
2.78

latraaolacular distaacas (®)

HAD)  w N<4D)

C<43>
H(45)
c@3>
C4s)

HA3>  oe.
C4S) =

H44)
c<4D)
c(4S)
C<63>
c(6S>

N(@1>
N<41>
.C<41)
.C<41)

C<42)

C(42>
.C(43)
H<A3)
_H(aa)
.c(61>
.c(61>

C<65) e .C(62)

C(65> =e.C(63)

C(66> -

-181-

.C<64)

2.06
277
2.07
2.36
2.26
2.13
2.69
2.14
2.15
2.15
2.42
2.43
27
2.40
2.43
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COMPLEXES OF RUTHENIUM(1Q WITH THE MONO-
OXIMES OF U-NAPHTHOQUINONE: X-RAY CRYSTAL
STRUCTURE OF BIS(U-NAPHTHOQUINONE 1-
OXIMATO)DIPYRIDINE RUTHENIUMOI)

JOHN CHARALAMBOUS ,* WILLIAM C STOriXN tui KIM HENKICK

DepaitmeiU of Agplied Chemistry ind Life Stences, The Folytedmic of North London,
Hollomly, London N7 8DB, U.K.

@ueamrri April \ 9 nac€eputl7sJidy 1983)

Ahitnct- The rutteniuni(Il) conplexes Ru(ngo) ] [ngoH - 1, 2-niphlhoouinoce 1-odree
(1-ngoH) or 1,2-rgrhthogiiiiiHe 2-odire (<id)] were prepared by the intenction of
tre quinone axdnrewith hydnlled rutheliiun(in) dhllarice. Reaction of the ddoride with
the sodium salits of tre oximes inetrarol or acetiic acid afforded oomplexes of tre type
NaRii ()i and RU(D)I(H., reectively. The capllex RUGG0)] reectedwithpyi-
dire or triphenyl|rfioe o give 1:2 adducts but shored no terdency to reect with
hydrochlloric add. The adduct Ru(l-ngo)Xpy)rl.Spy wes darecterizd by X-ray

aysullograty.

RESULTS AND DISCUSSION

Complex formationbetween rutheniumsaltsand
1,2-ngphthoquinone 1-axine (i-ngoH) and 1.2~
inone 2-axime (2-goH) (tk dorevi-
aticnngoH willl be used toderote both 1-ngoHand
2-nqoH) in agueous media has been known for
some timeand ithu been soessfullyusad for the
Spectrgdrotoretric determiretian of ruthenium.®*”
Although the spedea arritlg from thee systars
have not been isolated, darecterizd, or other-
wise studied o any sigifiat edat, trey have
been geerally fomidated as tuthettiunn)
aoplexes.™ As a oolinalion of our studies
of camplexes derived fron 1,2-quiiiae mono-
adimes,*™ we now report on the reectias of
hydrated rutheniun tridvorice with the mono-
adintesof 1,2-rgohthoguincoeor treirsodiunsalits
and the darecterization and study of the ruthen-
iun(ll) conplexes arisirg from them. We also
report on the crysul and nolecular structure of
the conplex bit(l,2-rephlhocuinoe 1-axdim-
a)di@yridire)rutreniun(n)- Several  ruthen-
iun(Il) aximic camplexes have previasly been
obuined from the reection of tre oxime with didh-
kerolris(trigeny)doogchire)ruttetuindl).

“Author towhom aonresoteikX dould be adbresser.

The carplexes Ru(1-0q0) , and Ru(2-oqp) ] were
dotained fromtte reecioanofruthenimi(nchllor—
ickwithtresodiumsaltoftte  geEctivel,2-gh-
thoouinore  raoo-adiree  in et

Reaction inetherol using3moll epiv.
of the sodium sltsafforded corgplees of tre type
Na(Ru(oop) 1] wheress in aceticacid aompllexes of
thetypeRN(qo) ] (agoH) resultad. The formullatian
of tre produel of the above teectiatas ruthen-
iunOl) aonplexes sinAcated by treirdiaregretic
darecter. The formation of mthenium(10 com-
plees In te tdtiotit inolvieg tuthenium(110
dfalarick and the napbthoquiinooe aximes or telr
sodium saltsreflentsthe high ligand fiddeffectand
x-aooeplor prgperties of guinone oxinato ligads.
Rutheaiun(n) complexes have alsobeen dotained
from the reectioiti | twlheaiun(1 1) chloricewith
triphayipgresplue,” dipytidire,”” 1,10-pher™
throune™ and sodium thioccarteretes™ which
are ligats also noted for trelr strog figad-field
effect and x-aocoptor prgoertiies. Inaontrast, reec-
tiasoftre rutheniun(10chloticewith thewesker
ligerd fieldgecies acetylacetoce, ™~ edta™ and eth-
vierediamine' leed © tutherum(111) coplexes
wnless a strog redctat b prerait cg At
Reductionofttemeui b aho doserved inresctias
inolvirg irn(@1l) mono-oximes of 1,2-ngahtto-
quinore." Honever, in tee cses ra(llD



J CHARALAMBOUS t! at.

coplexes  Fe(p), Kcompany te ira(iD

The camplexes Ru(no)2 did ot ract with
hydrodikMic edd whereM te ooplees
Ru(hqo)j(ngoH) did edibit some degree of
decampositiontogiveRu(ngo) ] and theprotonited
ligrd. Tte irertrea of the camplexes Ru(op),
‘tonards hydradiloricacid paral lels tret of thecor—
responding rhodiun(1IT) delates,* and antrasts
the fedile acicdblysis of fast row trarsition netal
complexes of trequinoneoximic ligads. ™

P) i ne and triphenylphogthire resctedwirth tte
caplexes Ru(ap)] to gne te adlctt
Ru(ep), (LB), (LB - py or Fh,P). Siificaliy.
the reection wirth trigrenylgnogchiiie did not leed
10 deoxygenation ot the naphithogumooeoximic
ligad or led.clica of the netal . This behaviour
aottrasts with tret of fast row trarsiticoo metal
camplexes of quinonemonooximes whichgarerally
undergo  deaxyperation of the ligad ad/or
reduction of tre metal on treatrent with -
prayigoghine.*** Honvever, similar resistate
‘tonards the phosphiine isshown by trecoplexes
Rh(nop)j -* and can be acoountted for by the Ru“
and Rh*“" lov-spind* aofiguration.

All the ocomplees Ru(ngo)2 RUGop)i-
Rtkgo), qoH) and Na(Ru(ngo)d are
megnetic supesting a lov-spin r* anfigration.
Treir IR qmrashomsuugaksorpﬂ«sat 150-
1610 on", dwaadenistic of delasd qui-
noneoxmato ligads. The complexes of tre type
Ru(hqo)] (nooH) alsoehibitbandsatos2MOcm~ *
inaccord with tre presance of a protoreted nqoH
ligad. The W-vis sectra of an tte conplexet
show intese darge-trarsfar dsorptias at 530-

Crysudandmotecutar strvcturrof

Cryiici data. C>rHZRUN404<1 5CHIN). The
aystalswere dotained by slovaystallizalion fron
pyridire-ecetoe.  Tridinic, a 16313,
6-11.519(4). f-9.30B) A. 12 2Q).
y - 1646.90A.1),- 1.22gcm-".Z-2_Acrystal
of siz20.81 X0.18x0.18mm was usad intredau
ollection. Datavereollected intre Orage 3-5°
with a scan width of 0.8, on a Fhillips PW1100
four-drcle difiractoeler using grghite mon-
ochromated Mo-Ji; rediatioco. The tinicture was
sohved and refired using 4030 unique reflectios
(/> 3(/)Joutofd 114. The coordiretesofthemeud
atomwerededuced froma Pattersonsnttesis, and
the remaining non-hydrogen atoms were lacated
from subsequent diffefoeForier gntteses.
The hydrogen atoms were located ina diflerae-
Fouricar syntresis caladlatad usingdau with sin9
< 0J5 and were irclud inthe stioture fectoral-
cubtkmt but were not furtrer refired. Ru. N abd
the carbonyl O atoms were assiged anisotropic
thermal parareters inthe filul oclesof ful lHratrix
refinerent which converged at R — 0.0806, with
weighu ofw — 1/e2Fr The bond legths and the
aglesare Iisted inTables 2 and 3, and the atomic
nurbering iseplainad inFig. L

Aswithother 1,2-quinomeaximato-conplexesof
deblock metals the chellau ring in bis(I>naph-
thoouinoiK lodireto)di(pytidire)rutheniuin(iis
five-marbered. Thebond legthsinthedielaterirg

Teble 2. Bond lengths (A) farRul-ap), @)i

SM and 615-645 nra which @il Inb the vicble  RUFO(12) 2 Ru— N 1939
regigwr.] Ingereral ﬂr”':qmluashmv\erycbse sii- RH0(2) 2&% EU— ":{‘2&3 %.-%?)
bty 1o those reorted eardier for rutreninoui- - SCNCD - 2340 BU R 220
noneaxiimic aonplexes erraously fomulated as, O(12)-CC n) I:]N(S) X202 1280
rutreniun(Il) SEcies.™ Thermal gravinetric C{ﬂ;&g 3 B Nebon 1F0
amalysb (Teble Don tre igridire adducU shoned uss(n) )-C(: 1380)
thet pyridire i kst gentitatively at on 260°C © N(4I)-C(41) WwI(7) N@D-C@5) U20(@)
give Ru(hgo) ] which decomposes atca 300°C.
Teble 1. Thermal gravinettiarelyais
tion
\\eigtof Wdght kw* (0 tEparature
Compound sple@@ r¢o) Fond Gc.  (CHoRUTP).
i D 20 5 2 310
izt S

*Lossofpridire.



Ru(Il) Gompleut with mono-oxima of [*-naphihoquinoae

TiUe 3. Bond an|k* (') for Ru(l-iM|o)KI>y)>

N (II>-Ru-0(12) T9.H2) 0(22)-Ru-0(12) 95.0()
0(22)—Ru—N(tt) «1(2) N(21)-Ru-0(12) 1733(2)
N(21)—Ru—N (Il) 95.0(2) N(21>-Ru-0(22) »9(2)
N@3I)—Ru-0(12) $5.9(2) N(31>-Ru-N(l)) 91.4(2)
N(31)—Ru-0(22) 179.X2) N(31)—Ru—N(21) «4(2)
N(41)—Ru-0(t2) 93.9(2) N(41)-Ro—N(Il) 1732(2)
N(41)-R0-0(22) »5(2) N(41)—Ru-N(21) 91.2(2)
N(41)—Rtt-N(31) W.0(2) C(12)-0(12)-Ru 110.73)
c(N—N()-Ru 17.1(3) 0(11)—N (I)—Ru 123.4(4)
422)-0(22)—Ru 110.7(3) C(21)-N(21)-Ru 115.1(5)
0(21)—N (21)-Ru 125.2(4) €(33)-N(31)-Ru 119.0(4)
q31)-N(31)-Ru 122.0(4) <X41)-N(41)-Ru (19.94)
C(45)-N(4))-Ru 122.4(4) <X11)-C(12)-0(12)  121.4(5)
CXt3)-C(12)-00)2)  (2L4(5) N(11)-C(11)-C(12)  1109(5)
Qt0)-0((I)-N(M) (27.0(5) 0(11)-N(11)-C(11) 119.X5)
C(14)-C(13)-C(12)  120.6(6) C(21)-C(22)-0(22) 1213(5)
C(23)-C(22)-0(22)  119.6(5) N(21)-CX21)-C(22)  111.8(5)
Q20)-C(2))-N(21)  1262(5) 0(21)-N(21)-C(21)  119.7(4)
C(35)-N(3))-Q31)  117.4(5) C(32)-CX31)-N(31)  122,4(6)
C(34)-Q35)-N(3t)  122.8(6) <X45>-N(41)-C(4t)  117.46)
C(42)-C(41)-N(41)  1236(7) Q44)-C(45)-N(4)) 127(7)

agree veli with reaits for otrer 12-ngph- €9 Cu(l-ngo), (MeHh™ te armangement &
thocuinone oximato aoplees and tre dort irau.
dence for the quinone oximk daracter.™*” The B B

NO grousoftre two delatirgkgandt areinaets IR and WW-vis spectravere recorded with Pye-
arrargetrent wheress i other related corplees.  Unicam SP 2000 and 1200 spectrodhotoreters,
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rtspediely. MafoeticmeuuicmenU weremade at
room tenpérature usinga Gouy balanoe equipped
with a permanent magnet of 3600 Ce. Thennal
graviretricmcasuremenU weremade usinga Sun-
tonHT-SM themabalance, programmed fora Iin-
ear risebetween 20-400X ata rateof4.5"Cmin“

A downward flov of nittogen G dm™* h'* ) wes
maintained. Hydrated ruthertiun(itO chlorice,
RuCI)-2H]0, was provided by Johnson Matthey.

Keacllcn cfhydraltd NEITArmumaH) trichloride wuh
the M bm salts ¢ f the tttomhoximes ¢ f 1,2-M*—
ihogahuite la aqueous THF

A solution of hydialed nitteniunflIl) chllorice
@ g- Stmo0 invater (JOar™) was added tha
stirad suspenskm of sodium 1,2-rgahthoouiroiie
l-odamate (1.%65g- 10 mmol) in 1:1 water-THF
mixture (100 ) with stinirg. After4 h themiix-
turewas filtlaadtogivepurple-bromnbii(L,2-rgoh-
thoouinore  -odnato)nitheaiun(Il) .U g
W) . (Found: C53.6; H, 2.7; N, 61;Ru. 24.
C..H..N, 04Ru reqires: C, 53.6;H, 2.7;N. 6.3;
Ru. 2.7.)

Similarly, sodium 1,2gphthocuinoe 2-0d-
mate gave brown bis(l,2+a]dithoouinore 2-oxim-
atoyrutheniun(1l) (2.10g. 92%) . (Fourd :C, 53.8;
H, 2.4;N, 6.0;Ru, 26.C, ,H,.N/)Ru reqires:
C, 53.6;H, 2.7;N, 6J ;Ru. 22.7.)

Feadiaa cf hydrated NFthmArm(in) chloride wish
sodium In-aaphlhoquiaoae moao”ximates la etha-
not

A solution of hydrated rutheniumflll) chlorice
(238g, 8.5mmoQ inethanl (100a™) was added
toa solutinof eoidiura 1, 2-aaphthooninoo™5.84g,
27 mmol) inetharol (150 o) and heatexXTunder
reflux for 24 h. After codheg. filtration gave
puple sodium tria(l,2-rgthoquinoe 1-odam-
ao)nitretute(ll) 4.8g, t% ). (Found:C, 5.8;
H, 3.0; N, 64; Na, 35; Ru, 6L CmH. N,
NaO«Ru repires: ¢, 56.2; H, 2.8; N, 6.6; Na,
36;Ru, 16.1%.)_

Similecly, soAum 1,2-rgohthouinone 2-04-
mau gave Uue sodium trii(l,2-iighthocuinore 2-
adama)yrutrerate(ll) (2.14 g, 81%). (Found: C,

%1 :H, 27;N, 6.5;Na, 3.5, Ru, I57.CmH,,

N>NaOtRu reguires; C, 56.2; H. 2.8; N, 6.6;
Na, 3.6; Ru, 16.1%.)

Keaelloa cf hydrated NIA@ANH) chioride with
socBtaa I*-aofhlhoqulaeae aioao”~xiaates la acetic
acid

A solution of hydrated rutreniun(1T) dhlorice
(2.8 g, 85mol) indilute asticadd (30%, 0

o) was added to a solution of sodium 1,2-rgoh-
thogquinone I-aximate (5.85g, 27.5mmol) inglecial
aceticadd (X0 o) and the mixture was heated
under refiu for 24 h. Alation gave Me-violet
bis(1,2-rgphthoquinone  1-oximatoX 1 2-ngohtho-
quinone  laame)rutheniun(@l).  (Found: C.
57.9; H. 30; N. 6.7; Ru. 162 CMH,,N,OtRu
requires;C. 583; H. 3.1;N.6J; Ru. 16.2%.)
Snilarly, sodium 1,2-rgphthoquinone 2-0da-

atoXl ,2-rgphthoquinone  2-axine)rutheniun(ll)
(™%). (Found:C, 57.9; H, 2.9;N. 6.9; Ru, 165.
CnH,,NAR> i requires: C. J8J; H. 3.1; N. 6.8;
Ru. 16.2%.)

Feaclioa cf Ru(l-nop)j(1-ngoH) aad
np) J(2-qoH) with dihue hydrochloric acid

Bis(i,2-cgphtboouinone  1-aximatoXI, 2-rgpb-
thoquinoce I-axine) rutteiiiun(il) ©.62 g, 1
iiuoDwas heated in¢ lute hydrochloficacid (10%,
100 ™) for6 b. Aleation of the mixture yi
bis(1,2-rgohthocuinore  Ilxdamato)iutheniuin(il)
0.459, 99%) (dafiedby TLC and IR) and 1,2~
raidithoquinore 1-axime (0.16g, 99%) (dtfed
by TLC and IR)-

Simfarty, bie( ,2-nephthoquinone  2-axinato)
@, 2-iighthoouinore 2-axine) rutheniun(n) gave
Q2rgdicgimoe . 2-odamato)rutheniun(ll)
O™ (dedfied by TLC and IR) and 1,2-gh-
thoquinone 2-oxime (91%) (identiM by TLC and
IR).

RUC2-

Atteaipted reaclieas e f RU(l-ngo)i or Ru(2-nqo)r

with caaceatraled hydrochloric odd

Ru(t-gp)] or Ru(2-000)] (n0-0g)wu reco-
verad inca 99% yield afterbang heated with con-
aentrated hydrochloricadd (0ar) for 7 days.

Reoctiea o f RII-T[0)1 and Ru(2-nqp)i with pyrh

dine

Bis(l,2-rgphthoouinonc I-aximeto)ruthenium
AD©O4g- Imo) wu stinad inpyridine (0cm”?
at 20*C for4 h. Removal of teohait  Fod-
meto)diyiidire)rutheniun(Il) Q6L g, 9M%).
(Found: C. .6; H. 34; N, 94; Ru. 7L
CssHi JNOtRu reguires: C. 9.7; H, 3.6; N. 9.3;
Ru. 16.7.)

Smilarly.  bii{(l.2-rgohlhoouinoe 2-oxdim-
aoyrutteniun(il) gave  vioket  bis(,2-gh-
thoquinone  2-aximato)di(pyridine)rutreniun(1l)
@™). (Found:C 60.1; H. 3.6;N. 9.1; Ru. 168.
CnH,,N4ORu recuires:C, 9.7; 3.6; N, 9.3; Ru,
17.1%.)
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