
(1991) 223-228 223 

Osmium(III)o-semiquinonato complexes and their use as catalysts for 
the oxidation of alcohols 

Ahmed M. El-Hendawy 
Chemistry Depatient, Faculty of Science, Damietta (Egypt) 

(Received July 19, 1990) 

Abstract 

The new complexes [Os”‘Clz(PPh3)2SQ’] (SQ’ =o-semiquinone; 1,Zbenzosemiquinone (SQ), 4-methyl- 
1,2-benzosemiquinone, 3,5-di(tert-butyl)-1,2-benzosemiquinone, tetrachloro(tetrabromo)-1,2-benzose- 
miquinone and 2,3-naphthosemiquinone) have been isolated. They were characterised by spectroscopic 
techniques and investigated by cyclic voltammetry. The complex [OsC12(PPh&Q] was found to be 
more efficient than the reported [Os”‘Cl,(PPh 3 ) ,acac] as a catalyst for the oxidation of primaxy alcohols 
to aldehydes and of secondary alcohols to ketones in the presence of N-methylmorpholine-N-oxide as 
co-oxidant. 

Introduction 

It is known that the ‘non-innocent’ ligand catechol 
may coordinate in three different formal oxidation 
states; catecholato( - 2), semiquinonato( - 1) and 
quinonato(0) [l]. The reaction of o-quinones with 
RuC12(PPh& has been studied and found to give 
six-coordinate complexes of the type [Ru- 
rvC1,(PPh3),(o-diolato)] of magnetic moment near 
2.7 BM [2]. Treatment of 0~0, with catechol or 
substituted catechols Rcat in chloroform yielded the 
diamagnetic 0sV’(Rcat)3 species [3]. The complexes 
transjOsO,(Rcat),]‘- were also prepared from OsO., 
and catechol in alkaline medium, and trans- 

[Os02(Rcat)py2] from 0s04, pyridine and catechol 

[31. 
We now report the preparation of the new com- 

plexes [Os111C12(PPh3)2SQ’] (SQ’ =o-semiquinonate 
of catechol (SQ), 4-methylcatechol (4-MeSQ), 3,5- 
di(tert-butyl)catechol (DBSQ), tetrachloroca- 
techol(o-Cl,SQ), tetrabromocatechol (o-Br,SQ) and 
2,3_dihydroxynaphthalene (2,3-NaphSQ), starting 
with [OsC1,(PPhs)2MeOH] [4] and the corresponding 
catechol. We also report their spectroscopic and 
electrochemical behaviour and the behaviour of 
[Os111C12(PPhs)2SQ] as a catalyst for the oxidation 
of alcohols in the presence of N-methylmorpholine- 
N-oxide (NMO) as co-oxidant, comparing it with the 
catalytic oxidation behaviour of [M”1C12(PPh3)2acac]/ 
NM0 (M=Ru [5], OS [4]). 

Results and discussion 

The complex [OsCl,(PPh&MeOH] (I) was re- 
ported [4] to be a precursor for the synthesis of 
[Os111C12(PPh3)2L] (L= O,O-donor ligand( - 1)). We 
now find that reaction of I with excess catechol or 
substituted catechol in refluxing methanol for 1-3 
h, gives crystalline products. Analytical data (Table 
1) indicate that these new complexes have the formula 
[OsC12(PPh3)2SQ’] (SQ’ =SQ, 4-MeSQ, DBSQ, o- 
Cl,SQ, o-Br$Q and 2,3-NaphSQ). They are soluble 
only in CH2C12 and their molar conductivities are 
very low. Refluxing I with 3,S-di(tert-butyl)-1,2-ben- 
zoquinone under the conditions used for making 
[OsC12(PPhs)2DBSQ], gave the same green product 
with similar analytical, magnetic and spectroscopic 
properties. Similar mild conditions have been used 
in the literature [6] to prepare [Ru”(bpy),DBSQ]+, 
i.e. stirring a methanol-dichloromethane solution 
(1:l) of [Ru”(bpy),DBcat] for several hours. 

The IR spectra of the complexes [OsCl,(PPh,),- 
SQ’] showed expected bands for triphenylphosphine 
and coordinated SQ’. The possibility that the com- 
plexes contain coordinated catechols instead of SQ’, 
is unlikely because no bands were observed near 
1480 cm-’ for v(C-C) vibrations which are char- 
acteristic of catecholato [3, 71, naphthalene-1,2-diol- 
ato [8] and other substituted catecholato complexes 
[9, lo]. No bands were found above 1550 cm-’ 
consistent with the presence of oxygen bonded, re- 
duced o-benzoquinone; similar behaviour was noted 
for Cr(o-C1.+SQ)3 and M2(o-Cl$Q)6 (M=Mo, W) 
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TABLE 1. Analytical and spectroscopic data for complexes 

Compound Colour Analysis: found 

(talc.) (%) 

C H v(Os-C) 

UV-Vis data, A,,, (nm) 

(t(M-’ cm-‘)) 

OsCI,(PPh&SQ 

OsClr(PPh&(4-MeSQ) 

QsG(PPh&(DBSQ) 

OsClz(PPh&(o-C1,SQ) 

OsCI,(PPh&(o-Br,SQ) 

OsCl,(PPh,),(2,3-NaphSQ) 

Cr(o-Cl,SQ),” 

Mo&-CI,SQ)~~ 

WZ(O-C~~SQ)~~ 
Fen’(DBSQ)Sb 

“Ref. 11. bRef. 18. 

green 

green 

green 

blue 

blue 

green 

55.8 3.8 

(56.4) (3.8) 

56.7 3.9 

(56.9) (4.0) 
Cl; 7.7(7.8) 

59.4 4.9 

(59.7) (5.0) 
Cl; 7.0(7.1) 

48.6 2.8 
(48.8) (2.9) 

41.5 2.5 
(41.8) (2.5) 

58.1 3.8 

(58.5) (3.8) 

IR data, wavenumbers (cm-‘) 

coordinated o-semiquinone 

bands 

15455s, 1326s, 1238~s 1128~s 

1533s, 1239~s 

1537m, 1524sh, 1186~s 

1510m, 124Os, 1229~s 

1276s, 1213~s 

135Os, 1123s 

1440, 1330, 1270, 1245, 1210 

1505, 1355, 1200 

1530, 1375, 1250 

324s 

334s 

317s 

336s 
325s 

335s 

328s 

698(6000), 449(1868), 414(2202), 336(6422), 

290(15155), 263(33000), 231(48667) 

707(10357), 450(2422), 331sh(6257), 

258(42791), 227(51902) 

696(9940), 449(2440), 334(7436) 
260(39551), 230(58045) 

736( 15083), 540(2142), 353(6275) 
263(44000), 227(67917) 

736(17747), 540(2520), 353(7382) 
263(51765), 225(79902) 

727(9360), 525( 1833), 392(6493) 

367(6933), 263(53556), 235(66667) 

640(4130), 430sh, 378(6170), 300(17000) 
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[ll]. Strong bands around 320-335 cm-’ were ob- 
served, likely due to v(Os-Cl) vibrations. The bands 
are shifted to higher wavenumbers in comparison 
with those of [Osn’C12(PPh3)2L] (L = 0,0-donor li- 
gand( -) [4]. The most important new IR bands are 
listed in Table 1. The deep colours of the complexes 
makes them unsuitable for Raman studies. 

Magnetic susceptibility measurements for the com- 
plexes [OsCl2(PPh&SQ’] at room temperature 
showed a magnetic moment, pcff near the spin only 
value of one unpaired electron (1.70-1.85 BM), S = 1/ 
2 (see Table 2). However the unpaired electron of 
Os(II1) ion, S = l/2 interacts with that of SQ’ (S = l/ 
2) yielding an S = 0 ground state and S = 1 higher 
state. A contribution from the higher spin state must 
therefore be present in our complexes giving rise to 
a magnetic moment greater than that from the ground 
state (S=O) and fortuitously near that for one un- 
paired electron. Lowering the temperature should 
decrease the pee but unfortunately the equipment 
necessary to do the experiments was not available. 
Similar contributions from higher spin states have 
likewise been suggested for Fe(o-Cl,SQ),, Fe(9,10- 
phenSQ), [12] and Mn(DBSQ)2 [13] which have pee 
at room temperature of 3.96, 3.34 and 5.1 BM, 
respectively. Spin-spin coupling interaction present 
in those complexes in relation to ours is summarised 
in Scheme 1. 

We were unable to see any credible EPR signals 
in CHZCIZ frozen glasses of the complexes (concen- 
tration 5~ 10e3 M) at -170 “C as expected from 
the S = 0 ground state, confirming that the S = 1 state 
is not occupied at this temperature. 

Electronic spectra 
The UV-Vis spectra of complexes in CI-IZCL 

solution (Table 1) showed similar features in the 
visible region. The bands above 550 nm have been 
assigned to ligand (rr) +metal (d) charge transfer, 
and the peak at about 350 nm has been assigned 
to metal (d) +ligand (r*) charge transfer [14-171. 
The ligand r+ rr* transitions occur at 270 nm [17]. 
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Scheme 1. Spin states arising from coupling of Fe(II1) 
[12], Mn(II) and Os(III) ions to S = l/2 semiquinone ligand. 

Similar bands have been observed for Fe”‘(DBSQ)s 
[18] in CH& (Table 1). 

Redox properties 
The electrochemical properties of the complexes 

were investigated by cyclic voltammetric techniques. 
Voltammetric half wave potentials versus the Ag 
electrode for 0.1 M Bu~NPF&H2C12 solutions are 
presented in Table 2. The voltammograms reveal a 
pair of cathodic and anodic peaks in each case. The 
peak separation (A@ is close to that anticipated for 
a Nemstian one electron process (59 mV) [19]. The 
wave at positive potential is due to oxidation and 
may presumably be assigned to an Os(III)/Os(IV) 
oxidation similar to those found for osmium(II1) 
complexes, e.g. [OsC12(PPh3)2L] (L= 0,0-donor 
ligand( - 1)) [4], [OsCl,(PPhs),(CH,CN)], [OsCls- 
(PPhs)pyz] [20] and [Os’nX2(PPh&L’] (X = Cl, Br; 
HL’ = 2_hydroxypyridine, 2-hydroxy-6-methylpyri- 
dine and picolinic acid) [21]. The other couple of 
peaks lies at negative potentials and seems typical 
to those observed for the Cat’/SQ’ couple in the 
complexes [Ru”(bpy),RCat] (RCat = Cat, DBCat, o- 
Cl&at) [6] (data in Table 2), under conditions similar 
to those used by us [6]. This couple is shifted to a 
more or less negative potential according to the 
nature of the coordinated semiquinonate ligand, i.e. 
whether it has a strong electron withdrawing (o- 
Cl,SQ) or donating (DBSQ) character, respectively. 
This behaviour was similar to that found for the 
reduction waves in the complexes [@‘(SQ’),] 
(SQ’=o-Cl$Q, 9,10-phenSQ and DBSQ) [22]. In 
our complexes there is an approximate 0.6 V dif- 
ference between the reduction waves involving DBSQ 
and o-Cl$Q ligands, the latter lying at a less negative 
potential analogous to that of the Cat/SQ couple 
for the complexes [Ru(py),RCat] [6]. So the wave 
at negative potentials which we have found is likely 
to be associated with an SQ/Cat reduction. Thus we 
conclude that the complexes [OsC12(PPh&SQ’] are 
capable of undergoing both reduction and oxidation 
reactions; the coordinated semiquinone ligand is 
reduced to catechol while Os(II1) is oxidised to 
Os(IV). This provides electrochemical evidence for 
the trivalency of osmium and the presence of se- 
miquinone ligand in our complexes. 

For [OsClz(PPhs)z(o-ClrSQ)], a representative 
example (Fig. 1) compared with that of ferrocene 
(Eln = + 0.21 V, AE =50 mV) [4] under the same 
conditions, shows a quasi-reversible one electron 
oxidation wave, Eln = + 1.08 V, AE= 110 mV and 
another reduction wave of Eln= -0.12 V, AE= 90 
mV. For scan rate (SR) between lo-100 mV/s, the 
ratio i,,/SRIR (iP = peak current) was constant and 
the ratio of the anodic to cathodic peak current is 
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TABLE 2. Magnetic moments and voltammetric half-wave potentials of the complexes 

Compound /+fi (BM) E,, (oxidation) LW 
os(III)/Iv (V) 

E,, (reduction) AE 
SQ/Cat 

Scan rate 
(mV/s) 

OsCI,(PPh,),SQ 1.73 + 0.48 0.060 - 0.71 0.060 10, 20, 50 
OsCl,(PPh,),(rl-MesQ) 1.82 + 0.48 0.080 - 0.70 0.080 20, 50, 100 
OsCI,(PPh,),(DBSQ) 1.76 + 0.50 0.080 - 0.73 0.100 10, 20, 50 
OsC12(PPh&(o-C1,SQ) 1.85 + 1.08 0.110 -0.12 0.090 20, 50, 100 
OsCl,(PPh,),(o-Br,SQ) 1.82 + 1.07 0.090 -0.14 0.120 20, 50, 100 
OsCl,(PPh&(2,3-NaphSQ) 1.70 + 0.88 0.080 - 0.30 0.080 10, 20, 50 
Ru(bpy)&aF + 1.25b - 0.75’ 
Ru(bpy),(o-Cl,Cat)” + 1.44b - 0.22’ 

“Ref. 6, the potentials are with respect to SCE and ferrocenium/ferrocene couple lies at +0.16 V vs. SCE [23] (CH1Clfi.1 
M Bu;PCIO, solutions). bCorresponding to Ru(II)/Ru(III) oxidation. “Corresponding to Cat’/SQ’ couple. 

I I 1 

-12 -0.8 -0 L 00 +01, +O-8 t1.2 

Fig. 1. Cyclic voltammigram of [OsClz(PPh3)2(o-Cl&Q)] 

(_ 10m3 M) in CH2CI, with 0.1 M (Bu,“N)PF, as supporting 

electrolyte; scan rate 50 mV/s, V vs. Ag electrode. 

one, the peak separation being independent of the 
scan rate. This indicates that the electron transfer 
is reversible or approaches reversibility and that the 
mass transfer is limited. 

The relative stabilities of Os(III), OS(W) and 
coordinated SQ’ or Cat’ in the complexes are re- 
flected by the reversibility of these processes: 

[Osn’C12(PPh3)2SQ’] 2 [Os”‘Cl,(PPh,),Cat’] 

Catalytic oxidations 
We reported the use of [Os”‘C12(PPh3)2acac] (II) 

[4] in the presence of excess NM0 for catalytic 
oxidation of alcohols and found it is a weak oxidant 
but the analogous ruthenium complex 
[RuC12(PPh&acac] (III) was shown to be a good 

oxidant for alcohols [5]. In Table 3 we summarise 
our results for catalytic oxidations by [Os- 
n’C12(PPh3)2SQ] (IV) for alcohols in the presence 
of NM0 as the co-oxidant. The oxidations were 
carried out at room temperature in dichloromethane 
solution from which water was removed by using 
powdered molecular sieves. In no case was there 
detectable oxidation of an alcohol in the presence 
of NM0 but absence of osmium complex. Primary 
alcohols were oxidised to aldehydes and secondary 
alcohols to ketones with both higher yields and 
turnovers like the oxidations by the ruthenium com- 
plex III. In the case of the unsaturated alcohols, 
e.g. cinnamyl alcohol a low yield of the corresponding 
aldehyde was obtained, a similar effect was noted 
for the catalytic oxidant (4-t-But-pyH)2[RuOzClJ in 
presence of larger excess of Et.+NCl [24]. Attempts 
were made to use [OsmC12(PPh&(2,3-NaphSQ)] in- 
stead of IV for the oxidation of piperonyl alcohol 
and the yield of aldehyde was found to be lower 
than that given by IV (Table 3). It is obvious that 
a coordinated bulky SQ group decreases the rate of 
oxidation reaction. 

It is of interest to note that the complex 
[OsCl,(PPh,),SQ] can act as a real catalyst for such 
oxidations, since the green solution of the reaction 
mixture does not change at all during the reaction 
time. It is clear that complex IV is an efficient catalytic 
oxidant for alcohols and we believe that a possible 
reason for this is the ability of the coordinated SQ 
ligand to be reduced to catechol as suggested by its 
cyclic voltammetric behaviour, and the catalytic cycle 
of oxidation is activated by the presence of Os(II1) 
in the complex which is also capable of being oxidised 
to Os(IV). 

Experimental 

Preparations of complexes 
All preparations used [OsCl,(PPh&MeOH] which 

was synthesized as reported previously [4]. 
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TABLE 3. Catalytic oxidation of alcohols by [OsClr(PPh&SQ]/NMO 

Alcohol Product” Time (h) Yield (%) Tumoverb 

Piperonyl 

Benzyl 
4-methoxybenzyl 
4-Hydroq-3-methoxybenzyl 
a-tetralol 
Benzohydrol 
Cinnamyl 

A 6 96 60 
A 48 97 75 
A’ 48’ 91’ 60” 
A 14 99 100 
A 24 98 100 
A 5 80 50 
K 36 90 70 
K 6 89 70 
A 12 10 50 

“A = corresponding aldehyde, K = corresponding ketone. 
by [OsCl,(PPh,),(2,3-NaphSQ)]/NMO. 

Preparations of [OsClz(PPh,),SQ’] (SQ’ = SQ, 4- 

MeSQ, DBSQ, o-Cl,SQ, o-BrJQ, 2,3-NaphSQ) 

To [OsC13(PPh&MeOH] (0.43 g, 0.5 mmol) dis- 
solved in hot methanol (140 cm’) was added catechol 
(0.083 g, 0.75 mmol). The mixture gave a green 
solution on reflux, and after 1 h green microcrystals 
formed which were filtered off, washed with methanol 
and ether, and dried in vacua. 

Similar procedures were used with 4-methyl- 
catechol, 3,5-di(tert-butyl)-catechol o-tetrachloro- 
(tetrabromo)-catechol or 2,3_dihydroxynaphthalene 
replaces catechol. 

Catalytic oxidations by (OSCI,(PP~~)~SQ] (rv) 

The oxidation of benzyl alcohol is typical. To 
benzyl alcohol (1 mmol) was added NM0 (3 mmol) 
in 20 cm3 of CHQ containing powdered 4 A 
molecular sieves (0.3 g) and lo-* mm01 of compound 
IV. The solution was stirred for 24 h during which 
time the green colour did not change. The mixture 
was evaporated to dryness and extracted with ether 
(2x 25 cm’). The combined ethereal extracts were 
filtered and evaporated to give benzaldehyde which 
was characterised and quantified as its 2,4-dinitro- 
phenylhydrazone derivative. 

IR spectra were measured on a Perkin-Elmer FT 
1720 instrument as liquid paraffin mulls between CsI 
plates and as KBr discs. The electronic spectra were 
measured on a PUB 700 series UV-Vis spectro- 
photometer or Varian 634 model. Cyclic voltammetric 
studies were carried out on a potentiostat wave 
generator (Oxford Electrodes) using a platinum work- 
ing electrode and silver reference electrode in con- 
junction with a Philips PM 8043 X-Y recorder. 
Magnetic measurements were made on a Johnson 
Matthey magnetic susceptibility balance. 

rTumover =moles of product/moles of catalyst. ‘Oxidation 
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