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3400 cm’- ’ and the deformation vibration &OH) at 
1400 cm- ’ of the free ligand are not observed in the 
complexes, while bands at 1480 and 1260 cm-’ 
probably arise from ring v(C-C)‘~ and v(C-0) 
modes, respectively. As expected the v(C==O) 
stretch of free esculetin is unaffected by coor- 
dination. In addition to the bands attributed to 
esculetin, the oxo-molybdenum and -tungsten 
complexes show bands att~buted to e&MO~ 
stretches. Strong Raman bands near 920 cm-’ 
which are weak in the ER are assigned to the sym- 
metric v,(MO,) stretch while the weak Raman 
bands near 900 cm-‘, strong in the IR, are 
assigned to the asymmetric v,,(MO,f stretch of 
the ci.s-MO2 moiety. The complexes [M,0,(cat)J2- 
(M = MO, W) are known to contain a bridging oxo- 
ligand2 and like these [MzOs(esc)J’- has an IR 
band near ‘725 cm-’ assigned to v,,(M@)_ Both 
truns-UO,,(esc) - MeOH and [OsO,(esc),]*- com- 
plexes show strong IR bands not observed in 
the Raman at 930 and 830 cm- ‘, respectively, 
assigned to v&MO,) of the trarzs-O==M==O 
moiety while the strong Raman bands at 851 
and 870 cm- ‘, respectively, are assigned to the sym- 
metric stretch v,(MO,); in accordance with the 
likely tram geometry ; these bands are very weak in 
the IR 2,8,!+.i4,15 

(3) ‘H and i3C NMR spectra 

The ‘H NMR spectrum of esculetin in 
(C2H&S0 (Table 1) is in close agreement with the 
published data.” The H3,4 protons appear as a 
doublet at 6 6.15 and 7.85 ppm, respectively, while 
H8 appear as singlets at 6 6.96 and 6.73 ppm, re- 
spectively ; protons of the hydroxy groups appear 
as a broad singlet at 6 9.8 ppm in the ligand but 
are not observed in the complexes. In the latter 
the resonances arising from HSe8 shift to higher 

field probably due to the decrease of electronic 
density in the aromatic ring caused by coordination 
to the metal.17 

The “C NMR spectrum ofesculetin in (C*H&SO 
has been measured and assigned and our spectrum 
(Table 2) agrees with the published data;‘8-21 
the ’ 3C NMR of the complexes sufficiently soluble 
in *Hz0 and (C2H3)2S0 are also listed in Table 
2. It is found that the carbon atoms adjacent to 
the oxygen donor atoms (C, and C,) shift down- 
field (similar effects are observed for catecholato,2*4 
naphthalene-2,3-diolato,8 ~atechola~ne,’ tropo- 
lonato and maltolato” complexes). The shifts 
to lower field observed for Cz, C4 and Cg may 
arise from weak interaction of the carbonyl and 
pyranone oxygen atoms to the metal or to the weak 
hydrogen-bonding in solution. Consistent with this 
is our observation (Table 2) that these resonances 
are shifted slightly downfield when the 13C spectrum 
of free esculetin in pure (C2H&S0 is compared 
with its spectrum in a 2: 1 (C’H&SO: ‘Hz0 solu- 
tion ; in the latter increased hydrogen-bonding 
effects are likely to be operative. 

(4) Cyclic v~l~a~~e~ry 

The cyclic voltammogram (CV) of esculetin in 
dimethylsulphoxide shows two one-electron reduc- 
tion waves at - 0.45 and - 1.3 V {all potentials are 
quoted vs the CpzFe+/Cp,Fe couple as arbitrary 
zero). The first is reversible and may correspond to 
radical anion fo~ation while the second is irrevers- 
ible (similar features are observed in coumarin*‘}; 
there is an irreversible two-electron oxidation wave 
at + 1.1 V which could arise from oxidation of the 
catecholato moiety.23 

The CV of (PPh4)2fOs(esc)3] in acetonitrile gives 
an irreversible one-electron reduction wave at - 0.8 
V which may arise from reduction of osmium(IV) 

Compound 

Table 2. I3 C NMR of esculetin and some of its complexes 

c* C3 G G C6 C7 G3 69 CKI 

H ,esc” 160.5 111.3 144.1 112.3 142.7 150.2 102.5 148.4 110.6 
H@X? 163.4 112.4 145.9 113.5 143.4 150.8 103.7 149.5 112.2 
Na*~MoO*(e~)~].H*U 168.8 111.5 153.4 112.5 149.8 165.1 103.6 156.9 110.6 
(~t~N)~IMo*O~(e~)~l*4~~0 168.7 111.6 145.6 112.5 149.9 165.2 103.6 156.2 110.7 
NaA’W~O&&l-2Hz0 168.6 111.8 153.4 112.9 149.7 164.3 104.5 156.2 111.0 
(Et~N)~~WO~(ese)~l - fQW 168.7 112.4 153.6 113.0 149.9 165.1 104.7 153.6 Ill.1 
truns-[UO,(esc) - MeOH] 171.7 113.6 144.5 112.5 149.7 161.9 104.6 151.2 111.6 
tranc-K,[OsO,(esc)J * 2H@ 168.6 113.3 152.8 114.6 149.3 165.7 104.8 153.2 111.9 

n(CZH,)*SO. 
b 2 1 (C’H,),SO 2H,0. : : 
13C NMR of the complexes have been run in 2H20. 
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to osmium(II1) and two irreversible one-electron 
oxidation waves at + 1.33 and -I- 1.45 V from 
oxidation of osrni~(~~ to osmium(V) and osmi- 
um(V) to osmium(VI), respectively. For (PPh& 
[Re(esc),] in acetonitrile we found a reversible 
one-electron reduction wave at -0.25 V (with 
AE = 90 mV) probably arising from the reduction 
of rhenium(IV) to rheni~(~II) and an irreversible 
reduction wave at -0.65 V corresponding to the 
reduction of rheni~(II1) to rhenium~II), while an 
irreversible oxidation wave was also observed at 
-t 1.66 V presumably from the oxidation of rhen- 
ium(IV) to rhenium(V). The complex (PPh,),[Ir 
(esc)J * Hz0 shows two irreversible one-electron 
reduction waves at - 1 .O and - 1.63 V, probably 
from the reduction of iridium(IV) to iridium(II1) 
and iridium(II1) to iridium(II), respectively, while 
an irreversible oxidation wave was observed at 
+ 1.69 V due to the oxidation of iridium(IV) to 
iridium(V). The CV of [Ru(bipy)(esc)*] in di- 
methylsulphoxide showed a reversible one-elec- 
tron reduction wave at -0.28 V (with AE = 30 
mV) and an irreversible wave at -0.57 V may be 
due to ruthenium(IV)/ruthenium(III) and ruthen- 
ium(III)/ruthenium(II) reduction. A one reversible 
one-electron oxidation wave at fO.5 V (with 
AE = 60 mV) and an irreversible one at +0.65 V 
may arise from the oxidation of ruthenium(IV) to 
ruthenium(V) and ruthenium(V) to ruthenium(VI), 
respectively. The cyclic voltammogram of Pd 
(bipy)(esc) in dimethylsulphoxide showed two 
irreversible oxidation waves at -i-O.48 and +0.6 
V, which may arise from the oxidation of palladi- 
um(H) to palladium(H1) and palladium(IT1) to pal- 
ladium(IV), respectively. 

(5) Mass spectra 

We have determined the mass spectra of the 
neutral complexes M(PPh,),(esc) (M = Pd, Pt) 
and Pd~bipy)(es~) using fast-atom bombardment 
(FAB +). The fragmentation patterns indicated the 
formation of the molecular ions [M(PPh~)~(esc)]+ 
(M = Pd, Pt) and [Pd(bipy)(esc)]+. The peaks also 
indicated stepwise ligand loss to [M(PPh3)d+, 
[M(PPh~)]~ (M = Pd, Pt) and [Pd(bipy)]+. The 
mass spectrum of the complex (PPh&[Os(esc)J 
was determined using (FAB-) conditions in 
which peaks due to [Os(esc)L1]- and [Os(esc)d were 
observed. 

EXPERIMENTAL 

Cis-NaJMoO,(esc),] * 2H20 

Sodium molybdate NaJ.MoO,] (0.24 g, 1 mmol) 
in water (5 cm3) was added to esculetin (0.18 g, 

1 mmol) in ethanol (5 cm3)_ A brown solution 
appeared followed by a red-brown precipitate. It 
was filtered off, washed with ethanol, diethyl ether 
and dried in vacua. 

(PPh~)*[MoO~~esc)*] l 4H20 and (Et,N),[MozO, 
(esc)*] * 5H20 

Ammonium molybdate (NH&[MoO,] (0.24 g, 
1 mmol) in water (2 cm’) was added to esculetin 
(0.18 g, 1 mmol) in water (10 cm3) and tetra- 
phenylphosphonium chloride (0.76 g, 2 mmol) in 
water (5 cm3) was added to the resulting red 
solution. A yellow precipitate was produced, filtered 
off, washed with water and dried is vacua. 

The tetraethylammonium salt was isolated by 
adding tetraethylammonium chloride (0.34 g, 2 
mmol) in water (5 cm3) to the red solution of the 
latter preparation. The volume of the red solution 
was reduced until the yellow-green precipitate was 
formed. 

Cis-Y*[W~O~(esc)*]*nH~O (Y = Na, n = 2; Y = 
Et,N, n = 5) 

A similar procedure as for the molybdenum 
analogue was used, sodium tungstate replacing 
Adonis or sodium molybdate and producing 
yellow precipitates of the products. 

Sodium tungstate (0.33 g, 1 mmol) in water (2 
cm3) was added to esculetin (0.18 g, 1 mmol) in 
water (10 cm3). Tetraphenylphosphonium chloride 
(0.76 g, 2 mmol) in water (5 cm3> was added to the 
resulting yellow solution. The yellow solution was 
reduced in volume until a yellow precipitate sep- 
arated out. This was filtered off, washed with a little 
water and dried in vacua 

Trans-UOz(esc) - MeOH 

Uranyl acetate U02(CH3C00)2 -2H20 (0.21 g, 
0.5 mmol) in methanol (5 cm3) was added to a 
solution of esculetin (0.09 g, 0.5 mmol) in methanol 
(5 cm”). The brown mixture was refluxed for 2 h on 
a steam bath. Upon reducing the volume a brown 
precipitate separated out. It was washed with meth- 
anol, ether and dried in vacua. 

Trans-K,[OsOz(esc)a] * 2H20 

Potassium osmate trans-KJOsO,(OH),] was 
prepared by the literature method.24 Tram-K2 
~OSO,(OH)~] (0.1 g, 0.25 mmol) in water (2 cm3) 
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was added to a solution of esculetin (0.09 g, 0.5 
mmol) in ethanol (3 cm3) with stirring. The dark 
brown solution was left to stand for 30 min after 
which time a brown precipitate was filtered off and 
dried in vacua. 

The potassi~ salt K,[OsO,(esc),] *2H20 in 
water (5 cm3) and tetraphenylphosphonium chlor- 
ide were mixed in a 2 : 1 molar ratio, whereupon 
a fine brown-violet precipitate appeared. It was 
filtered off, washed with water and dried in vactm 

Both ~i~-[Pd~PPh~)~Cl~]z6 and cis-D)t(PPh,), 
CI$’ were prepared by the literature method.28 
A suspension of [Pd(PPh3)2C12] (0.7 g, 1 mmol) 
or [Pt(PPh3)2C12] (0.82 g, 1 mmol) in ethanol (20 
cm3) was added to a methanolic solution con- 
taining esculetin (0.18 g, 1 mmol) and KOH (0.11 
g, 2 mmol) and the mixture was stirred overnight 
at room temperature. A green (palladium) or yellow 
(platinum) precipitate was isolated, washed with 
methanol water, methanol, ether and dried in 
Dacuo. 

WhJ zliWW 4 

Sodium hexachloro-osmate (0.15 g, 0.33 mmol) 

~M~ipy~(esc)] * nH,O (M = Pd, n = 2 ; M = Pt, 
n = 5) 

and esculetin (0.18 g, 1 mmol) were dissolved in 
water (3 cm3) and the brown suspension degassed 
with nitrogen. Sodium hydroxide (0.08 g, 2 mmol) 
in water (2 cm3) was degassed and added to the 
suspension. The solution immediately became 
brown. It was left to stand for 30 min and tetra- 
phenylphosphonium chloride (0.25 g, 0.66 mmol) 
in water (5 cm’) added. A green-brown precipitate 
was formed. After standing for 2 h, the solid was 
filtered off, washed with water and dried under a 
stream of nitrogen, then over concentrated sul- 
phuric acid. 

A similar method to that for the osmium complex 
(PPh,),[Os(esc)J was used, with Na$rCl,] replac- 
ing Na,[OsCI,]. 

A similar method to that for the osmium complex 
(PPh~)~[Os(esc)3] was used, with K,[ReCld replac- 
ing NaJOsCl,]. 

The complexes [M(bipy)Cl,] (M = Pd, Pt) were 
prepared by a modification of the literature 
methodZ9,“* in which to K,[PdCl,J (0.32 g, 1 mmol) 
or K,[PtCl,] (0.42 g, 1 mmol) in water (5 cm’) was 
added 2,2’-bipyridyl (0.16 g, 1 mmol) in 2 M HCl 
(15 cm3). The resulting solution was allowed to stand 
at 7&8O”C in a water bath for 3 h to produce orange 
(palladium) or yellow (platinum) fine crystalline 
needles, which were washed with water and dried 
in vacua. Then [Pd(bipy)Cl,] (0.17 g, 0.5 mmol) or 
[Pt(bipy)~l~] (0.21 g, 0.5 mmol) was dissolved in 
dimethyl formamide (15 cm3) and silver nitrate 
(0.17 g, 1 mmol) was added. The mixture was heated 
in a water bath for 1 h in the dark. The precipitate 
of AgCl was removed by filtration and the filtrate 
mixed with benzene (60 cm3) and kept for 3 h in 
a refrigerator. The yellow ~palladium) or brown 
(platinum) precipitate thus obtained was extracted 
with water (30 cm3). To this aqueous solution a 
solution of esculetin (0.11 g, 0.6 mmol) and NaOH 
(0.05 g, 1.2 mmol) in water (5 cm3) was added. An 
orange-brown (palladium) or deep brown (plati- 
num) precipitate was obtained ; it was filtered off, 
washed with water and dried in uacuo. 

The complex [ReOJfPPh,),] was prepared by 
the literature method.25 A suspension of [ReO,I 
(PPh,),] (0.22 g, 0.25 mmol) in methanol (15 cm3) 
was stirred and heated gently with the addition of 
esculetin (0.09 g, 0.5 mmol). The mixture was 
warmed and stirred for about 1 h, after which time 
a brown precipitate was isolated, washed with meth- 
anol and dried ira DUCUO. off, washed with water and dried ira vacua. 

Hydrated rhodium trichloride (0.14 g, 0.45 
mmol) was added to a solution of sodium acetate 
(1.05 g, 0.7 mmol) in water (25 cm3) and heated 
gently while esculetin (0.27 g, 1.5 mmol) was added 
with stirring. The reaction mixture was refluxed for 
6 h during which time it turned red-orange. It was 
left to cool, after which a solution of [Co(en),]Cl, 
(0.18 g, 0.45 mmol) in water (2 cm”) was added. 
A yellow-orange precipitate was produced, filtered 
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Williams, J. Chem. Sot., Dalton Trans. 1992, 145. 

Hydrated ferric chloride (0.09 g, 0.33 mmol) in 
water (5 cm’) was added to esculetin (0.18 g, 1 
mmol) and KOH (0.11 g, 2 mmol) in water (5 cm3). 
[Co(en),]C13 (0.12 g, 0.33 mmol) in water (2 cm’) 
was added to the red solution. A deep brown pre- 
cipitate was isolated, washed with water and dried 
in vacua. 

[WbipyNM 21 

[Ru(bipy)Cl,] was prepared by the literature 
method.3’ All the manipulations were carried out 
under nitrogen. To degassed methanol (15 cm3), 
[Ru(bipy)Cl,] (0.18 g, 0.5 mmol) and esculetin (0.18 
g, 1 mmol) were added. The resultant reaction mix- 
ture was refluxed for half an hour. The addition of 
a solution of NaOH (0.08 g, 2 mmol) in methanol 
(8 cm’) gave a brown solution which was refluxed 
for 24 h. After cooling the brown solution to room 
temperature, the mixture was exposed to air, upon 
which the deep brown microcrystalline products 
were isolated. 

Raman spectra were measured at 100 mW using 
the 647 18, line on a krypton or 5 145 A on an argon 
ion laser with a Spex Ramalog V instrument and 
Spex Datamate data acquisition unit, as spinning 
discs with a KBr base. IR spectra were measured 
on a Perkin-Elmer 1720 Fourier-transform spec- 
trometer. NMR spectra were measured on a Bruker 
WM-250 spectrometer. Cyclic voltammograms 
were measured with an Oxford Electrodes PVSU 
potentiostat and Houston Instruments Omni- 
graphic 2000 recorder. Mass spectra were run by the 
Organic Mass Spectroscopy Laboratory, Imperial 
College, and microanalyses were carried out by the 
Microanalytical Department, Imperial College. 
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