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Abstract 

The formation constants of the phosphine and phosphite adducts of several (rtS-cyclopentadienyl) (substituted 1,2-ethylen- 
edithiolato)cobalt(III) complexes in acetonitrile were determined spectrophotometrically. The complexes with more electron- 
withdrawing substituents on the ditholate ligand form more stable adducts. The NMR chemical shifts (1H, 13C and 31p) of the 
complexes, phosphines, phosphites and adducts were measured in CDC13. The shifts were changed on adduct formation. These 
changes indicate that the phosphines act as it-donors and the phosphites as ~--acceptors and that the cobaltadithiolene ring, 
which is aromatic in the unbound complex, becomes olefinic in the adduct. 
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I. Introduction 

1,2-Ethylenedithiolato and -diselenolato ligands are 
often called "non- innocent"  ligands, because the oxi- 
dation states of the central atoms of chelates they form 
cannot be determined uniquely. Since King [1] first 
reported a cyclopentadienyl complex, [ C o ( C p X S 2 C  2- 

(CF3)2)], the electronic structures of the metalladichal- 
cogenolenes have provoked a great deal of controversy. 
The actual structure can be best visualized as a reso- 
nance hybrid of the two extremes, olefinic and 
dithioketonic forms (Fig. 1). The metalladichal-  
cogenolene ring, consisting of one metal  cation, two 
ligating chalcogen atoms and a ca rbon-ca rbon  double 
bond, is responsible for the interesting physicochemical 
propert ies  and for the reactivity of the chelate. 

Recently, we have noted that these chelates present  
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contradictory characters: the aromatic character of the 
ring and the double-bond character  of the me t a l -  
chalcogen bonds. The former  is demonstrated by such 
typical electrophilic substitution reactions on the ring 
as Fr iedel -Craf t s  acylation, bromination, nitration and 
H - D  exchange [2] and the latter by the addition of 
dimethyl acetylenedicarboxylate [3], quadricyclane [4] 
and several alkylidenes generated from diazo com- 
pounds [5-7]. Another  interesting feature is that the 
central metal  atom is coordinatively unsaturated and 
can accept an additional ligand or ligands. Henderson 
et al. [8] isolated several adducts between [Co(Cp)(S 2- 
C2(CN)2)] and phosphines or phosphites. 

Tertiary phosphines and phosphites are known to be 
useful reagents for examining the coordinative unsatu- 
ration of central metal  atoms. Their  coordination 
chemistry is well documented [9]. The bonding between 
the transition metal  and the ligating phosphorus atom 
is regarded as having o- and ~- components,  and hence 
the phosphorus atom behaves as both donor and ac- 
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Olefinic Dithioketonic Aromatic 

Fig. 1. Electronic structure of dithiolene ring. 

ceptor at the same time [10]. Quantitative evaluation of 
the ~-donating and 7r-accepting abilities have been 
made only recently [11-13]. 

Here,  we report  the formation constants in aceto- 
nitrile of  adducts of r/S-cycopentadienyldithilato - 
cobalt(III)  complexes having a variety of substituents 
(X), [Co(Cp)(S2CaX2)], with some phosphines or phos- 
phites. The effect of X on the formation constant was 
examined in terms of the reversible half-wave potential 
for the reduction of the unbound complex, E~/2. The 
relationships between N M R  chemical shifts (1H, ~3C 
and 31p, in CDC13) and E~/2 are discussed. The o'- 
donor and 7r-acceptor characters of phosphines and 
phosphites are discussed on the basis of the change of 
the chemical shifts brought about by the adduct forma- 
tion. The electronic and structural changes in the 
adduct formation are also discussed mainly on this 
basis. 

violet. The solvent was then removed by evaporation 
under reduced pressure. The operations up to this 
point were carried out under an argon atmosphere.  
The residue was dissolved in a small quantity of hexane 
containing a minimal amount  of dichloromethane and 
this was subjected to flash-column chromatography with 
gradient elution (hexane-dichloromethane)  on silica 
gel (Wakogel C300). Violet fractions were collected. 
The complex was obtained as a violet powder with a 
yield of 85% when the solvent was evaporated under 
reduced pressure. 

Four adducts, [Co(Cp)(SeC2(CN)2)(PR3)] with R = 
C4H 9 (Bu), O C H  3 (OMe) ,  O C 2 H  5 (OEt) ,  O C 4 H  9 
(OBu), were prepared according to the procedure re- 
ported by Henderson et al. [8]. The isolated adducts 
were identified on the basis of the spectral data and 
the elemental analyses. 

The tertiary phosphines and phosphites used were 
purified by vacuum distillation or recrystallization. They 
were stored and used under  an atmosphere of argon. 

Acetonitrile and dichloromethane were spectral 
grade reagents (Dotite Spectrosol, Dojindo Laborato- 
ries). The other chemicals were of  reagent grade. 

2.2. Instn~ments 

2. Experimental 

2.1. Materials 

The complex [Co(Cp)(S2Ce(CN)2)] was prepared by 
the method reported by Locke and McCleverty [14]. 
The other complexes were prepared  through a one-pot 
reaction of [Co(Cp)(CO) 2] or [Co(Cp)(1,5-cycloocta- 
diene)] with an acetylene derivative with suitable sub- 
stituents and elemental  sulphur or selenium according 
to the method developed by Boennemann et al. [15]. 
The starting complexes, [Co(Cp)(CO) 2] and [Co(Cp)- 
(1,5-cyclooctadiene)], were prepared  as described by 
King [1] and Boennemann et al. [16]. Since the details 
of the one-pot  synthesis and the characterization of the 
complexes prepared  thereby were reported by the above 
authors, the preparat ion of [Co(Cp)(S2Cz(COOMe)2)] 
is described here as a typical example. 

Elemental  sulphur (10 mmol)  was placed in a flask 
equipped with a reflux condenser, then the system was 
purged with argon. A 30 cm 3 portion of toluene which 
had been distilled under argon was introduced into the 
flask, and then 5 mmol (0.62 mm 3) of dimethyl 
acetylenedicarboxylate was added. After  the mixture 
had been heated at 70-80°C for 10 rain with stirring, 5 
mmol (0.70 mm 3) of [Co(Cp)(CO)2]  was slowly added. 
The mixture was maintained at 80°C for 2 h, and then 
it was refluxed for 2 h. During this procedure the 
colour of the solution changed from red-b rown to 

Elemental  analyses of hydrogen and carbon were 
carried out with a Perkin-Elmer Model 240C appara-  
tus. 

UV-vis ible  spectrophotometric  measurements  were 
performed by means of a Hitachi Model 220-20 
spectrophotometer  with s toppered 1 cm quartz cells; 
the cell compar tment  was thermostated at 25°C. 

The N M R  spectra were recorded with a J E O L  JNM 
GX-270 spectrometer.  The complexes and the isolated 
adducts were dissolved in deaerated CDC13 containing 
TMS; the spectra of the other adducts were measured 
in situ with equimolar mixtures of a complex and a 
phosphine or phosphite (each concentration was ca. 60 
mmol dm-3) .  

3. Results and discussion 

3.1. Formation of adducts 

All the complexes studied here reacted rapidly with 
phosphines or phosphites to form adducts in aceto- 
nitrile, dichloromethane, and other solvents, as was 
seen from an almost instantaneous colour change from 
blue or violet to yellow or brown which took place 
when a solution of a phosphine or phosphite was 
added to a complex. 

Spectrophotometr ic  titrations were carried out in 
acetonitrile. An example of the spectral change is 
presented in Fig. 2. The titration curves showed more 
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Fig. 2. UV-visible spectra of acetonitrile solutions containing 
[Co(Cp)(S2Cz(COOMe) 2 )] and P(OMe) 3. Initial concentration of the 
complex = 0.993 mol m-3; concentration of the phosphite added = 
(a) 0, (b) 0.61, (c) 1.22, (d) 1.83, (e) 2.44, (f) 3.66, (g) 4.27, (h) 6.10, (i) 
11.0 and (j) 22.0 tool m-3; optical path length = 1 cm; temperature = 
25°C; under an argon atmosphere. 

or  less dis t inct  b reaks  at  a b ind ing  ra t io  of  1 :1 ,  and  
isosbest ic  po in ts  were  p r e s e n t  in most  cases. T h e s e  
observa t ions  ind ica te  tha t  the  1 : 1 adduc t  was fo rmed:  

[ C o ( C p ) ( S 2 C 2 X 2 )  ] + L = [ C o ( C p ) ( S 2 C 2 X 2 ) L  ] 

whe re  L r e p r e s e n t s  the  l igand  (phosph ine  or  phos-  
phi te) .  The  c o r r e s p o n d i n g  fo rma t ion  cons tan t  (con- 
cen t r a t i on  basis)  of  the  adduc t  is de f ined  by 

K = [ Y L ] / [ Y ] [ L ]  (1)  

whe re  [L] is the  concen t r a t i on  of  the  u n b o u n d  l igand,  

[Y] tha t  of  the  u n b o u n d  [Co(CpXS2C2X2)]  and  [YL] 
tha t  of  the  adduc t .  The  va lue  of  K was d e t e r m i n e d  
accord ing  to the  fol lowing equa t ion :  

( A o - A ) / ( A  - A * )  

= K [ c  L -  c ( A  0 - A ) / ( A  o - A * ) ]  (2)  

whe re  A is the  abso rbance  of  the  mixture  con ta in ing  L 
and  the complex  at to ta l  concen t r a t i ons  c L and c, 
respect ively ,  A 0 is the  a b s o r b a n c e  of  a so lu t ion  con- 
ta in ing  only the  complex  at  c and  A* is the  abso rba nc e  
of  the  so lu t ion  con ta in ing  only the  adduc t  at  concen-  
t ra t ion  c. Exper imen ta l ly ,  A* can be  e s t ima ted  f rom 
the  abso rbance  of  a so lu t ion  con ta in ing  a suff icient ly 
large  excess of  L. 
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Fig. 3. Plot of Eq. (2). The experimental conditions as in Fig. 2; the 
absorbance was measured at 547 nm. 

W h e n  the  l e f t -hand  side of  Eq. (2) is p lo t t ed  agains t  
the  quan t i ty  in the  square  b racke t s  on the r igh t -hand  
side,  a s t ra ight  l ine pass ing  the  origin should  result ,  the  
s lope  of  which gives K. 

Some of  the  systems examined  here  gave reasonab ly  
l inea r  p lots  over  fair ly wide ranges  of  the  t i t ra t ion  
curves,  as shown by the  example  of  Fig. 3. The  resul ts  
for  these  systems are  l is ted in Tab le  1 ( the values  given 
to th ree  digits). However ,  the  plots  for the  o the r  sys- 
t ems  t e n d e d  to dev ia te  upwards .  Such an upward  devi- 
a t ion  suggests  the  fo rma t ion  of  some species  with more  
than  one L. A t t e m p t s  were  m a d e  to expla in  the  curved 
t i t r a t ion  curves by means  of  curve-f i t t ing  m e t h o d s  based  
on the  a s sumpt ion  of  the  fo rma t ion  of  a 1 : 2  adduct .  
The  resul ts  were  inconclusive because  of  the  l imi ted  
e xpe r ime n t a l  accuracy:  the  t i t ra t ion  da ta  d id  not  allow 
us to d e t e r m i n e  two ad jus tab le  pa r ame te r s ,  the forma-  

Table 1 
Logarithm of formation constants, log(K/mol-l  dm3), of the phos- 
phine and phosphite adducts, [Co(CpXE2CzXz)L], in acetonitrile at 
25°C 

X n L  P M e  3 P E t  3 P B u  3 P ( O M e )  3 P ( O E t )  3 P ( O B u )  3 

C N  _a  (5)  c (5)  c 5.37 b 5.11 b 6.07 b 

C O O M e  a (5)c 5.29b 2.9 L, 3.3 c 3.3 c 

4py  (5) c 4.34 b 4.07 b 1.7" 1.90 b 1.9 c 

P h  5.3 c 2 . f  3 .2 c 0.559 b 0 .947 b 0.745 b 

a Not determined. 
b Only the 1 : 1 adduct was detected. 
c Estimated from the data for lower cL: the figures in parentheses 
are less reliable (see text). 
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tion constants of the 1 : l and 1 : 2 adducts, with mean- 
ingful certainty. However, they indicated that the K 
value of the 1:1 adducts could be estimated with 
reasonable reliability from the linear portion of the 
titration curve at lower c L. When the linear portion is 
too short, however, only a rough estimation is possible. 
These est imated K values are also included in Table 1. 

The K values of the phosphine adducts in most 
systems are larger than those of the corresponding 
phosphite adducts. This suggests that the stability of 
the adduct depends principally on the basicity of the 
phosphorus ligand rather  than on steric factors; for 
example, the p K  a values (K  a is the acid dissociation 
constant) of [HPEt3] + and [HPMe3] + are 8.69 and 
8.65 and those of [HP(OEt)3] + and [HP(OMe)3] + are 
3.35 and 2.60 [11], whereas the cone angles of PEt 3 and 
PMe 3 are 132 ° and 118 ° and those of P(OEt)  3 and 
P(OMe) 3 are 109 ° and 107 °, respectively [10]. 

When the logarithm of the formation constant, 
log(K/mo1-1  dm3), is plotted against the reversible 
half-wave potential  of the reduction of the cobalt atom 
of the complex, E[/2(red) [17,18], the points lie along 
an almost straight line for a given phosphorus ligand 

(Fig. 4). We have reported previously that the presence 
of more electron-attracting substituents makes El~ 2- 
(red) more positive by lowering the energy level of the 
vacant Co d-orbital [17]. The correlation in Fig. 4 can 
be interpreted in the same way. 

The formation constants of the PMe 3 adducts of the 
complexes with X = CN and COOMe,  which we failed 
to determine, are expected to be large, in view of the 
above-mentioned correlation. In fact, trialkylphosphine 
adducts of [Co(Cp)(SzC2(CN)2)] can be isolated in the 
crystalline state, as reported by Henderson et al. [8]. 
Those adducts with smaller formation constants will be 
very hard, if not impossible, to isolate. Their  existence 
in solutions, however, was indicated in some cases by 
the presence of IH, t3c and 31p N M R  signals assignable 
to the adducts. 

3.2. The or-donor character of phosphine and the rr- 
acceptor character of phosphite 

The N M R  chemical shifts of the cyclopentadienyl 
hydrogen and carbon atoms, 6(1H) and ~(13C), of the 
unbound complexes and the adducts are listed in Table 

Table 2 
Reversible reduction half-wave potentials a and selected 1H, 13C and 31p NMR shifts 
their adducts with phosphine or phosphite 

in CDCI 3 of some [Co(CpXE2C2X, X')] complexes and 

No.  X,  X'  E f / 2 ( r e d )  " L 

V 
Chemical sh i f t /ppm 

1H, Cp 13C, Cp 3Ip b 

1 

l a  

ld  

l e  

2 

2a  
2b 

2c  

2e  

2 f  

2g  

3 
3a  
3e  

4 

4a  

4e  

5 

5a  

5e  
6 
6a  
6e 

7 
7a 
7e 

CN, CN 
CN, CN 
CN, CN 
CN, CN 
COOMe COOMe 
COOMe COOMe 
COOMe COOMe 
COOMe COOMe 
COOMe COOMe 
COOMe COOMe 
COOMe, COOMe 
H, COOEt 
H, COOEt 
H, COOEt 
4py, 4py 
4py, 4py 
4py, 4py 

Ph, COOEt 
Ph, COOEt 
Ph, COOEt 
Ph, p-C6H4NO 2 
Ph, P-C6H4NO z 
Ph, P-C6H4NO 2 
Ph, Ph 
Ph, Ph 
Ph, Ph 

-0 .59  

-0.91 

- 1.02 

- 1.03 

- 1.04 

- 1.07 

-1 .16  

5.66 81.98 - 
PBu 3 5.16 89.19 35.22 
PPh 3 5.02 
P(OMe)3 5.28 90.39 120.1 

5.47 80.68 - 
PBu 3 5.09 88.78 31.03 
P(Oct) 3 5.09 
PMePh 2 4.94 
P(OMe) 3 5.28 89.93 123.07 
P(OEt) 3 5.17 
P(OBu) 3 5.18 

5.36 79.98 - 
PBu 3 5.07 88.59 30.92 
P(OMe) 3 5.20 89.95 125.57 

5.48 80.29 - 
PBu 3 5.11 89.05 31.70 
P(OMe)~ 5.24 90.19 126.57 

5.41 80.04 
PBu 3 5.07 88.53 31.03 
P(OMe)3 5.20 89.04 126.13 

5.38 79.95 
PBu 3 5.07 88.89 31.25 
P(OMe) 3 5.23 90.15 _ c 

5.39 79.62 - 
PBu 3 5.08 c _c 
P(OMe) 3 _c c _c 

PBu 3 - 30.92 
P(OMe) 3 141.31 

a Corresponding to the reduction of the cobalt atom in the unbound complex; in 0.1 mol dm -3 (C2Hs)4NCIO4-CH3CN, vs. Ag 10.1 mol dm 3 
AgClO4, 25°C [17]. 
h External reference, 1% H3PO 4 in H20.  
c Signal was too weak. 
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2 together with those of phosphorus atoms, 8(3tp), of 
the unbound and bound PBu 3 and P(OMe) 3. 

It is noteworthy that the ~(31p) values of the phos- 
phine and the phosphite changed in opposite direc- 
tions: ~(31p) of PBu 3 was shifted downfield whereas 
that of P(OMe) 3 was shifted upfield. This can be 
interpreted as reflecting the or-donor character of 
phosphines and the ~'-acceptor character of phos- 
phites. 

For a given ligand, the magnitude of the shift of 
6(31p) depends on the electron density at the cobalt 
atom. An electron-poor cobalt atom attracts the elec- 
trons of a ~r-donor more strongly, and it gives away 
electrons to a rr-acceptor less easily. As pointed out 
previously [18], E[/2(red), which corresponds to the 
reduction of the central atom of the unbound complex, 
is a useful measure of the electron density at the metal 
site: a more positive E[/2(red) indicates a smaller 
electron density. Hence, a complex with a more posi- 
tive E[/2(red) will bring about a downfield shift of 
8(31P) of PBu 3. The same will be true for ~(31p)  of 
P(OMe) 3 except that the shift is upfield. 

The dependence of the changes on E[/2(red) was 
linear, as seen in Fig. 5, where the difference, A8 = 
t~(31p of unbound phosphorus l igand)- tS(31P of 
adduct), is plotted against E[/2(red) for P(Bu) 3 (a) and 
P(OMe) 3 (b). 

The adduct formation increases the electron density 
of the complex moiety. This is reflected by the changes 

'~  4 
"7 

~ 3  

O 

1 • 

O 

[] 

A 

A In 
[] • 

Ill 

A • 

0 I L I I I I 

-1.2 -1.1 -1.0 -0.9 -0.8 -0.7 -0.6 -0.5 

Erl/2 (red) / V 

Fig. 4. Dependence of log K for the phosphine and phosphite 
adducts on E{/2(red) of the unbound complex. ©, PMe3; Kl, PEt3; 
zx, PBu3; o, P(OMe)3; II, P(OEt)3; A, P(OBu) 3. 
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Fig. 5. Dependence of the chemical shift displacement (AS) of 3tp 
on E[/2(red) of the unbound complex. (a) PBu3; (b) P(OMe) 3. 

in the chemical shift of the cyclopentadienyl protons, 
8(IH), i.e the adduct formation brings about an upfield 
shift as seen from Table 2. That  the shift was larger in 
the P(Bu) 3 systems than in the P(OMe) 3 systems is 
interpreted as another indication of the 7r-acceptor 
character of the phosphite. 

3.3. Electronic structural change in adduct formation 

In contradistinction to the C51H5 signal, the 13C5H 5 
signal showed a large downfield shift on adduct forma- 
tion (Table 2). This shift is attributable to an extensive 
structural change brought about by the coordination of 
a phosphorus ligand to the central atom: in an un- 
bound complex, in which the central atom is five-coor- 
dinated, the cyclopentadienyl ring is perpendicular to 
the cobaltaditholene ring [19], but the central atom in 
the adduct is coordinated in a piano-stool geometry 
[3,5,7]. 

Such a structural change affects the environments of 
the carbon atoms in the cobaltadithiolene ring and that 
of the proton bound to one of the carbon atoms. The 
large upfield shifts of the chemical shifts of these 
atoms (Table 3) can be explained only by essential 
alterations in the structure of the ring, i.e. from aro- 
matic to olefinic. The chemical shifts of these atoms in 
the adducts fall in the range of values for olefinic 
carbon and hydrogen thereon. The olefinic structure of 
the cobaltadithiolene ring has been inferred by Hen- 
derson et al. [8] from the stretching frequency of the 
carbon-carbon bond in [ C o ( C p X S 2 S 2 ( C N ) 2 X P B u 3 )  ]. 
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Table 3 
Selected NMR chemical shifts in CDCI 3 of ~3C and 1H NMR on the 
dithiolene rings in typical [Co(Cp)(EzC2X, X')] complexes and their 
adducts with phosphine or phosphite 

No. X, X' L Chemical shift/ppm 
13 C I H 

I CN, CN - 143.11 - 
la  CN, CN PBu 3 126.32 a - 
le CN,CN P(OMe)~ 126.63 b - 
2 COOMe, COOMe - 162.00 - 
2a COOMe, COOMe PBu 3 139.34 c - 
2e COOMe, COOMe P(OMe) 3 139.44 
3 COOEt, H - 166.95 d, 157.71 9.42 
3a COOEt, H PBu3 145.12 c, 132.38 6.69 t 
3e COOEt, H P(OMe) 3 145.56 g, 132.38 6.77 h 

a J(PC) = 2.5 Hz. 
b J(PC) = 2.4 Hz. 
c J(PC) = 1.8 Hz. 

J(CH) = 176.2 Hz. 
c J(CH) = 171.4 Hz. 
rJ(PH) = 6.0 Hz. 

J(CH) = 168.5 Hz. 
h J(PH) = 5.4 Hz. 

T h e  c h a r a c t e r i s t i c  U V - v i s i b l e  spec t r a l  b e h a v i o u r  on 

a d d u c t  f o r m a t i o n  is a r e su l t  o f  th is  s t ruc tu ra l  c h a n g e .  

T h e  s ignal  o f  t h e  d i t h i o l e n e  p r o t o n  in a d d u c t  3a  

spl i t  i n to  a d o u b l e t  w i th  J = 6.0 H z ;  a c o m p a r a b l e  

sp l i t t ing  was  o b s e r v e d  in t h e  case  o f  3 e .  T h e  m o s t  

p l a u s i b l e  c a u s e  o f  t he  sp l i t t ing  is t h e  c o u p l i n g  wi th  31 p. 

A s imi la r  H - P  c o u p l i n g  has  b e e n  r e p o r t e d  in t he  case  

o f  [ F e ( C O ) ( P ( O M e ) 3 ) 2 ( S e C 2 ( H ,  C O O E t ) ) ]  by Ca r ty  et  

al. [20]. 

T h e  s t r uc tu r a l  c h a n g e  in t he  c o b a l t a d i t h i o l e n e  r ing 
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Fig. 6. Dependence of 6(I3C, cp) on E[/2(red) of the unbound 
complex. (a) Unbound complexes; (b) PBu 3 adducts; (c) P(OMe) 3 
adducts. 

is r e f l e c t e d  a lso  be  the  e f f ec t  o f  t h e  subs i t uen t s  X on  

the  e n v i r o n m e n t  o f  t h e  c y c l o p e n t a d i e n y l  ca rbons .  In  

Fig.  6, 3(~3C, Cp)  is p l o t t e d  aga ins t  E [ / 2 ( r e d )  for  a 

se r ies  o f  c o m p l e x e s .  T h e  s lopes  o f  t he  l i n e a r  r e g r e s s i o n  

l ines  for  t he  p h o s p h i n e  a n d  p h o s p h i t e  a d d u c t s  (b and  

c) a r e  a p p r e c i a b l y  s m a l l e r  t h a n  tha t  fo r  the  u n b o u n d  

c o m p l e x e s ,  i nd i ca t i ng  aga in  t he  loss o f  a r o m a t i c i t y  in 

t he  adduc t s .  
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