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Tris(dithiocarbamate) complexes of cobalt(III), CoL3 and CoL’3 (where L and L’ are different dithiocarbamato ligands), undergo 
ligand exchange at elevated temperatures both in an inert organic solvent and in the solid state to give CoL2L’ and CoLL’,. The 
mixed-ligand complexes may also be prepared by methods based on controlled-potential electrochemical oxidation or reduction 
of cobalt(II1) dithiocarbamate complexes. In contrast to these preparative-scale electrolyses, short-time-scale voltammetric and 
polarographic data for oxidation and reduction exhibit independent responses for the mixed-ligand complexes, implying that the 
formally cobalt(1V) and cobalt(I1) mixed-ligand species undergo slow rather than rapid ligand exchange. Cobalt-59 NMR 
spectroscopy and electrochemistry in CHIClz solution and mass spectrometry are useful techniques to illustrate ligand exchange. 
Cobalt-59 chemical shifts of the dithiocarbamate complexes cover a wide range and allow identification of the mixed-ligand species 
in many reaction mixtures as the ligand exchange for the oxidation state I11 complexes is slow on the NMR (and synthetic) time 
scales at ambient temperatures. Generally, 59C0 NMR chemical shifts do not correlate in a simple linear fashion with electro- 
chemical Eo data (or with I3C NMR data), implying that steric effects influence the two techniques in different ways. However, 
for the mixed-ligand series CoL3, CoL,L’, CoLL’,, and COL’~, the Eo and s9C0 chemical shifts do correlate exceedingly well. 
Positive and negative ion mass spectra of CoL3 species generally show the molecular ions [CoL31t. and [CoL3]-., respectively, 
but the most abundant ions are [ C O L ~ ] ~ -  and [CoLJ.. Mass spectrometric examination of mixtures of CoL, and COL’~ show 
evidence of ligand exchange. Mass spectrometry in the gas phase and electrochemical data show interesting correlations. 

Introduction 

The chemistry of transition-metal dithiocarbamate complexes 
has been studied ex tens i~e ly .~ -~  Iron(III), nickel(II), and mer- 
cury(I1) complexes all undergo rapid ligand-exchange reactions 
in solution to form mixed-ligand complexes.@ However, in the 
case of cobalt(II1) complexes CoL3 (L = RR’dtc), a number of 
 worker^^*'^'^ have commented on their extreme stability with 
respect to substitution and exchange reactions. For example, 
Pignolet et al.12 have noted that the exchange reaction 

(1) 

where L and L’ are different dithiocarbamato ligands) could not 
be detected by ‘H NMR after reaction for several hours in re- 
fluxing nitrobenzene (195 “C). Similarly, Martin et al.” could 
find no voltammetric evidence for ligand exchange on mixing COL~ 
and COL’~ in acetone at ambient temperatures. 

While no direct reaction between C O L ~  and COL’~ to produce 
mixed-ligand complexes has yet been reported, mixed-ligand 
complexes of the type CoL2L’ have been preparedI3 by interaction 
of the dimeric [CozL5]+ cation14 with [L’I- as shown in eq 2. The 

(2) 

mixed-ligand complex can be separated from C O L ~  by chroma- 

C O L ~  + COL’~ + COL~L’ + COLL’~ 

[ C O ~ L ~ ] +  + [L’I- -+ C O L ~  + COL~L’ 
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tographic techniques and isolated as an extremely stable com- 
pound. 

In studies of the electrochemistry of C O L ~  complexes15 it has 
been noted that CoL,, [CoL3]-, COL~, [Co2L5]+, and [CoL,]+ can 
be associated with the redox chemistry of Co(II), Co(III), and 
Co(1V). Consequently, a number of reaction pathways leading 
to mixed-ligand complexes may be available via oxidation or 
reduction processes if the formal oxidation state I1 and IV com- 
plexes are kinetically more labile than their oxidation state I11 
counterparts, as would be expected. 

In this work, we describe investigations aimed at  further syn- 
thesizing and characterizing mixed-ligand complexes of Co( 111). 
Reactions were examined in both solution and solid phases using 
59C0 NMR, electrochemistry, and mass spectrometry. 
Experimental Section 

Nomenclature. An appendix of symbols and abbreviations used follows 
at the end of the text. Undefined symbols have their conventional elec- 
trochemical or spectroscopic meaning. 

Preparations. The Co(II1) dithiocarbamate complexes were syn- 
thesized by standard literature  method^.^^'^ Mixed Co(II1) dithio- 
carbamate complexes CoL2L’ and COLL’~ were prepared as for CoL! by 
using equimolar amounts of two different amines during the preparation, 
followed by chromatographic separation, or alternatively, they were 
produced by the method described in ref 13. Other methods of prepa- 
ration of the mixed-ligand complexes are described later in the text. 

Instrumentation. NMR spectra were recorded on a JEOL FX 190 
spectrometer: 59co at 23.77-23.8 MHz with a 20-kHF spectral window 
and I3C at 25 MHz with an 8-kHz spectral window with wide-band 
proton decoupling. Cr(acac), was added as a paramagnetic relaxant for 
the I3C spectra. Cobalt-59 chemical shifts were referenced against K3- 
[Co(CN),]. Measurements were at 25 OC, and an external ’Li lock was 
used. High-frequency positive convention is used for chemical shifts. 

Electrochemical studies employing voltammetric methods were carried 
out with a Princeton Applied Research (PAR, Princeton, NJ) Model 
174A polarographic analyzer or a PAR Model 170 electrochemistry 
system. Both platinum and conventional dropping mercury working 
electrodes were used with a platinum auxiliary electrode. All potentials 
were measured against a Ag/AgCI (saturated LiCl in CH2C12) reference 
electrode. Controlled-potential electrolysis experiments were performed 
with a PAR Model 173 potentiostat/galvanostat employing mercury-pool 
or platinum-gauze working electrodes. Platinum-wire auxiliary electrodes 
were separated from the test solution via a salt bridge, and the Ag/AgCI 
reference electrode described above was used. All electrochemical 

(15) Bond, A. M.; Hendrickson, A. R.; Martin, R. L.; Moir, J. E.; Page, D. 
R. Inorg. Chem. 1983, 22, 3440 and references cited therein. 

(16) Thorn, G. D.; Ludwig, R. A. ‘The Dithiocarbamates and Related 
Compounds”; Elsevier: Amsterdam, 1962. 
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Mixed-Ligand Co Dithiocarbamate Complexes 

Table 1. Cobalt-59 and Carbon-13 NMR Data for Co(RR‘dtc), 
Complexes 

RR’dtc Complexes 

Me 
Et 
i- Pr 
n-Pr 
i-Bu 
n-Bu 

n-Pe 
n-Hx 
n-Oc 
Me 
Me 
Me 
Me 
Et 
Et 
n-Bu 
Me 
Et 
n-Pr 
n-Bu 
Me 
Et 
BZ 
C-HX 
i- Pr 
Et 
Et 
Et 
Et 

S-BU 

Me 6830 
Et 6790 
i- Pr 6390 
n-Pr 6140 
i-Bu 6640 
n-Bu 6760 
S-BU 6350 
n-Pe 6760 
n-Hx 6750 
n-Oc 6760 
i-Pr 6700 
i-Bu 6700 
n-Bu 6800 
n-Oc 6790 
n-Bu 6780 
t-Bu 6800 
t-Bu 5990 
Ph 6660 
Ph 6680 
Ph 6650 
Ph 6660 
BZ 6760 
BZ 6725 
BZ 6650 
C-HX 6330 
C-HX 6360 
2-OHEt 6750 
3-OHPh 6670 
4-Mepy 6710 
m-to1 6690 

570 
850 

1030 
1200 
1630 
1700 
1500 
1940 
2120 
2740 

400 
820 

1540 
1500 
1430 
1500 
1510 
1150 
1250 
2000 
1830 
1430 
1770 
2400 
1890 
1700 

850 
2800 
1250 
1700 

204.4 
203.6 
204.1 
204.7 
205.2 
204.2 
204.9 
204.2 
204.2 
204.2 
203.9 
204.8 
204.0 
205.0 
203.4 
206.6 
206.5 
206.7 
206.9 
d 
207.2 
205.7 
205.3 
206.8 
203.8 
203.4 
d 
d 
207.0 
206.6 

N-Heterocyclic Derivatives 

carbon-1 3 co balt-5 9 
ligand h a  w, Hzb 6C 

P iP 6760 1030 202.5 
2-Mepip 6680 1370 202.9 
3-Mepip 6750 1250 202.4 
4-Mepip 6760 1800 202.8 
2,6-Me2pip 6540 1300 203.9 

morph 6800 1150 203.5 
a Chemical shifts relative to 1 M K,[Co(CN),] in water. 
Full width at half-height. 
Insufficiently soluble for Carbon-13 NMR spectrum to be 

PYrr 7200 1150 199.9 

Chemical shifts relative to Me,Si. 

observed. 

measurements were made at 20 f 1 OC in dichloromethane (0.1 M 
Bu4NC104) at concentrations in the range 5 X - 1 X lo4 M. 
Solutions were degassed with solvent-saturated nitrogen, and a continuous 
stream of nitrogen was passed over the solutions while measurements 
were being undertaken. 

Electron-impact positive ion mass spectra were obtained on a Finnigan 
3200 series low-resolution quadrupole mass spectrometer system, coupled 
to a Finnigan 6000 series interactive data system. The spectra were 
measured under the following conditions: electron energy 30-70 eV, 
filament emission current 0.5 mA, collector voltage 34.8 V, and electron 
multiplier voltage 1600 V. Samples were introduced via a solids insertion 
probe and lock at a temperature generally in the range 200-350 OC. 
Ionization chamber pressures of (3 - 5 )  X IOd torr were employed. 
Negative ion chemical ionization mass spectra were recorded on a Fin- 
nigan 4000 series mass spectrometer using methane as the reagent gas. 

Thermogravimetric analyses were carried out on a Stern Redcroft 
thermobalance (HT model). Approximately 90 mg of the solid sample 
was placed in a Pt crucible and left in the oven for a 2-h run, during 
which time the temperature rose from 25 to 900 OC. 

Results and Discussion 
Physical methods of measurement on C O L ~  complexes will first 

be discussed to show which techniques are most suitable for ex- 
amining the ligand-exchange reactions. 
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Figure 1. Cobalt-59 NMR chemical shifts in CH2CI2 at 30 “C for the 
cobalt dithiocarbamates COL~,  CoL2L’, COLL’~, and CoL’,. 

(i) NMR Spectra. C0balt-59~’-~’ and ~ a r b o n - 1 3 ~ ~  N M R  studies 
have been reported previously for a few C O L ~  complexes, but no 
data for these nuclei appear to be available on mixed-ligand 
complexes. 

Table I lists the 59C0 chemical shifts for a large number of C O L ~  
complexes and covers a range of over 1000 ppm. Peak widths 
at half-height vary markedly and are a reflection of the moderately 
large electric quadrupole moment of the 59C0 nucleus ( I  = 7/2), 
which makes the peak width extremely sensitive to the symmetry 
about the cobalt atom. Table I also includes 13C chemical shifts 
for the CS2 portion of the ligand in C O L ~  complexes, and although 
the signals are much sharper than for cobalt, the chemical shift 
range is much smaller and it will emerge that 59C0 N M R  is the 
preferred technique to investigate mixed-ligand complexes on the 
grounds of both superior dispersion and vastly superior sensitivity. 

To confirm that 59C0 N M R  would provide adequate resolution 
to identify mixed-ligand complexes, several series of COL~, CobL’, 
CoLL’,, and COL’~ complexes were prepared by the published 
method13 and the results are shown in Figure 1 .  In all cases the 
chemical shifts of C O L ~  and COL’~ in the mixtures were the same 
as for the pure compounds (indicating no detectable exchange a t  
room temperature in CH2C12) and the chemical shifts of CoL2L’ 
and CoLL’, fall between those of the parent complexes as expected. 

In order to determine the suitability of 59C0 N M R  for moni- 
toring pathways of electrochemical redox reactions undertaken 
a t  10-1-10-3 M concentration in subsequent work, the concen- 
tration dependence of the 59C0 chemical shift for Co(i-Pr2dtc), 
was examined in the presence and absence of 0.1 M Bu4NC104. 
Over the concentration range 1 X 10-3-0.15 M the chemical shift 
in dichloromethane was invariant at 6395 f 5 ppm and inde- 
pendent of the presence or absence of the supporting electrolyte. 
The concentration independence is consistent with the monomeric 
formulation of this complex. Importantly, CoL, complexes can 
be detected by 59C0 N M R  at  concentrations used in electro- 
chemical measurements (millimolar range). 

(ii) Electrochemical Measurements. Figure 2a shows alter- 
nating-current voltammograms a t  Pt electrodes for oxidation of 
C O L ~ ,  CoL,L’, CoLL’,, and C O L ‘ ~  where L = Bz2dtc and L’ = 
c-Hx2dtc. The mixed-ligand complexes CoL2L’ and CoLL’, show 
reversible one-electron oxidations as is the case for pure C O L ~  and 
COL’~. Oxidations on the electrochemical time scale are believed 
to be the simple processes15 

(3) COX * [Cox]’ + e- 

(where X = L3, L2L’, LL’2, L’3) In this work the assumption 
that the peak potential, EP, is equal to the standard redox potential, 

(17) Harris, R. K., Mann, B. E., Eds. “NMR and the Periodic Table”; 
Academic Press: London, 1978. 

(18) Martin, R. L.; White, A. H. Nature (London) 1969, 223, 394. 
(19) Kanekar, C. R.; Dhingra, M. M.; Marathe, V. R.; Nagarajan, R. J .  

Chem. Phys. 1967,46, 2009. 
(20) Yamasaki, A.; Yajima, F.; Fujiwara, S .  Inorg. Chim. Acta 1968,2,39. 
(21) Yamasaki, A. Denki Tsushin Daigaku Gakuho 1977,27,291; 1978.29, 

69. 
(22) Van Gaal, H. L. M.; Diesveld, J. W.; Pijpers, F. W.; Van Der Linden, 

J. G. M. Inorg. Chem. 1979, 18, 3251. 
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Figure 2. (a) Alternatingcurrent voltammogram at a platinum electrode 
in CH2CI2 (0.1 M Bu4NC104) for the cobalt dithiocarbamates CoL,, 
CoL2L’, COLL’~, and COL’~ where L = Bz2dtc and L’ = c-Hx2dtc (ap- 
plied signal 10 mV peak to peak at 200 Hz). (b) Plot showing the linear 
additive relationships of Eo values for the compounds in (a). 

E O ,  was made. A linear progression of Eo values for the C O L ~ ,  
CoL2L’, CoLL’,, and COL’~ complexes was observed (see Figure 
2b). 

Under cyclic conditions with repetitive scanning of the mix- 
ed-ligand complexes, no evidence for ligand exchange to generate 
[CoL3]+ or [CoL’$ was observed. Similar experiments on the 
reduction of Co(II1) a t  a dropping mercury electrode using dif- 
ferential pulse polarography showed no evidence for ligand ex- 
change between [CoL3]- and [CoL’J on the polarographic time 
scale. Interestingly, neither 59C0 or I3C chemical shift data 
correlate in any linear fashion with electrochemical Eo data when 
the whole range of complexes is considered. However, for the very 
closely related subset C O L ~ ,  CoL2L’, COLL’~, and COL’~ an ex- 
cellent linear correlation does exist. Substituent effects for the 
mixed-ligand series are very systematic in both electrochemical 
and N M R  measurements. Eo values reflect the thermodynamic 
influence of substituent effects whereas cobalt-59 and carbon- 13 
N M R  chemical shifts include a number of nonthermodynamic 
terms. A general lack of correlation between the two sets of 
physical data presumably reflects a different mode of influence 
of steric terms.23 

(iii) Mass Spectra. The positive ion q s s  spectrometry of C O L ~  
complexes has been investigated in detail to determine its use- 
fulness in studies of mixed-ligand complexes. Figure 3 (supple- 
mentary material) shows the mass spectrum for C ~ ( M e ? d t c ) ~ ;  
numerical data of mass to charge ratio, m / e ,  and intensities, I ,  
for all the C O L ~  complexes are given in Table S1  (supplementary 
material). Several important observations can be made; the 
molecular ions [CoL3]+- are normally observed although intensities 
vary considerably. Interestingly, the only compounds that showed 
no molecular ions were C ~ ( i - P r P h d t c ) ~  and C~(n-BuPhdtc)~  and 
these are  also the only two compounds for which no direct elec- 
trochemical evidence for the formation of [CoLJ’ could be found 
in CH2CI2 s~ lu t ion . ’~  Mass spectrometry is a form of gas-phase 
electrochemistry, and the instability of [CoL3]+ for these two 
ligands appears to occur in both the gas phase and in solution. 

(23) Bond, A. M.; Carr, S. W.; Colton, R.; Kelly, D. P. Inorg. Chem. 1983, 
22, 989. 
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L‘= Me,n-Budlc  
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(25) Krupcik, J.; Leclercq, P. A.; Garaj, J.; Masgryk, J. J .  Chromatogr. 

1979. 171. 285. 
(26) Given, K. W.; Mattson, B. M.; Miessler, G.  L.; Pignolet, L. H. J .  Inorg. 

Nucl. Chem. 1977, 39, 1309. 
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[CoL,]+., [CoL2L’]+., [COLL’~]+., and [COL’~]+. and 1:2:1 for 
[CoL2]+., [CoLL’]+., and [CoLt2]+. although this is not always 
the case as shown in Figure 4b, c. This confirms that cobalt(II1) 
dithiocarbamate complexes are labile under conditions of positive 
ion mass spectrometry and thus this technique is not suitable to 
study the products of possible ligand-exchange reactions between 
C O L ~  and C O L ’ ~  carried out under other conditions. 

Negative ion mass spectra of metal dithiocarbamate complexes 
have not been widely r ep~r t ed .~ ’”~  The parent ion in negative 
ion mass spectrometry is normally expected to be present as a peak 
of relatively high intensity. However, with C O L ~  complexes, 
relatively weak [CoL3]-- peaks but intense [CoL2]-- fragments 
were found (Figure 5, supplementary material), indicating sub- 
stantial instability of [CoL3]-. in the gas phase. Similarly, in- 
stability of [CoL3]-. was also indicated by electrochemical studies 
in inert  solvent^,'^ once again providing a good correlation between 
mass spectrometry and electrochemistry. 

(iv) Exchange Reactions. (a) Exchange Reactions in Oxidation 
State 111. The mass spectral results presented above imply that 
under the conditions of elevated temperature used in this technique 
exchange reactions could be occurring. Mixtures of C ~ ( E t ~ d t c ) ~  
and C ~ ( i - P r ~ d t c ) ~  were heated in the solid state over a range of 
temperatures from 160 to 220 OC, for a range of pressures from 
1 to 760 mmHg, in the presence of both air and nitrogen, and 
for durations ranging from 2 to 4 days. Prior to heating of the 
solid mixtures thermogravimetric measurements were made on 
the complexes to ensure that the reaction temperatures were below 
the decomposition temperatures of the complexes. After reaction, 
the solids were dissolved in dichloromethane and 59C0 N M R  
readily showed the presence of the mixed-ligand complexes CoL2L’ 
and CoLL’,, confirming that solid-state ligand exchange does 
indeed occur. 

Despite the report12 that ligand-exchange reactions of cobalt 
dithiocarbamate complexes do not occur after refluxing in ni- 
trobenzene solution a t  195 OC, we have observed exchange re- 
actions in chloronaphthalene. Refluxing of Co(Et,dtc), and 
Co(i-Pr2dtc), at  155 OC in chloronaphthalene for 4-5 h, followed 
by chromatographic separation of the cobalt dithiocarbamate 
complexes and subsequent 59C0 N M R  examination in CH2C12, 
provides convincing evidence for the formation of CoL2L‘ and 
CoLLt2. Perhaps surprisingly, BrinkhofPla has observed that 
mixing C ~ ( E t ~ d t c ) ~  and C ~ ( E t x a n ) ~  in chloroform and refluxing 
produces C~(Etxan)(Et~dtc)~ .  Similarly, ready exchange of cobalt 
dithiophosphate complexes has been reported.31b Specific effects 
may be operative in some systems to cause exchange under milder 
conditions than in refluxing nitrobenzene. 

Interconversion of compounds at  elevated temperatures in the 
solid state has been observed in other areas of chemistry.32 The 
mechanism of exchange may be postulated to involve the enhanced 
formation of the dimer cation [Co2Ls]+ at  higher temperature: 

(4) 

(5) 

(6) 

(7) 
The mass spectrum of [Co2L5]+, apart from detection of 

fragments from the anion, is not surprisingly indistinguishable 

X o L 3  * [Co2L5]+ + [L]- 

~ C O L ’ ~  * [ C O ~ L ’ ~ ] +  + [I,’]- 
[ C O ~ L ~ ] +  + [L’I- * C O L ~ L ’  + C O L ~  

[ C O ~ L ’ ~ ] +  + [L]- == COLL’~  + C O L ’ ~  

Fraser, I. W.; Garnett, J. L.; Gregor, I. K.; Jessop, K. J. Org. Mass 
Spectrom. 1975, 10, 69. 
Hauser, P. J.; Schreiner, A. F. Inorg. Chim. Acta 1974, 9, 113. 
(a) Kiser, R. W. In ‘Recent Developments in Mass Spectroscopy”; 
Ogae, K., Hayakawa, T., Eds.; University Park Press: Baltimore, 1970; 
p 844. (b) Gregor, I. K.; Guilhaus, M. Mass Spectrom. Rev. 1984.3, 
39. 
Dakternieks, D. R.; Fraser, I. W.; Garnett, J. L.; Gregor, I. K. Talanra 
1976, 23, 701. 
(a) Brinkhoff, H. C. Inorg. Nucl. Chem. Lett. 1971, 7, 413. (b) 
Cardwell, T. J.; Caridi, D. J .  Chromatogr. 1984, 288, 357. 
(a) O’Brien, P. Transition Met. Chem. (Weinheim, Ger.) 1980, 5, 314. 
(b) Aalbers, D. L.; LeMay, H. E., Jr. Inorg. Chem. 1974,13,940. (c) 
Jagannathan, R.; Mathur, H. B. J .  Inorg. Nucl. Chem. 1968,30, 1663. 
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Figure 6. Cobalt-59 NMR spectra in CHzC12 at 30 OC for the cobalt 
dithiocarbamates CoL,, CoL2L’, COLL’~, and CoL’,: (a) L = pyrrdtc, 
L’ = Me,dtc; (b) L = pyrrdtc, L’ = pipdtc. 

from that of C O L ~ .  With the instrumentation available to us, we 
were unable to examine molecular weights above 800, although 
with single-ion counting on C O L ~  complexes evidence for [Co2L4]+ 
could be found. In the particular case of the relatively low mo- 
lecular weight complex Co(Me2dtc),, single-ion-counting mass 
spectrometric evidence for [Co,(Me,dtc),]+. could also be found. 

MacDonald and Shannon33 have demonstrated via mass 
spectrometry that many acetylacetonates exist in the gas phase 
as dimeric species. Similarly, the formation of dimers is known 
for many  dithiocarbamate^,^-^ and although N M R  data in this 
work and other data all indicate that C O L ~  exists predominantly 
as the monomer in both solution and in the solid state3-5-34-36 at  
ambient temperatures, it is not unreasonable to propose that 
formation of [Co2L5]+ may be enhanced at  elevated temperature. 
We have shown using 59C0 N M R  that [Co2L5]+ reacts readily 
with [L’I- in CH2C12 at  ambient temperatures to produce CoL2L’ 
and C O L ~ ,  in agreement with the literature.I3 Equations 4-7 would 
therefore seem to provide a favorable route to the enhanced rate 
of exchange noted at high temperatures. The reactions must occur 
in the solid phase followed by vaporization of the products. 

(b) Exchange Reactions in Oxidation State 11. In oxidation 
state I1 cobalt is known to be chemically labile. Electrochemical 
reduction of C O L ~  to [CoL3]- may occur with subsequent loss of 
ligand in inert solvents (see eq 9). More recent studies show that 
loss of ligand is catalyzed by traces of oxygen.37 

(8) 

(9)  
In dichloromethane no exchange reactions were observed with 
short-time-scale polarographic experiments in the absence of 
oxygen as described above. In long-time-scale electrolysis ex- 
periments ligand-exchange reactions are readily performed at  20 
OC by simultaneous electrochemical reduction of CoL, and CoL’, 

C O L ~  + e- - [CoL3]- 

[COLJ - CoL2 + [L]- 

(33) MacDonald, C. G.; Shannon, 3. S .  Aust. J .  Chem. 1966, 29, 1545. 
(34) Villa, J. F.; Bursey, M. M.; Hatfield, W. E. J. Chem. SOC., Chem. 

Commun. 1971, 307. 
(35) Iwasaki, H.; Kobayyashi, K. Acta Crystallogr., Sect. B: Struct. 

Crystallogr. Cryst. Chem. 1980, 836, 1657. 
(36) Ayre, V. M.; Shugam, E. A. Sov. Phys.-Crystallogr. (Engl. Transl.) 

1972, 17, 256. 
(37) Bond, A. M.; Page, D. R., unpublished observations. 
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Table 11. Cobalt-59 NMR Chemical Shifts for Mixed-Ligand 
Complexes 

ligands 6 (5  9C0)0 
L L‘ COL, COL,L’ COLL‘, COL’, 

Bond e t  al. 

reactions presumably occur via the lability of the d7 configuration. 
In oxidation states I11 and IV the chemistry associated with the 
dimer [Co2L5]+ is believed to be an important intermediate in the 
steps leading to the formation of mixed-ligand complexes. 
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Appendix: Symbols and AbbreviationsB 
L or L’ RR’dtc ligand 
2-OHEt 2-hydroxyethyl 
3-OHPh 3-hydroxyphenyl 
4-Mepy 4-methylpyridine 

Registry No. Co(Me2dtc),, 23677-76-1; Co(Et2dtc),, 13963-60-5; 
Co(i-Pr2dtc),, 2441 2-36-0; Co(n-Pr2dtc),, 28459-60- 1; Co(i-Bu2dtc),, 

Co(n-Pe2dtc),, 28090-34-8; Co(n-Hx2dtc),, 86527-75-5; Co(n-Oc2dtc),, 
86527-76-6; Co(i-PrMedtc),, 74994-08-4; Co(i-BuMedtc),, 9531 3-06-7; 
Co(n-BuMedtc),, 55059-62-6; Co(n-OcMedtc),, 95313-07-8; Co(n- 
BuEtdtc),, 86527-77-7; Co(r-BuEtdtc),, 953 13-08-9; Co(n-Bu-?-Budtc),, 
86527-78-8; Co(MePhdtc),, 86527-79-9; Co(EtPhdtc),, 36015-82-4; 
Co(n-PrPhdtc),, 95313-09-0; Co(n-BuPhdtc),, 86527-81-3; Co- 
(MeBzdtc),, 86527-82-4; Co(EtBzdtc),, 86527-83-5; Co(Bz2dtc),, 
33539-56-9; Co(c-Hx2dtc),, 51205-54-0; Co(i-Pr-c-Hxdtc),, 86527-84-6; 

(4-MepyEtdtc),, 953 13-1 2-5; CO(~-tolEtdtc),, 35924-68-6; Co(pipdtc),, 
20487-61-0; Co(Z-Me-pipdtc),, 86527-85-7; Co(3-Me-pipdtc),, 86527- 
86-8; Co(.l-Me-pipdtc),, 86527-87-9; Co(2,6-Me2pipdtc),, 86527-88-0; 
Co(pyrrdtc),, 24412-38-2; Co(morphdtc),, 27796-33-4; C~(pyrrdtc)~(i- 
Bu2dtc), 95313-13-6; C~(pyrrdtc)( i -Bu~dtc)~,  95313-14-7; Co- 
(p~rrdtc)~(pipdtc), 953 13-1 5-8; Co(pyrrdt~)(pipdtc)~, 953 13-16-9; Co- 
(pyrrdtc),(Me2dtc), 9531 3-17-0; C~(pyrrdtc)(Me~dtc)~, 953 13-18- 1; 
Co(py~rdtc)~(i-Pr~dtc), 953 13- 19-2; Co(~yrrdtc)(i-Pr~dtc)~, 953 13-20-5; 
Co(M%dtc),(i-Pr2dtc), 95313-21-6; Co(Me2dtc)(i-Pr2dtc),, 9531 3-22-7; 
Co(Me2dtc),(i-Bu2dtc), 953 13-23-8; C~(Me~dtc)(i-Bu~dtc)~, 953 13-24-9; 
Co(pyrrdtc)2(c-Hxdtc), 9531 3-25-0; Co(pyrrdtc)(~-Hxdtc)~, 953 13-26-1; 
Co(morphdtc)2(c-Hxdtc), 95313-27-2; Co(morphdtc)(~-Hxdtc)~, 

95344-19-7; Co(morphdt~)~(i-Pr~dtc), 953 13-30-7; Co(morphdtc)(i- 
P ~ ~ d t c ) ~ ,  95313-3 1-8; C~(Et~dtc)~(i-Pr~dtc) ,  953 13-32-9; Co(Et2dtc)(i- 
P ~ ~ d t c ) ~ ,  95344-10-8; C~(n-Bu~dtc)~(i-Pr,dtc), 95344-1 1-9; Co(n- 
B~~dtc) ( i -Pr~dtc)~ ,  95313-33-0; C~(pipdtc)~(c-Hx~dtc), 95313-34-1; 
Co(pipdtc)(~-Hx~dtc)~, 95313-35-2; C~(n-Bu~dtc)~(c-Hx~dtc) ,  95313- 
36-3; C~(n-Bu~dtc)(c-Hx~dtc)~, 95313-37-4; Co(n-H~~dtc)~(i-Pr~dtc),  
95313-38-5; C~(n-Hx~dtc)(i-Pr~dtc)~, 95313-39-6; Co(n-Oc,dtc),(i- 
Pr2dtc), 95313-40-9; C~(n-Oc~dtc)(i-Pr,dtc)~, 95313-41-0; Co(n- 

C~(pyrrdtc)~(EtPhdtc), 953 13-44-3; Co(pyrrdt~)(EtPhdtc)~, 953 13-45-4; 
Co(Me2dtc),(c-Hx2dtc), 58601-83-5; Co(Me2dtc)(c-Hx2dtc),, 95313- 

28090-33-7; Co(n-Bu,dtc),, 28090-32-6; C O ( S - B U ~ ~ ~ C ) ~ ,  95313-05-6; 

Co(ZOHEtEtdtc),, 95313-10-3; C0(3-OHPhEtdtc),, 95313-1 1-4; CO- 

953 13-28-3; Co(Et2dtc)z(~-Hxdtc), 953 13-29-4; C O ( E ~ ~ ~ ~ C ) ( C - H X ~ ~ C ) ~ ,  

Hxzdtc)z(~-Hxdtc), 953 13-42-1; C O ( ~ - H X ~ ~ ~ C ) ( C - H X ~ ~ C ) ~ ,  953 13-43-2; 

46-5; C O ( B Z ~ ~ ~ C ) ~ ( C - H X ~ ~ ~ C ) ,  95313-47-6; C O ( B Z ~ ~ ~ C ) ( C - H X ~ ~ ~ C ) ~ ,  
95313-48-7; CO, 7440-48-4. 

Supplementary Material Available: Table S1, listing the relative in- 
tensities of fragmentation products obtained from the positive ion mass 
spectra of a range of Co(RR’dtc), complexes, and Figures 3 and 5, 
showing positive and negative ion spectra (6 pages). Ordering informa- 
tion is given on any current masthead page. 

pyrrdtc i-Bu,dtc 7190 7010 6840 6640 
pyrrdtc pipdtc 7190 7060 6910 6760 
pyrrdtc Me,dtc 7200 7070 6950 6820 
pyrrdtc i-Pr,dtc 7200 6920 6650 6390 
Me,dtc i-Pr,dtc 6830 6690 6540 6400 
Me,dtc i-Bu,dtc 6840 6770 6700 6640 

morphdtc c-Hx,dtc 6790 6660 6550 6310 

morphdtc i-Pr,dtc 6800 6660 6530 6400 
Et,dtc i-Pr,dtc 6800 6670 6530 6400 
n-Bu,dtc i-Pr,dtc 6760 6630 6520 6410 

n-Hx,dtc i-Pr,dtc 6770 6660 6530 6410 
n-Oc,dtc i-Pr,dtc 6820 6670 6530 6390 

pyrrdtc EtPhdtc 7200 7020 6830 

pyrrdtc c-Hx,dtc 7200 6960 6590 6320 

Et,dtc c-Hx,dtc 6790 6630 6470 6320 

pipdtc c-Hx,dtc 6770 6610 6440 6310 
n-Bu,dtc c-Hx,dtc 6750 6610 6450 6310 

n-Hx,dtc c-Hx,dtc 6780 6600 6420 

Me,dtc c-Hx,dtc 6830 6680 6570 6320 
a Chemicai shifts relative to 1 M K,[Co(CN),] in water. 

or reduction of C O L ~  in the presence of [L’I- a t  a mercury-pool 
electrode. Subsequent aerial oxidation of the cobalt(I1) species 
to cobalt(II1) leads to 59C0 N M R  identification of C O L ~ ,  CoL2L’, 
COLL’~, and COL’~. Essentially the same results were obtained 
by mixing cobalt(I1) nitrate and equimolar quantities of [L]- and 
[L’I- in water in the presence of oxygen and filtering off the solid 
followed by purifying and dissolving in dichloromethane. Figure 
6a shows that for some ligand combinations the formation of 
complexes is close to the statistical distribution, whereas for others 
this is not the case, as shown in Figure 6b. This method of 
synthesis offers a more convenient preparation of mixed-ligand 
complexes than the reaction of [L’I- with [Co2Ls]+. Table I1 
summarizes mixed-ligand 59C0 N M R  data obtained from these 
experiments, and it can be noted that, except for two combinations 
of L and L’, all four cobalt(II1) complexes could be observed. 

(c) Exchange Reactions in Oxidation State IV. It  was shown 
previously that under short-timescale electrochemical conditions 
no exchange of formally Co(1V) complexes occurs. Longer time 
scale experiments, such as oxidative controlled-potential electrolysis 
of C O L ~  a t  Pt electrodes followed by addition of [L’I- and isolation 
of solid material, does lead to the identification of mixed-ligand 
complexes by 59C0 N M R  measurements. However, since it is 
known that [Co2L5]+ is isolated as a product of electrolysis of 
CoL3,15 the interpretations of these experiments or related ones 
are open to doubt as they are likely to reflect the chemistry of 
[Co2L5]+ rather than that of [CoL3]+. However, on the basis of 
data from short-time-scale voltammetric measurements, exchange 
reactions of [CoL3]+ are not extraordinarily fast. 

Conclusion. In summary, mixed-ligand complexes can be 
formed directly by heating a mixture of CoL, and C O L ’ ~  in the 
solid state and in solution or by reducing or oxidizing C O L ~  in 
the presence of a source of [L’I-. In oxidation state I1 the exchange (38) Other symbols and abbreviations are as defined in ref 15. 


