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Abstract: The labile cobalt (II) complex [Co(TUF)2(Pic)2] with 4,4,4-trifluoro-1-(2-thienyl)-1,3-butanedione (TUF) bi-
dentate and 4-methylpyridine (Pic) monodentate ligands was studied by variable temperature (VT) 19F NMR from 
184 to 312 K. In contrast to the solid state, all the isomers are present in a CD2Cl2 solution. Thermodynamic 
parameters (ΔHo and ΔSo) of each isomer with reference to the trans(N)-trans(CF3)-trans isomer were obtained 
from the fitting of experimental mole fraction values. A kinetics investigation of the isomerization processes was 
performed by lineshape analysis of the spectra using the Kubo-Sack formalism. The suggested bidentate bond-
rupture mechanism involves the breaking of the weakest Co–O bond (closest to the CF3 withdrawing group) with 
the TUF ligand.
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is the predominant factor for paramagnetic 
NMR chemical shift in Co(ii) (4T1g) co-
ordination compounds [8]. The observed 
chemical shifts are important in respect to 
the broadening of the resonance lines, lead-
ing to well-resolved spectra.

Cobalt(ii) adducts [Co(AA)2(Py)2] con-
taining acetylacetonates (AA) and pyri-
dines (Py) exist as several isomers. The 
total number of possible isomers depends 
on the symmetry of the ligands. In the case 
of an axially symmetric monodentate pyri-

dine and an asymmetric acetylacetonate, 
five isomers can be drawn (Fig. 1): three 
isomers have the pyridine N-atoms in the 
cis-position and two in the trans-position. 
In this work we report the 19F NMR study 
of the isomerization processes that occur in 
such a labile cobalt(ii) adduct. The Kubo-
Sack formalism was used to simulate the 
temperature-dependent NMR spectra, al-
lowing conclusions to be drawn on the ther-
modynamic equilibria and on the kinetics of 
interconversion between the five isomers.
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Introduction

The understanding of isomerization pro-
cesses in labile divalent 3d-metal complex-
es is still open to many questions [1–9]. 
Though dynamic NMR spectroscopy is a 
well-known tool to investigate rather inert 
complexes, it has also been successfully 
employed in stereochemical studies of la-
bile cobalt(ii) complexes in solution [8]. 
Providing that the electron spin relaxation 
is at its optimum, NMR spectroscopy can 
be used to investigate equilibria and kinet-
ics of isomeric forms of paramagnetic com-
plexes in solution. It has been established 
that the dipolar pseudocontact component 

Fig. 1. Schematic representation of the five isomers of compound 1
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Results and Discussion

Solid State
As an example we have chosen the 

complex [Co(TUF)2(Pic)2] (1), where TUF 
is 4,4,4-trifluoro-1-(2-thienyl)-1,3-butane-
dione and Pic, 4-methyl-pyridine. The five 
isomers were designated by numbers (I–V) 
as shown in Fig. 1. In the solid state, the iso-
mer V was observed by X-ray analysis for 
compound 1 while with another acetylace-
tonate (tert-butyltrifluoroacetylacetonate) 
the isomer IV was found [5][9]. Both com-
plexes exhibit a fairly regular octahedral 
N2O4 environment formed by two bidentate 
acetylacetonate and two monodentate pico-
line ligands. The latter either in cis (such as 
in V) or in trans position (in IV). 

Solution Equilibria/VT NMR
When 1 is dissolved in CD2Cl2, the 19F 

NMR spectrum shows only one broad sig-
nal above room temperature (Fig. 2). This 
signal broadens further with decreasing 
temperature. Finally, below 260 K, six res-
onance lines are found. A similar behavior 
is observed in the 1H NMR spectra. Each 
single resonance line can be attributed to a 
symmetrical isomer (as far as the CF3 moi-
eties are concerned i.e. I, III, IV, V) and the 
two other signals II-a and II-b belong to the 
less symmetrical one (II). The criteria used 
for the signal assignment (180–265 K) in-
clude comparison of integral ratios, cis(N) 
and trans(N) differentiation in presence of 
the chiral pyridine [S-(−)-1-(4-pyridyl)-
ethanol], effect of solvent polarity on the 
relative stabilities of the isomers and obser-
vation of trans influences in a mixture of 
complexes [9]. 

The bidentate ligand cannot undergo 
fast complete dissociation. Therefore its 
CF3 moiety is an ideal spy to follow the 

intramolecular isomerization processes. 
A detailed analysis of signal integrals and 
spectral lineshape simulation using the Ku-
bo-Sack formalism led to both thermody-
namic and kinetic parameters. 

Thermodynamics
Thermodynamic parameters for the 

isomerization reactions (Eqn. (1)) are read-
ily obtained from the mole fractions (Pi) of 
the different isomers as a function of tem-
perature. At equilibrium, the ratios of the 
mole fractions of the isomers (Pj/Pi) are 
equal to the corresponding relative stabil-
ity constants (Ki,j) and are related to the 
thermodynamic parameters through Eqn. 
(2) and (3).

In the slow exchange regime, the mole 
fractions were directly obtained from the 
signal integrals. At higher temperature, 

mole fractions were obtained from the 
Kubo-Sack treatment (see below). Fitting 
of Eqn. (5) to the experimental mole frac-
tions, within a wide interval of temperature 
(ΔT = 130 K), led to the thermodynamic 
parameters. Fig. 3 shows both experimen-
tal and calculated mole fractions. Numeri-
cal values for isomerization enthalpies and 
entropies are reported in the Table. The 
population of isomer V remains merely 
constant over the entire temperature range 
(184–312 K). At low temperature trans(N) 
isomers are significantly more stable than 
cis(N) ones. The difference in stability of 
the isomers is less pronounced at increased 
temperature. At high temperature, isomer II 
is the most stable isomer; at low tempera-
ture it is isomer IV. 

Kinetics
In the NMR slow exchange approxima-

tion (i.e. before coalescence of the signals) 
the transversal relaxation rates can be di-
rectly obtained from the linewidth W1/2 of 
each signal (Eqn. (6)). The signals were fit-
ted to Lorentzian functions using a home-
made Matlab-based program NMRICMA 
3.1.2. [10].

The logarithmic plots of transverse 
relaxation rates for all five isomers as a 
function of 1000/T are depicted in Fig. 
4. One can easily observe the two oppos-
ing contributions. On the right-hand side 
(at low temperature), the paramagnetic 
relaxation is dominating and decreases 
with temperature. The isomerization is 
kinetically blocked and the paramagnetic 
contribution can be determined precise-
ly.

Fig. 2. Evolution of the 19F NMR (375.3 MHz) signals of the five isomers of 
compound 1 (25 mM in 1 and 175 mM in free Pic, in CD2Cl2) as a function 
of temperature (180–310 K)
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Fig. 3. Experimental and fitted mole fractions of the five isomers of compound 
1 in CD2Cl2 as a function of inverse temperature
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On the left-hand side (high temperature) 
the kinetic contribution is increasing while 
the paramagnetic contribution is decreasing 
and becomes negligible. The kinetic contri-
bution for a specific NMR site is the sum of 
the rate of isomerization towards the other 
sites. In this NMR slow exchange regime, 
the system of equations is therefore the 
sum of classical Eyring equations for the 
various isomerization routes plus a typical 
mono-exponential paramagnetic contribu-
tion (Eqn. (7)–(9)). The experimental data 
for each isomer (j) were simultaneously fit-
ted to those equations using the homemade 
VISUALISEUR program [11]. In this fit, 
the total number of isomerization rate con-
stants could be divided by two by taking 
into account the equilibria constants linking 
forward and backward isomerization reac-
tions.

At higher temperatures, the slow ex-
change approximation is no longer valid 
and we have used the Kubo-Sack formalism 
[12] to fit the NMR spectra. Fig. 5 shows a 
comparison between experimental and cal-
culated spectra at 279.0 K.

Table. Thermodynamic parameters of the isomers of 1 referred to the isomer IV

I II III IV V

ΔHo
IV>j/kJ mol–1 ±0.2 5.45 5.19 –0.53 – 1.38

ΔSo
IV>j/Js–1 mol–1 ±0.6 16.9 19.5 –4.5 – 1.8

Fig. 4. Evolution of the logarithmic transverse relaxation rates of 19F NMR 
signals of the five isomers of compound 1 in CD2Cl2 as a function of 1000/
T

Fig. 5. Experimental (top) compared to calculated (bottom) 19F NMR spectra 
at 279.0K. Isomerization rate constants obtained are indicated (PI = 16.6%, 
PII = 26.0%, PIII =17.8%, PIV = 23.1%, PV = 16.5%).

Mechanism
Octahedral cobalt(ii) complexes usu-

ally undergo substitution reactions accord-
ing to dissociative pathways [13]. By anal-
ogy, two isomerization patterns involving 
only single step dissociative mechanisms 
(pentacoordinated trigonal bipyramidal in-
termediate) can be suggested:
Monodentate Dissociative Mechanism:1)

Dissociative Pic bound/free ligand ex-
change may proceed with isomerization, or 
not.
Bidentate Bond-rupture Mechanism:2)

This involves the breaking of the 
weakest Co–O bond with the TUF ligand 
(closest to the CF3 withdrawing group). 
The reformation of the bond may lead to 
isomerization, or not. This mechanism is 
not purely dissociative, since TUF remains 
partially bound to the metal centre in the 
intermediate. Hence this is a bond-rupture 
mechanism.

It can be shown that among the ten pos-
sible isomerization reactions, only six can 
directly occur for a single-step dissociative 
mechanism. These six possible routes are 
shown in Fig. 6.

Among those six routes, four (II↔
IV, II↔I, II↔V, II↔IV and III↔V) 

(8)

(9)

(7)

are common for both isomerization pat-
terns suggested above. However the route 
I↔III can only occur for the monoden-
tate dissociative mechanism but not for 
the bidentate bond-rupture mechanism. In 
contrary, the route III↔IV can only occur 
for the bidentate bond-rupture case but not 
for the monodentate one. Over the whole 
range of temperature studied, a very good 
agreement between experimental and fitted 
NMR spectra was obtained when the route 
I↔III was neglected (see the excellent 
agreement between experimental and cal-
culated spectra in Fig. 5), while neglecting 
III↔IV did not lead to an acceptable fit of 
the spectra. On the basis on these observa-
tions, the bond rupture mechanism is sug-
gested for the isomerization of compound 
1 in CD2Cl2.

Conclusion and Outlook

All five possible isomers of the oc-
tahedral adduct [Co(TUF)2(Pic)2] were 
observed and identified by 19F NMR, in 
CD2Cl2. The thermodynamic parameters 
(ΔHo, ΔSo) between all the isomers for the 
isomerization equilibria were determined.
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The lineshape analysis of the spectra 
allowed identification of the isomerization 
pathways. Among the two possible single-
step dissociative mechanisms, the bidentate 
single bond-rupture gave the most satisfy-
ing fit over the whole temperature range.

The immediate goals pursued are to 
complement the study of the intramolecular 
isomerization process by a 1H NMR study 
of intermolecular monodentate ligand ex-
change, and to establish volume profiles 
from variable pressure NMR for a better 
mechanistic assignment.

Finally, the scope will be extended to 
other ligands in order to diminish the num-
ber of pathways by reducing the number of 
isomers and obtain a more in-depth view 
of the isomerization mechanisms of labile 
Co(ii) adducts.
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