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Electrochemistry
[CoH1(salen)(DMF)2]+ X“ salts [X = PF6, C104; salen = bis(salicyliden)ethylendiiminato;
DMF = dimethylformamide] have been synthesized by electrochemical and chemical (air)
oxidation of Co"(salen). Their monomeric structure with two DMF molecules in the axial
positions in both the solid state and DMF solution is shown by X-ray crystal structure analysis,
thermal analysis, mass spectroscopy, and 'H and l3C NMR spectroscopy. The electrochemical
reduction of the [Coni(salen)(DMF)2]+ cation is investigated by cyclic voltammetry and com
pared to the oxidation of the neutral CoH(salen). The redox reaction connecting the cobalt(II)
and the cobalt(III) species appears to be a quasi-reversible electron transfer. These properties
make the [Co11 (salen)(DMF)2]+ X- salts starting materials for the analysis of the interaction of
basic substrates with cobalt(III) species in the context of the biomimetic oxygenation reactions
catalyzed by such complexes.

Introduction
The Schiff-base com plex jV,./V'-bis(salicylidene)ethylendiam inato-cobalt(II), C on (salen), 1, is used
as an oxygen carrier to catalyze the preparative scale
oxygenation o f organic substrates. A m ong others,
phenols, am ines, im ines, anilines, indoles, steroids,
and alkaloids can be transform ed into products in
the presence o f 1 [2 - 11].
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Either one or two oxygen atom s are transferred
to the substrate from 0 2 or peroxides. The com 
plex shows m onooxygenase, dioxygenase and per
oxidase type activity [2] and is thus regarded as a
biom im etic model for these enzym es.
* Part 5: see [1].
** Reprint requests to Priv.-Doz. Dr. B. Speiser; e-mail:
bs@echem3.orgchemie.chemie.uni-tuebingen.de.
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Various m echanism s for the cobalt Schiff-base
com plex catalyzed oxygenation have been sug
gested (see e. g. [2, 5, 12, 13]), w hich differ in
the basic reaction step and/or the interm ediates of
the reaction. Both, 1 : 1 and 1 : 2 adducts between
0 2 and 1 w ere regarded as active species [12, 14].
Ternary com plexes com posed o f the Co(salen) unit,
dioxygen, and substrate were discussed [2]. In some
cases [5] the oxidized Co(III) form of 1, the cation
[Com(salen)]+, 2, was form ulated as the catalytically active species.
D etailed therm odynam ic and kinetic data for in
dividual reaction steps are still scarce. In order to
understand the catalytic activity of Co(salen) more
clearly, it is o f interest to study the basic reaction
possibilities o f 1 in various solvents used for the
oxygenation reaction. Also, the interaction of the
catalyst with 0 2, with substrate molecules, and both
has to be characterized in detail.
For the overall reaction it is likely, that electron
transfers are involved in the catalytic process [14,
15], Indeed, 1 can easily be oxidized to the corre
sponding cobalt(III) com plex 2, and one-electron
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redox reaction ( 1 ) has been investigated, in partic
ular by electrochem ical m eans [15 - 23], starting
from 1 or its derivatives in the cobalt(II) oxidation
state.
C on(salen) ^ [C oin(salen)]+ + e~
(1)
Som e reports also deal w ith the redox prop
erties of the corresponding C o(III) species with
O 2N 2 quadridentate Schiff-base ligands: w hile such
cationic com plexes w ere generated in situ and their
reduction investigated by electroanalytical tech
niques [22 ], several w orkers isolated bis-pyridine
cobalt(III) com plexes o f salen and analogues after
air oxidation [23 - 26] and determ ined the reduc
tion potentials [23 - 25], Electron transfer kinetic
data apparently have not been determ ined for the
cobalt(III) reductions and com pared to their coun
terparts for the cobalt(II) oxidation. Recently, the
redox reactions o f [C oIH(salen)]C l could be charac
terized in pyridine and dim ethylform am ide (DM F)
[21]. This com plex, however, has a dim eric struc
ture in the solid state w ith oxygen atom s bridging
the tw o cobalt central atom s [27, 28]. The chloride
anions interact w ith the central atom s and occupy
the rem aining axial positions.
Although the dim er of the chloride appears to
form tw o m onom eric [C oin(salen)]+ units in ba
sic solvents such as those em ployed earlier [27], a
com plex w hich is clearly m onom eric even in the
solid state w ithout interacting counter ions is im 
portant for the investigation o f its reaction with
partners o f the oxygenation, in order to elim inate
any additional chem ical equilibria. Thus, axial lig
ands having strong donor properties had to be pro
vided to avoid dim erization. Furtherm ore, no ba
sic m olecules other than those present in solution
should be contained. Consequently, the axial posi
tion in the cobalt(III) com plex should be occupied
by solvent m olecules. Since D M F is one o f the sol
vents used frequently in preparative oxygenation
reactions, it was also chosen in the present study
for m ost solution experim ents, and the target o f our
work w ere salts o f type [CoHI(salen)(D M F) 2]+ X “ .
The anion X - finally should be only weakly coor
dinating to decrease ionic interactions in solution.
Here, PF^ and CIO 4 were used.
In the present paper we report on the synthesis
o f two such m onom eric cobalt(III) salts, and their
characterization by various analytical m ethods in
the solid state and in D M F solution. Furtherm ore,
their electron transfer properties were investigated

389

in detail and com pared to those o f the reduced form
o f the catalyst, i. e. 1. Thus, reaction (1) was acces
sible from the cobalt(III) side w ith a defined com 
plex species. Such Co com plexes m ay then be used
in further experim ents as starting m aterial for the
study of [CoIH(salen)]+ interactions w ith solvents,
substrates, and/or O 2.
Experimental
General. NMR: Bruker AMX 400 [TMS as ex
ternal standard; [D7]DMF (99.5 % deuteration from
Merck]; H,C-COSY experiments were performed using
the HMQC sequence [29] preceded by a BIRD pulse
to suppress signals from protons bound to l2C and to
alleviate dynamic range problems [30]. Heteronuclear
longrange correlation (HMBC) was optimized for cou
pling constants of 8 Hz with low-pass J filter to suppress
one-bond correlations [31], Data extraction and analy
ses of NMR spectra were performed with the XSPEC
software package (Version 2.0, Bruker Instruments Inc.
& Spectrospin AG) running on an IRIS Indigo worksta
tion (Silicon Graphics). - MS: mass spectrometer API
III, equipped with a nebulizer-assisted electrospray (“ion
spray”) source (Sciex, Thornhill, Ontario, Canada). thermal analysis: STA 409 Netzsch (heating rate 5 °C
min-1 ). - cyclic voltammetry: BAS 100 B Electrochem
ical Workstation. Cyclic voltammetry was carried out in
a full-glass cell under argon with a three-electrode sys
tem [working electrode: Pt electrode tip (Metrohm) with
an electroactive surface A = 0.076 cm2; counter elec
trode: Pt wire; reference electrode: Ag/Ag+ (0.01 M) in
CH 3CN/0 . 1 M NBU4PF6, connected to the working elec
trode with a Haber-Luggin capillary]. All potentials are
reported versus the ferrocene/ferrocenium ion standard
redox couple [32] in DMF. All cyclic voltammograms
are background corrected. DMF was dried over activated
molecular sieves (3 A) and fractionally distilled four times
in the dark. Only 60 % were used for the next distilla
tion in each step. Quantitative analysis of peak potentials
and peak currents (multi-parameter estimation) was per
formed with the program ESTIMAT [33] running on the
CONVEX 3260 of the Zentrum für Datenverarbeitung der
Universität Tübingen under the UNIX operating system.
For simulation of cyclic voltammograms either
CVSIM from the EASI program package [34] on the
UNIX system or DigiSim [35] on a PC with a 80486
DX2/66 processor were used with essentially identical
results.
Syntheses. [Co,n(salen)(DMF)2]+PF^ by electrochem
ical oxidation: Co"(salen) (0.21 g, 0.643 mmol) was oxi
dized potentiostatically in an electrolytical cell at an elec
trode potential of —0.3 V. 125 ml of a 0.05 M solution of
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NB 114PF6 in DMF were used as electrolyte. The electro
lysis was stopped when no further significant change of
the current was observed. Then the current had reached
about 4 % of its starting value. An electrical charge of
31.3 C had passed through the cell, according to 51 % of
the charge expected for a one-electron oxidation. After
the electrolysis, the solution was evaporated (rotary evap
orator, ca. 10 mbar, 50 - 60 °C). «-Heptane was added to
the oily residual, the solution decanted and the remaining
brown solid dried overnight in vacuo. In order to sepa
rate the excess supporting electrolyte, dioxane was added
and the solution decanted. This process was repeated two
more times. Diethyl ether was added to the remaining
black material, the solution decanted, and the solid dried
overnight again. Then CH 2CI2 was added to the solid and
again the solution was decanted. Finally, a black brown
solid was obtained which was dried overnight in vacuo.
In order to produce a crystalline product, the raw material
was dissolved in a small amount of DMF. The solution
was placed inside a beaker in a closed vessel and kept
under a saturated atmosphere of diethyl ether. Crystals
formed within a few days. They were collected, dissolved
once more and crystallized again. After this procedure,
crystalline dark brown plates were obtained, which de
compose slowly on exposure to air. Yield 0.13 g (33 %).
C22H28CoF6N404P (616.4)
Calcd. C 42.87 H 4.58 N 9.09%,
Found C 42.70 H 4.88 N 8.93%.
Other analytical or spectroscopical data see text.
In a separate experiment, the DMF solution for the
crystallization was kept first under an atmosphere of diox
ane. After some weeks the dioxane was replaced by di
ethyl ether. The crystals formed in this experiment contain
two molecules of dioxane per formula unit and were used
for the X-ray crystal structure analysis.
[Coin(salen)(DMF)2]+C10^ was synthesized in ana
logy by electrolysis, but NBu4C104 was used as support
ing electrolyte instead of NBu4PF6. The perchlorate is bet
ter soluble in CH 2CI2 than the hexafluorophosphate. Con
sequently, the purification step with CH 2CI2 was omitted.
[C o111(salen)(DMF)2] +C104 by air oxidation:

Con(salen) (4.5 g, 0.014 mol) was dissolved in CHCI3
(800 ml) and kept under reflux for two hours. After the
solution had cooled down to room temperature, it was fil
tered off and left standing in contact with air for five days.
A black precipitate, CoIU(salen)OH, formed, from which
the solution was filtered off. The residual was washed with
CHCI3 and dried in vacuo. The resulting Coin(salen)OH
(3.2 g) was dissolved in methanol (40 ml). A black resid
ual (ca. 0.35 g) was separated. 1 ml of 70 % HC104 was
added to the solution under stirring, followed by 200 ml
of ethyl acetate. A dark brown precipitate formed, which
was separated by filtration and washed twice with very

little amounts of methanol. Then it was washed twice
with dioxane, once with ether and finally dried overnight
in vacuo. The product (0.8 g, 10 %; black crystals) was
purified in the same ways as described for the electro
chemical syntheses. Most of the dioxane in the dioxane
containing material could be removed after drying for one
week in vacuo. The remaining amount of dioxane was de
termined by integration of its 1H NMR signal resulting in
the formula [CoUI(salen)(DMF)2]+PF^ • 0.048 dioxane.
Yield 0.65 g (8 %).
C 22H28C 1CoN 40 8 (570.9, complex without dioxane)
Calcd. C 46.29 H 4.94 Cl 6.21 N 9.81%,
Found C 46.44 H 5.27 Cl 6.24 N 10.03%.
in situ generation o f [C oin(salen)(DMF)2] +:

Con(salen) was dissolved in 50 ml DMF/0.1 M NBu4PFö
(typical complex concentration: 1 - 2 mM) in a divided
electrochemical cell which was equipped with Pt-net
electrodes and a Pt-tip as working electrodes [reference:
Ag/Ag+ (0.01 M in CH 3CN)] and allowed to perform both
cyclic voltammetry and bulk electrolysis. Before the elec
trolysis, the redox reaction of Con(salen) was studied by
cyclic voltammetry. Then, the cobalt(II) complex was ox
idized at —0.3 V to the cobalt(III) form in 89 - 92 % yields
(determined by the charge transferred during the electrol
ysis). After the oxidation, cyclic voltammogramms were
recorded now starting with [Com(salen)(DMF)2]+.
X-ray crystal structure analysis o f
[Co'" (salen )(DMF)2] +PF ~:
Crystal data fo r [Coni(salen)(DMF)2] +PF$ • 2 dioxane,
C3oH42CoF6N40 8P mol. mass 792.6.

A brown single crystal, obtained by slow diffusion
of first dioxane and then diethyl ether into a dimethylformamid solution of the hexafluorophosphate, was used.
Dimensions 0.50 x 0.45 x 0.30 mm. Triclinic; space
group P I; a = 958.9(3), b = 1335.9(4), c = 1461.7(5)
pm, a = 106.68(2)°, 0 = 100.16(2)°, 7 = 105.21(2)°, V
= 1665.6 • 106 p m \ Z = 2, pcaic = 1.580 g/cm3, A(MoKQ)
= 71.069 pm , 11 = 6.464 cm“ 1, F(000) = 824.
Data were collected at —65 °C with an Enraf Nonius
CAD4 single crystal diffractometer in u}/20 mode. In the
range of 0 = 3 - 24° 6243 intensities were recorded, of
which 4416 unique values with I > 3<r(/) were used for
structure determination and refinement. The structure was
solved by direct methods [36] and successive difference
Fourier syntheses [37], After refinement with isotropic
displacement parameters an empirical absorption correc
tion was carried out [38]. Now anisotropic displacement
parameters were used for all non-hydrogen atoms. Hy
drogen atoms defined by the molecular geometry were
inserted at calculated positions and given fixed isotropic
displacement parameters ( d c - H =95 pm. B = 5 • 104 pm').
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Table I. Atomic coordinates and equivalent isotropic
displacement parameters (pm2 x 10_ ')fo r
[Co!II(salen)(DMF)2]+PF6.

Table II. Selected bond lengths [pm] and angles [°] in
the [CoHI(salen)(DMF)2]+ complex cation; standard de
viations are given in parenthesis.

Atom

Lengths:

Co
01
02

N1
N2
O il
022

N il
N22
Cl
C2
C3
C4
C5
C6
Cl

C8
C9
CIO
C ll
C12
C13
C14
C15
C16
C110
Cl 11
Cl 12
C220
C221
C222
PI
FI
F2
F3
F4
F5
F6

X

y

z

U(e q)a

0.00724(6)
0.1597(3)
-0.0784(3)
0.0915(4)
-0.1457(4)
0.1062(3)
-0.1071(3)
0.3065(4)
-0.2114(4)
0.2645(5)
0.3578(5)
0.4699(6)
0.4976(6)
0.4103(6)
0.2922(5)
0.2048(5)
0.0142(6)
-0.1476(6)
-0.2324(5)
-0.2393(5)
-0.3305(5)
-0.3434(6)
-0.2680(5)
-0.1800(5)
-0.1620(4)
0.2450(5)
0.4665(7)
0 .2201 (8)
-0.1229(5)
-0.2270(6)
-0.2996(6)
-0.5149(1)
-0.3412(4)
-0.5526(4)
-0.4725(4)
-0.6858(4)
-0.5183(6)
-0.5091(5)

0.01196(5)
0.0604(2)
-0.1082(2)
0.1321(3)
-0.0382(3)
-0.0730(2)
0.0933(2)
-0.1104(3)
0.1495(3)
0.1583(4)
0.1846(4)
0.2838(5)
0.3610(5)
0.3382(4)
0.2376(4)
0.2185(4)
0.1170(4)
0.0493(4)
-0.1380(4)
-0.2263(4)
-0.3347(4)
-0.4223(4)
-0.4031(4)
-0.2984(4)
-0.2072(4)
-0.0550(4)
-0.0904(6)
-0.1921(5)
0.1002(3)
0.1618(4)
0.1972(4)
-0.2284(1)
-0.1988(3)
-0.2942(3)
-0.1638(3)
-0.2549(4)
-0.3349(3)
-0.1222(3)

0.29276(4)
0.4110(2)
0.3302(2)
0.2544(3)
0.1743(3)
0.2157(2)
0.3554(2)
0.1753(3)
0.4772(3)
0.4516(3)
0.5474(4)
0.5942(4)
0.5478(5)
0.4553(5)
0.4055(4)
0.3074(4)
0.1521(4)
0.1327(4)
0.1294(3)
0.1679(3)
0.1057(4)
0.1381(4)
0.2349(4)
0.2970(3)
0.2660(3)
0.2349(4)
0.1989(6)
0.0801(5)
0.4399(3)
0.5760(4)
0.4220(4)
-0.15701(9)
-0.1103(3)
-0.0861(3)
-0.2278(2)
-0.2021(3)
-0.2376(3)
-0.0740(3)

4.00(3)
4.4(1)
4.3(1)
5.0(2)
4.6(2)
4.7(1)
5.0(1)
6 . 1 (2)
4.7(2)
4.5(2)
5.0(3)
5.9(3)
6.3(4)
6.5(4)
5.0(3)
5.6(3)
6.2(3)
6.2(3)
4.6(2)
4.4(2)
5.1(3)
5.6(3)
5.6(3)
5.1(2)
4.1(2)
5.0(2)
10.4(5)
9.1(4)
4.3(2)
7.4(3)
7.4(3)
5.3(6)
10.0(3)
11.4(2)
10.4(2)
11.0(3)
11.9(3)
11.3(3)

a(/(eq) is defined as one-third of the trace of the orthogo
nal ized Ujj tensor.
In the final refinement the secondary extinction coefficient
[39] was taken into account, affording an agreement fac
tor of/? = 0.054, Rw = 0.059.

Results and Discussion
S yn thesis

For the preparation o f m onom eric
[C oMI(salen)(D M F ) 2]+ X~ salts two pathw ays were
em ployed.

C oC oC oC oC oC oO l02-

Ol
02
N2
Ol 1
022
N1
Cl
C16

N1 N1 N2 N2 C6 CIOC8 -

187.7(3)
187.6(4)
188.0(4)
191.5(4)
190.5(4)
188.2(5)
131.2(5)
131.8(5)

Cl

C8
CIO
C9
Cl

C ll
C9

128.3(5)
148.1(8)
126.9(5)
146.9(9)
144.5(8)
143.3(9)
150.4(8)

Angles:
Ol
Ol
Ol
Ol

Co - 02
Co - O il
- Co - N1
- Co - N2
0 2 - Co - 022
02 - Co - N1
Cl - C 6 - C l
Co - 022 - C220
Co - N1 - C l
O l l - Co - N1
N1 - C 8 - C9
C l - N1 - C 8
0 22 - Co - N1
N2 - C10- C ll
Co - N2 - CIO
C9 - N2 - CIO
Ol - Cl - C2
0 2 - Cl 6 - C15
-

-

85.8(1)
94.0(1)
94.7(2)
179.3(2)
91.2(2)
179.5(2)
122.4(4)
123.8(4)
126.2(4)
89.9(2)
106.7(5)
12 1 . 1 (6 )
88.6 ( 2 )
125.1(4)
125.2(4)
122.8(4)
117.7(5)
119.1(4)

0 2 - C16- C l l
Ol - Co - 0 2 2

123.4(5)
92.4(1)
126.3(4)
Co - Ol - C l
0 2 - Co - O i l 90.2(2)
Co - 0 2 -C 1 6 123.6(3)
Co - O il -C 110 126.0(3)
0 2 - Co -N 2
93.7(2)
0 1 1 - Co - 0 2 2 173.5(1)
N1 - C l - C 6
124.9(6)
Co - ■N1 - C 8
112.6(3)
0 1 1 - Co -N 2
85.7(2)
N2 - C9 - C 8
106.7(5)
Co - ■N2 -C 9
111.8(3)
0 22 - Co -N 2
87.9(2)
86.0(2 )
N1 - Co -N 2
C10- C ll -C 1 6 122.2(4)
124.5(4)
Ol - Cl - C 6

Firstly, C ou(salen) was oxidized ch em ica lly by
air. As shown by T sum aki [40], C om(salen)O H is
form ed by reaction o f C on(salen) w ith O 2 in C HCI 3:
C on(salen)

C om(salen)O H

(2)

The resulting hydroxo com plex can be neutralized
in m ethanol by H CIO 4 [41] to produce the raw per
chlorate.
A lternatively, in an electro ch em ica l synthesis,
C on (salen) was oxidized at a constant potential
in D M F in an electrolytical cell to form the oneelectron oxidation product [CoHI(salen)]+. D epend
ing on the supporting electrolyte, cobalt(III) com 
plexes w ith two different counter ions can be ob
tained: [CoI,I(salen)(D M F) 2 ]+PF6" (with NBU4PF 6
as supporting electrolyte) and
[Coin(salen)(D M F) 2 ]+C 104 (w ith N B u 4C 10 4 as
supporting electrolyte). Due to a decrease of the
electrode activity over the electrolysis time, the
charge passed through the cell is less than that

state.

expected for a com plete oxidation and a consid
erable am ount o f starting m aterial rem ains.
A fter the electrolyses, the cobalt(III) com 
plexes have to be separated from the excess
o f the respective supporting electrolyte and re
m aining C on (salen). The different solubilities of
the species were used to achieve this: while
the supporting electrolytes are soluble in diox
ane, this is not the case for the [CoIH(salen)]+
salts. Consequently, [CoIII(salen)(D M F) 2 ]+PF6_ and
[CoIII(salen)(D M F)2)]+C 104‘ could be separated
by repeated extraction o f the crude product with
dioxane.
In both m ethods, the raw products w ere dissolved
in D M F and crystallized by vapor diffusion. The
elem ental analyses o f the recrystallized m aterials
indicate that two D M F m olecules are present for
one C o(salen) unit. If dioxane was used in the vapor
diffusion experim ent, the product additionally con
tained dioxane. M ost o f the dioxane can, however,
be rem oved during subsequent drying under highvacuum conditions.

C rysta l structure an alysis

Structures o f bis-pyridine cobalt(III) Schiff-base
com plexes [23], oxygen adducts to Co(salen) [42],
substrate adducts [43], or dim ers [27, 28] w ith
[Com(salen)] units have already been described.
The structure of [Co11I(salen)(D M F) 2 ]+PF 6‘
• 2 dioxane in Fig. 1 (atom ic coordinates are given
in Table I, bond lengths and angles in Table II)*
shows that no other ligands than the salen m oiety
and D M F m olecules interact w ith the central cobalt
atom. In particular, no counter ion interaction can
be found in the solid state.
The equatorial salen ligand is coordinated to the
central metal ion with two O and two N atom s
with the Co atom attaining a position in the plane
o f the O 2N 2 donors. A sixfold quasi-octahedral
“Details of the crystal structure investigation are avail
able on request from the Fachinformationszentrum Karlsruhe,
Gesellschaft für wissenschaftlich-technische Information mbH,
D-76344 Eggenstein-Leopoldshafen, on quoting the depository
number CSD-59140. the name of the authors, and the journal
citation.
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coordination sphere o f cobalt(III) species is reached
by tw o D M F m olecules bound in the axial posi
tions. Both D M F m olecules are coordinated to the
cobalt atom by their oxygen atoms. The com plex
cation is form ulated as [C om(salen)(D M F)2]+ and
Co in its oxidation state +III reaches a 18-electron
configuration.
The ethylene diam ine bridge in the salen ligand
form s together with the central Co atom a fivem em bered ring. One o f the C atoms (here, C8) is
placed above, and the other one (C9) below the
plane through N2, Co and N l. Thus, in the crys
tal, the N -C H 2- C H 2- N bridge attains a non-planar
conform ation, forcing the two arom atic units o f the
ligand from coplanarity. In this conform ation, the
C H 2 hydrogen atom s have staggered positions.
Furtherm ore, the crystal structure analysis re
veals that the unit cell contains two m olecules o f
dioxane, due to the crystallization procedure. These
are om itted in Fig. 1, as is the PF^ anion.
T herm al an a lysis

Sam ples o f solid [CoIH(salen)(D M F)2]+C 1 0 J
w ere investigated by therm ogravim etry, differential
therm ogravim etry, and differential therm oanalysis.
A t 107 °C ca. 12 % o f the initial mass was lost. This
agrees with the cleavage o f a single D M F m olecule
(12.8 %) per form ula unit. At a tem perature o f 225
°C the com plex decom poses and only 11 % o f the
initial m ass rem ains. The organic parts (salen lig
and and D M F) o f the com plex have com pletely
disappeared and only Co (10.3 % o f the form ula
w eight) is left. In contrast, in the case o f a Co(II)
bis-w ater Schiff-base com plex, form ation o f CoO
was recently observed as therm al reaction product
[44], albeit at m uch higher tem peratures.
D ifferential therm oanalysis shows the cleavage
o f the first m olecule D M F to be an endotherm ic
process. On the other hand, the decom position of
the com plex is an exotherm ic reaction. U nder the
conditions o f these experim ents, obviously at least
one axially bound D M F can be rem oved w ithout de
stroying the com plex. From [(D M F)Co(salen )]2 02,
the ligands D M F and O 2 are also cleaved in separate
stages [45].

Mass Spectrometry
Sam ples o f [C oIII(salen)(D M F)2]+PF6‘ and
[C om(salen)(D M F) 2]+C 104 were investigated by
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electrospray m ass spectrom etry (M S). It was ex
pected that cleavage o f even w eakly bound lig
ands should not occur under the m ild ioniza
tion conditions [46] prevailing. D ichlorom ethane
was used for the MS experim ents with
[Com(salen)(D M F) 2]+C 104 . The investigation of
[Com (salen)(D M F) 2]+PF 5 , w hich is not soluble in
C H 2CI 2, was carried out in D M F as solvent.
The m ass spectrum o f the hexafluorophosphate
shows characteristic peaks at m / z = 471 (97 %),
398 (100 %), and 325 (39 %). The first peak corre
sponds to the com plex cation [CoHI(salen)(D M F )2 ]+
(mol. m ass 471.4), w hile the second one results
from a species w ith only one D M F m olecule bound
to the Co atom ([C om(salen)(D M F)]+, mol. mass
398.3). Species [Coin(salen)]+ w ithout any D M F
has a m olecular m ass o f 325.2. The relative inten
sity o f the peaks was strongly dependent on the
ionization conditions.
U nder electrospray M S conditions tw o m olecules
o f D M F rem ain bound to the central cobalt(III)
atom. They are cleaved stepwise. The mass spec
trum o f the perchlorate com plex (sim ilar signals as
for the hexafluorophosphate) in C H 2CI 2 shows that
no exchange of D M F by dichlorom ethane in the
axial positions takes place. This is in accordance
w ith electrochem ical results [47], which indicate
that such exchange equilibria lie far to the side of
m ore basic ligands. Consequently, C H 2CI 2 is not
able to substitute D M F in these cobalt(III) com 
plexes to an appreciable amount.
N M R sp e ctro sco p y

D etailed structural inform ation about the diam ag
netic cobalt(III) com plex cation in solution may be
gained from nuclear m agnetic resonance (NM R)
experim ents. Proton N M R spectra o f cobalt(III)
Schiff-base com plexes w ith salen and hom ologues
as equatorial and pyridine as axial ligands have
been discussed [23] in term s of steric interactions.
Earlier H ill e t al. [48] had already analyzed ‘H
N M R data o f bis(acetylacetone)-ethylenediam ine
cobalt(III) cations and interpreted electronic effects
o f ligands.
The assignm ent o f 'H and 13C N M R signals to
the corresponding nuclei in [Coni(salen)(D M F) 2]+
is o f im portance for the application o f this species
to determ ine the equilibrium constants of ligand
exchange reactions [1]. O ne-dim ensional 'H and
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Table III. NMR spectroscopic data of
[ColII(salen)(DMF)2]+ in [D7]DMFa.
1H NMR

1
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4

5/6
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4.46
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—
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s
—
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d
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m
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Fig. 2. Numbering of protons (left) and carbon atoms
(right) in the salen ligand of Co(salen) type complexes as
used for the discussion of the NMR data.
I3C NMR data were supplemented by H,C-COSY,
H,C long range, and NO ESY [49] results in
[D 7 ]DMF, which allow unequivocal and complete
interpretation o f the spectra.
Table III summarizes the ]H and l3C NM R data
and the assignment o f the signals to the respective
protons and carbon atoms. The numbering o f the 1H
and l3C nuclei used in this work is shown in Fig. 2.
The 1H NMR spectrum (Fig. 3) shows singlets for
the ethylene and the azomethine protons (1 and 2 , re
spectively). The aromatic protons (3 - 6 ) give rise to
three signals with an integration ratio o f 1:2:1. Ad
ditional signals are found for the protons o f the sol
vent (incomplete deuteration, signals A, F, and G),
water (D), and dioxane (E), the latter being present
in the sample due to the experimental conditions
during crystallization and not com pletely removed
in vacuo.

Earlier experiments had shown that
[Coin(salen)L 2 ]+ com plexes slowly exchange the
axial ligands in solution [47]. During sample prepa
ration for the NMR experiments equilibration oc
curs according to
[Co,n(salen)(DM F)2]+ + 2[D 7]DMF
^ [Coin(salenK[D 7 ]DM F) 2]+ + 2DM F
~
Equilibrium (3) is shifted to the right hand side

Fig. 3. 'H NMR spectrum of [CoUI(salen)(DMF)2]+ in
[D7]DMF (solution of the perchlorate).
due to the excess of [D7]DMF and liberates nondeuterated solvent molecules. Their signals B and
C can be found in the spectrum. The integration
of these peaks confirms the presence o f two DMF
molecules in the starting complex.
The signals of the ethylene bridge and azome
thine carbons could be assigned unequivocally in the
13C NMR spectrum. For the aromatic signals, except
those at 140.3 and 140.1, a hypothetical assignment
was derived from standard shift increments [50].
Based on the signal of the azomethine proton at
8.46 ppm, NOESY results allowed the assignment
o f the signals to the protons in ortho (proton 3,
6 = 7.5 ppm) and meta position (proton 4, 6 = 6.64
ppm). Subsequently, the signals of carbon atoms 4
and 5 could be identified from H,C COSY data.
The assignment of the signals of the remaining two
carbon atoms (6 and 7) was accomplished from H,C
long range results, which also confirm the reasoning
above. The signals of protons 5 and 6 could not be
resolved.
The protons of the ethylene diamine bridge in the
salen ligand show a singlet (Table III and Fig. 3, sig
nal 1) from room temperature down to « —60 °C.
The crystal structure of the [CoHI(salen)(DM F) 2 ]+
hexafluorophosphate has shown that the ethylene
bridge attains a non-planar conformation in solid
state. In solution, such a rigid arrangement o f the
Schiff-base ligand may be retained, or if the ligand
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E/V

Fig. 4. Cyclic voltammograms of [Com(salen)(DMF)2]+ (by in situ preparation) in DMF/0.1 M NBU4PF6, concentration
of the complex: 0.9 mM, scan rates v = 0.05, 0.20, 1.00, 5.12, and 10.24 Vs-1 (with increasing peak currents).
w ere flexible enough, a dynam ic equilibrium could
be follow ed, in w hich C8 and C9 (see Fig. 1) move
through the N 2 -C o -N 1 plane. In a rigid bridge, the
four protons w ould not be equivalent and conse
quently give rise to a m ultiplet in the spectrum . The
singlet in the ’H N M R spectra can, however, be
explained by the dynam ic conform ational equilib
rium , w hich renders the four protons equivalent on
the tim e scale o f the N M R experim ent. In princi
ple, a planar conform ation o f the ethylene diam ine
bridge in solution w ould also give rise to a sing
let in the 1H N M R spectrum . Due to the increased
strain in a planar structure, however, we consider
such a conform ation as unlikely. This assum ption
is in accordance w ith structural results at com 
plexes o f ethylene-bridge substituted hom ologues
o f salen [23].
C y clic vo lta m m etry

C yclic voltam m etry provides a further way to
characterize redox-active com plexes such as the
[CoIU(salen)(D M F) 2]+ species discussed here.
Figure 4 presents cyclic voltam m etric current/
potential curves o f [C oin(salen)(D M F) 2 ]+ at a Pt

electrode in D M F at various scan rates v . Starting
at a potential positive enough that the cobalt(III)
species is stable, the voltam m ogram s show a re
duction peak at E « —0.5 V (all potentials are
given vs. the Fc/Fc+ standard redox couple, Fc = fer
rocene [32]). The re-oxidation peak o f the produced
C on(salen) appears at a potential o f E « —0.4 V on
the reverse scans o f the voltam m ogram s. The peak
potential difference (65 - 76 m V at v = 0.02 V s “ 1)
increases w ith increasing scan rate, indicating that
the electron transfer is quasi-reversible [51] w ith
a m easurable heterogeneous electron transfer rate
constant k s.
The voltam m ogram s were analyzed quantita
tively according to such an Eqr m echanism . The
transfer coefficient a , k s, as well as the diffusion co
efficient D w ere determ ined by the m ulti-param eter
estim ation technique [52, 53] from reduction peak
currents and the peak potentials as a function o f the
scan rate (see Table IV for m ean values from five
independent experim ents). The form al potential E °
o f the redox process was calculated as the m ean
value of the peak potentials.
Only small differences w ere observed for the
results from in situ generated and the isolated
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Table IV. Peak features of cyclic voltammograms of [Coni(salen)(DMF2)]+ in DMFd.
v [Vs-1]

E rped [mV]

EpX [mV]

E° [mV]

-1 £ P [mV]

*pd/ y /v c [—r=^== ]
VVs-'mM

0.02
0.05
0.10
0.20
0.50
1.00
2.01
5.12
10.24

-4 9 3
-4 9 5
-4 9 9
-5 0 5
-5 1 7
-531
-5 4 8
-5 6 6
-5 8 6

-4 1 4
-4 0 6
-401
-3 9 3
-3 7 9
-3 6 7
-351
-3 4 1
-3 2 3

-4 5 3
-451
-451
-4 5 0
-4 4 9
-4 4 9
-451
-451
-4 5 4

76 ± 3
87 ± 7
96 ± 11
110 =b 15
136 ± 2 4
163 ± 32
197 ± 4 0
225 ± 4 1
264 ± 42

37.8 ±
36.5 ±
35.7 ±
35.0 ±
33.4 ±
32.8 ±
31.6 ±
31.0 ±
29.5 ±

± 6
± 6
± 7
± 8
± 11
± 15
± 19
± 22
±26

±5
± 4
± 5
±6
± 11
± 15
± 20
± 19
± 18

± 5
± 5
±5
± 4
± 3
± 2
±2
± 1
± 5

1.8
1.6
1.8
1.9
2.4
2.2
2.4
2.0
2.4

a Determined for the perchlorate; values with standard deviations.

Table V. Electron transfer characteristics for the
[Coin(salen)]+ == Con(salen) redox system in DMF.
E° [mV]d D [10 6cm2s 1]
a -4 5 0 ± 1 3.5 ± 0 .1
b -4 5 7 ± 6i 4.7 ± 0 .5
4.8
c —310 e

[cm s 1]

a

0.010 ± 0 .0 0 4 0.44:£ 0.06 ^
0.011 ± 0 .0 0 3 0.64:t 0.02 h
0.006 - 0.008 * 0.30-- 0.35 S’f
0.65-- 0 . 7 0 ^

a from cyclic voltammetry of [Com(salen)(DMF)2]+
species at a Pt electrode, this w ork;b from cyclic voltam
metry of Co"(salen) at a Pt electrode, this work;c a sb from
[17]; d vs. Fc/Fc+ (Fc = ferrocene); e recalculated from
data in [ 17], using the potential difference between Fc/Fc+
and BCr+/BCr [BCr = bis(biphenyl)chromium] given in
[32];f dependent on the concentration of supporting elec
trolyte NEt4C 104 [17];g transfer coefficient of oxidation
Con(salen) — ■> [Com(salen)]+; h transfer coefficient of
reduction [Com(salen)]+ — ►Con(salen); 1 recalculated
from data in [ 17] as (1 —a).
cobalt(III) species. M ean values o f the param eters
are given in Table V (row 1). They are com pared to
results from cyclic voltam m ogram s o f the neutral
Co(salen) under our conditions (row 2) and the data
given by K apturkiew icz and Behr [17] (row 3).
The diffusion coefficient D , k s, and the transfer
coefficient o f the reduction process com pare very
well betw een our data and those reported by K ap
turkiew icz and Behr [17] (rows 2 and 3 in Table V,
respectively). The E ° , however, show a substan
tial difference, w hich m ight at least partly be due
to the recalculation betw een the ferrocene and the
bis(biphenyl)chrom ium standards [32].
G ood agreem ent is found for E ° and k s from
com plexes in the cobalt(II) and the cobalt(III) oxi

dation state investigated under identical conditions
in our laboratory (rows 1 and 2 in Table V). The
transfer coefficients determ ined from experim ents
w ith the two redox partners, w hich are expected to
add up to a value o f unity, are consistent. The diffu
sion coefficients of the cobalt(III) species is sm aller
than that of the cobalt(II) com plex. This can be ex
plained by the fact that the redox active species bears
a charge in the form er case. The positive charge will
attract counter ions and solvent dipoles to the com 
plex, rendering the effective radius o f the ion larger
than that of the neutral cobalt(II) species and slow 
ing down diffusional transport [54],
Full cyclic voltam m ogram s over a w ide range of
scan rates (0.05 < v < 10.25 V s- 1 ) could success
fully be sim ulated by m eans o f program s C V SIM
and DigiSim with the Eqr m echanistic m odel and
only slightly differing param eters ( E ° , D , k s, cv) for
both the experim ents starting w ith the cobalt(II) and
the cobalt(III) com plexes. This indicates the validity
o f the Eqr m echanism for redox reaction (1).
C onclusions

The results from various analytical techniques
discussed in this paper conclusively show that
[Coni(salen)(D M F) 2 ]+ is a m onom eric species in
both the solid state (as perchlorate and hexafluorophosphate) and in D M F solution. An 18-electron
configuration o f the central Co atom is reached by
axial com plexation of two D M F m olecules. The
D M F ligands are exchanged versus deuterated D M F
in the presence of an excess o f the latter. N o d i
rect interaction o f the com plex cation w ith either
the perchlorate or the hexafluorophosphate counter
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ions is apparent. The chelate ligand prefers a nonplanar conformation o f the -N -C H 2-C H 2- N - unit
in the solid state and in solution. It is sufficiently
flexible to allow a fast conformational movement
of the two CH2 groups through the - N - C o - N plane in solution. N o chemical reactions are cou
pled to the redox equilibrium o f equation (1):
Co11(salen) and its cobalt(III) form are intercon
verted in DM F follow ing a quasi-reversible electron
transfer. Consequently, [CoIII(salen)(DM F)2]+PFf~
or [CoHI(salen)(DM F)2]+C104 are materials well
suited for the investigation o f the interactions
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