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New trinuclear mixed-valent Co™-Co-Co™ complexes with

salen-type ligands have been synthesized and characterized
both in the solid state and in solution. These complexes
comprise a central CoCl, unit connecting two [RCo-
(4,4',7,7'tmsalen)] fragments with chlorides acting as bridg-
ing ligands between the metals, while the central Co" ion
completes its octahedral coordination through the salen oxy-
gen donors. Complex 1 (R = CH,Cl), which has cis Cl ligands
at the central Co" ion, has approximate C, symmetry,
whereas the centrosymmetric complex 2 (R = CF3;CH,) con-
tains trans Cl ligands (C,, symmetry). Complexes 1 and 2
are paramagnetic with magnetic moments of 4.7 and 4.4 pg,
respectively, which indicate the presence of a high-spin Co®
center in the molecule. The 'H NMR spectra, which spread

over a range of nearly 190 ppm, are consistent with the pres-
ence of both cis and trans isomers in solution (with cis being
the prevailing species), and indicate that exchange is slow
on the NMR time-scale. Isotropically shifted 'H NMR signals
have been fully assigned by comparison with those of appro-
priately substituted complexes and by T; measurements and
2D exchange experiments (EXSY). The K constant for the
trans 2 cis equilibrium, as evaluated from the 'H NMR signal
intensity ratio at various temperatures, has allowed us to esti-
mate, at least qualitatively, the thermodynamic parameters
AH° and AS°.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Cobalt complexes with salen-type ligands [salen = N,N'-
ethylenebis(salicylideneiminato); Scheme 1] have a wide
range of applications. In particular, organometallic Co™'-
(salen) complexes have been studied as vitamin B;, mod-
elstl and Co'!(salen), which is classified as an oxygen car-
rier,” has been used as a catalyst for the oxidation of or-
ganic substrates.’] Some years ago, we reported the synthe-
sis and characterization of several organometallic [RCo-
(4,4',7,7'tmsalen)] derivatives (4,4',7,7'tmsalen = 4,4',7,7'-
tetramethylsalen; Scheme 1).1*) An X-ray structural deter-
mination showed that these [RCo(4,4',7,7 tmsalen)] com-
plexes adopt a planar trans geometry (also in the dimeric
form), except for the case where R is CH,Cl. In that case,
the reaction gave rise, beside the expected trans organome-
tallic species, to the cis-p organometallic derivative
[Co(4,4',7,7 tmsalenCH,)(py)(H>O)]" upon intramolecular
reaction of the axial chloromethyl group with the equatorial
chelate.>-!
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R'=R2=CH, 4,4'7,7' tmsalen

Scheme 1.

The ability of Co(salen) complexes to act as bidentate
chelating ligands for both transition and non-transition
metals to form dinuclear complexes has been known for a
long time.[” In spite of the increasing attention devoted to
multinuclear transition metal complexes due to their poten-
tial use as catalysts!®! or to model active sites of metallopro-
teins,!! linear trinuclear mixed-valent cobalt complexes with
salen-type ligands are rare,['”! and most of them have been
serendipitously obtained. Furthermore, a detailed charac-
terization of these species in solution by 'H NMR spec-
troscopy has never been performed. Indeed, the presence of
the paramagnetic Co' ion complicates the assignment of
the signals despite the fact that Co'™ complexes with organic
ligands generally afford reasonably well-resolved 'H NMR
spectra.l'l]

We have found that the [RCo(4.,4',7,7'tmsalen)] com-
plexes and the strictly related [RCo(7,7'dmsalen)] deriva-
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tives (7,7'dmsalen = 7,7'-dimethylsalen; Scheme 1) allow
the formation of trinuclear mixed-valent complexes of dif-
ferent configuration in the presence of a stoichiometric
amount of CoCl,. Herein we report the synthesis, X-ray
single crystal structure, and the full assignment of the iso-
tropically shifted 'H NMR spectra of [{(CICH,)Co-
(4,4'7,7"tmsalen)},CoCl,] (1), [{(CF3CH,)Co(4,4'7,7'-
tmsalen)},CoCl,] (2), and [{(CICH,)Co(7,7'dmsalen)},-
CoCl,] (3). An estimate of AH° and AS® for the conforma-
tional equilibrium of complexes 1 and 2 in solution is also
reported.

Results and Discussion

The trinuclear complexes 1 and 2 were obtained by mix-
ing the appropriate [RCo(4,4',7,7'tmsalen)], complex!¥
with a stoichiometric amount of CoCl, in CH,Cl,/iPrOH.
The metallacyclization of [(CICH,)Co(4,4’,7,7 tmsalen)],1>
under these experimental conditions is slow enough to al-
low the isolation of 1. Complex 3 was synthesized in a sim-
ilar manner with the aim of facilitating the assignment of
the 'TH NMR spectra.

The reaction between [(CICH,)Co(4,4',7,7 tmsalen)],
and CoCl, was followed by 'H NMR spectroscopy (Fig-
ure 1). Thus, a solution of CoCl, in iPrOH was added to a
solution of [(CICH,)Co(4,4',7,7"tmsalen)], in CDCl; in a
0.25:1 molar ratio. The spectrum recorded immediately af-
ter the addition shows the presence of the trinuclear com-
plex, while the signals in the range 0 = 0-10 ppm, arising
from the residual mononuclear [(CICH,)Co(4,4',7,7'-
tmsalen)]!'?) become broader and are spread out. A second
spectrum recorded after 10 minutes is entirely superimpos-
able on the former, thus showing that trinuclear complex
formation is relatively fast. The spectra recorded after fur-
ther additions of CoCl, (molar ratio 0.50:1 and 0.75:1)
show an increase of the intensity of the signals of 1, while
the peaks in the diamagnetic range become very broad. The
spectrum recorded after the addition of a stoichiometric
amount of CoCl, (1:1) shows the disappearance of the latter

peaks, thus indicating that the formation of 1 is practically
complete.

A spectrophotometric titration of [(CICH,)Co(4,4',7,7'-
tmsalen)], with CoCl, shows a clean isosbestic point at
320 nm for [CoCl,J/[(CICH,)Co(4,4',7,7 tmsalen)], ratios =
1 (Figure S1, Supporting Information). New species {most
likely, the dinuclear complex [{(CICH,)Co(4,4',7,7"-
tmsalen)}CoCl,], with CoCl, coordinated by the phenoxo
oxygen atoms of 4,4',7,7'tmsalen} appear at higher [CoCl,)/
[(CICH,)Co(4,4',7,7' tmsalen)], ratios (up to 8).

Crystal Structure of Complexes 1 and 3

The ORTEP drawing of one of the two independent
molecules found in 1 is depicted in Figure 2. The trinuclear
complex can be described as containing a central CoCl,
unit connecting two [(CICH,)Co(4,4',7,7'tmsalen)] frag-
ments, with the chlorides acting as bridging ligands between
the terminal Co(4,4',7,7'tmsalen) units and salen oxygen
donors completing the octahedral coordination environ-
ment of the central metal ion. This complex, which has cis
Cl ligands at the central Co' ion, has approximate C, sym-
metry. This stereochemistry generates an element of chiral-
ity in the complex, with possible A and A configurations.
Both these enantiomers are present in the unit cell (non-
centric space group Pna2,;) as crystallographically indepen-
dent molecules. The molecules A (Figure 2) and B (Fig-
ure S2) differ due to slight modifications in their conforma-
tion, with the main variation being the orientation assumed
by the axial CH,ClI groups. The octahedral geometry about
the cobalt ions in the two independent molecules is severely
distorted from ideal values; a selection of bond lengths is
given in Table 1. The 4,4',7,7'tmsalen ligand coordinates
Co(1) and Co(3) in the four equatorial positions, with a
CH,CI and a bridging chloride located at the axial sites.
The Co-N and Co-O bond lengths are comparable within
2-3c [range: 1.844(8)-1.902(7) A], and the axial Co—-C and
Co-Cl bond lengths fall in the range 1.939(9)-2.077(13) and
2.507(3)-2.625(3) A, respectively. The Co(2)-O distances in
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Figure 1. Formation of 1, as followed by '"H NMR spectroscopy. Spectrum of a solution of [(CICH,)Co(4,4',7,7 tmsalen)], in CDCls
(14 mg in 0.6 mL) (a). Spectra after the stepwise addition of CoCl, in 2-propanol [CoClL,J/[(CICH,)Co(4,4',7,7 tmsalen)], ratio: 0.25 (b),

0.50 (c), 0.75 (d), and 1 (e).
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the Co(2)O04Cl, chromophore core vary from 2.081(5) to
2.202(6) A, and the Co™-Cl bond lengths are around 0.15—
0.20 A shorter than the Co™-CI ones due to the strong
trans influence exerted by the axial R group on the latter
metal ions. The metals are separated by 2.843(2) and
2.839(2) A in molecule A and by 2.854(2) and 2.850(2) A in
the other, with an average Co—Co—Co angle of 163.60(6)°.
The Co-Cl-Co bridging angles fall in the range 68.43(7)—
70.70(7)°.

Figure 2. ORTEP drawing (35% ellipsoid probability) of molecule
A (A enantiomer) in compound 1. The same scheme also applies
to molecule B and to complex 3, where methyl groups C39-C42
are substituted with H atoms.

Table 1. Selected bond lengths [A] for 1 and 3.

1, Molecule A 1, Molecule B 3
Co(1)-0O(1) 1.876(5) 1.878(5) 1.866(4)
Co(1)-0(2) 1.892(6) 1.872(6) 1.887(5)
Co(1)-N(1) 1.844(8) 1.880(7) 1.861(6)
Co(1)-N(2) 1.902(7) 1.895(6) 1.864(5)
Co(1)-C(19) 1.951(10) 1.948(9) 2.074(10)
Co(1)-Cl1(2) 2.532(3) 2.507(3) 2.600(2)
Co(2)-0O(1) 2.194(6) 2.202(6) 2.104(4)
Co(2)-0(2) 2.080(6) 2.083(6) 2.097(4)
Co(2)-0(3) 2.136(6) 2.088(6) 2.113(4)
Co(2)-0(4) 2.081(5) 2.100(6) 2.112(4)
Co(2)-Cl(2) 2.408(2) 2.425(3) 2.407(2)
Co(2)-CI(3) 2.414(3) 2.409(3) 2.402(2)
Co(3)-0(3) 1.864(5) 1.896(6) 1.879(4)
Co(3)-0O(4) 1.871(6) 1.889(6) 1.879(4)
Co(3)-N(3) 1.891(8) 1.844(8) 1.884(5)
Co(3)-N(4) 1.879(7) 1.868(8) 1.881(5)
Co(3)-C(20) 1.939(9) 2.077(13) 1.952(7)
Co(3)-CI(3) 2.625(3) 2.604(3) 2.516(2)
Co(1)-Co(2) 2.843(2) 2.854(3) 2.835(1)
Co(2)-Co(3) 2.839(2) 2.850(3) 2.836(1)

The 4,4',7,7'tmsalen bound to Co(1l) shows a sigmoidal
conformation, while that at Co(3) is slightly bent (Figure 3);
similar deformations are observed in the other enantiomer.
The dihedral angles formed by the N,O, donor plane and
the two salicylaldiminate residues in the two molecules!!3
are small [mean values at Co(1): 10.5° and 22.8°; mean val-
ues at Co(3): 16.7° and 2.0°; see Table 2]. The cis configura-
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tion exhibited by complex 1 forces the 4,4',7,7'tmsalen li-
gands to be almost perpendicular to each other and the
dihedral angles formed by the N,O, planes to be 81.4(2)°
and 83.6(2)° in molecules A and B, respectively.

of molecule A of 1

Side views
4,4'.7,7"tmsalen distortions from planarity at Co(1) and Co(3).

Figure 3. showing the

Table 2. Geometrical parameters defining the deformation in the
salen moieties.

1, Molecule A 1, Molecule B 3

Col Co3 Col Co3 Col Co3
a [ 1004)  16.6(2) 11.14) 16.8(2) 152)  12.00)
a2 [°] 22.9(3) 2.6(3) 22.7(3) 1.4(3) 17.4(2) 7.3(2)
ALK 13.93) 17.32) 13.30 (3) 17.6(2) 16.1(2) 19.0Q2)
y [ 81.4(2) 83.6(2) 81.8(1)
d[AT  00894) 0.1114)  0.051(4)  0.1104)  0.096(3) 0.067(3)

[a] al and a2: dihedral angles between the mean Co coordination
plane and salicylaldiminate residues. [b] f: dihedral angle between
the salicylaldiminate half moieties. [c] y: dihedral angle between the
mean N1/O1/N2/02 and N3/0O3/N4/0O4 planes. [d] d: displacement
of the metal from the N,O, equatorial plane towards the alkyl li-
gand.

The X-ray structural determination of 3 reveals that the
complex also crystallizes with a cis configuration. The over-
all geometry is similar to that of complex 1, and its ORTEP
picture is provided in Figure S3 (Supporting Information).
The Co(1)-Co(2) and Co(2)-Co(3) distances are 2.835(1)
and 2.836(1) A, respectively, with an intermetallic angle of
163.51(4)°. The coordination geometry and salen defor-
mations (Tables 1 and 2) are very similar to those found in
1 and will not be discussed further.

Crystal Structure of Complex 2

Figure 4 displays an ORTEP drawing of the trinuclear
complex; a selection of coordination bond lengths are given
in Table 3. Two [(CFsCH,)Co(4,4',7,7' tmsalen)] fragments
are connected by a Co'Cl, unit in a centrosymmetric ar-
rangement such that Co!! is bound to two salen chelating
units in the equatorial positions and chloride in the axial
ones. The distortions observed in the octahedral coordina-
tion geometry of the cobalt ions resemble those found in 1
and 3. The 4,4',7,7'tmsalen ligand coordinates Co(1) at the
four equatorial positions with comparable Co-N and Co-
O bond lengths [range: 1.875(4)-1.886(4) A], while a
CF5;CH, and a bridging chloride complete the octahedral
geometry [Co(1)-C = 1.965(7) A; Co(1)-Cl = 2.561(2) Al.
The central CoO4Cl, chromophore shows Co(2)-O and
2631
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Co(2)-Cl distances of 2.092(4) (mean value) and
2.441(2) A, respectively. The collinear metals are separated
by 2.832(1) A and the bridging angle at CI(1) is 68.91(5)°.

Figure 4. ORTEP drawing (35% ellipsoid probability) of complex
2 located on an inversion center.

Table 3. Selected bond lengths [A] for 2.

Co(1)-O(1)  1.875(4) Co(1)-CI(1)  2.561(2)
Co(1)-0(2)  1.881(3) Co(2)-O(1)  2.094(4)
Co(1)'N(1)  1.886(4) Co(2)-0(2) 2.091(4)
Co(1)N(2)  1.879(5) Co(2)-CI(1) 2.441(2)
Co(1)-C(19)  1.965(7) Co(1)-Co(2) 2.832(1)

The equatorial 4,4',7,7"tmsalen ligand has an almost flat-
tened conformation, as indicated by the dihedral angles be-
tween the N,O, donor plane and the two salicylaldiminate
residues of 11.8(2)° and 3.5(2)°,['3] while the angle, 3, be-
tween the salicylaldiminate moieties is 8.7(2)°. The almost
coplanar arrangement of the salen ligand in 2 may be due
to the presence of the bulkier CF;CH, axial ligand.

We can conclude from the above data that the different
configurations observed in these complexes (cis in com-
plexes 1 and 3 vs. trans in 2) do not affect the coordination
bond lengths and angles or the Co—Co distances, which are
comparable within their e.s.d.’s. The Co—Co-Co angle in-
side the complex core of 1 and 3 (ca. 163.5°) shows small
deviations from the linear arrangement of 180° observed in
2 and imposed by the crystallographic symmetry. The small
deformations observed in the salen ligands are likely due to
packing forces.

Although both isomers are present in solution (see be-
low), the cis or trans configuration detected in the solid
state for these complexes seems to be governed by the steric
properties of the axial ligand. The structural characteriza-
tion of similar trinuclear cobalt complexes shows either a
cis or trans configuration, with the metals bridged by acet-
ato anions in all the examples retrieved except for one com-
plex with a sulfitel!% and, more recently, one with a pseu-
2632
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dohalide!%¢! bridge, which formally replace the chloride of
the present complexes. It is worthwhile noting that the in-
termetallic distances in either Co'';l!Y or mixed-valent
Co™MCo"Co™ trinuclear species!!'?! are significantly longer
(>3.0 A) than those of around 2.8 A reported here. From a
structural point of view, all the species isolated with a trans
configuration appear to have bulky ligands [i.e., dmf, pro-
panol, pyridine, CH,CFj5 (2)] that complete the octahedral
geometry of the outer cobalt ions. In such a configuration,
these axial ligands avoid steric clashes with the phenyl ring
of the other terminal Co(salen-type) fragment, and our hy-
pothesis regarding ligand bulkiness is corroborated by the
observation that the ethylene bridge in the present com-
plexes is more flattened in 2 [N-C-C-N torsion angle of
27.3(9)°] when compared with the values observed in 1 and
3 [absolute value range 36.7(10)-46.6(12)°]. A trans ar-
rangement is also observed with outer pentacoordinate co-
balt ions,'4b-14dl where the Co(salen-type) fragment as-
sumes a marked umbrella-shaped conformation (mean f =
55°). Complexes containing smaller axial ligands such as
acetate or SCN (CH,Cl in 1 and 3) have been isolated in
the solid state as their cis isomers,[190-10d-10¢] a]though other
factors, such as solubility or solvation effects, might influ-
ence the configuration found in solid state.

Magnetic Measurements

The magnetic moments of 1 and 2 are 4.7 and 4.4 ug,
respectively, which correspond to the presence of a high-
spin Co' in the molecule. Thus, the complexes contain low-
spin Co™ ions and a high-spin Co' i.e., they are Co'''(S =
0)-Co"(S = 3/2)-Co"(S = 0) trimers.

'H NMR Spectroscopy

The '"H NMR spectra of the trinuclear complexes in
CDCl; show very similar features (Figure 5 and Figures S4
and S5 in the Supporting Information). For the sake of sim-
plicity we will only describe the spectrum of 1 (Figure 5),
which reveals the presence of both the cis and trans isomers
in an approximately 4:1 ratio at 297.9 K. The spectrum
shows 20 well-defined broad singlets spread over a range of
nearly 190 ppm along with four additional peaks, which are
hidden at room temperature but appear in the spectra at
low temperature (Figure 6). If the intensity of the singlet
resonating at 6 = 51.9 ppm is fixed equal to one proton,
the high-integrating set consists of 16 singlets, 12 of which
integrate for one proton and four for three protons, in
agreement with the C, symmetry found in the X-ray struc-
ture of 1. The low-integrating set contains eight signals, five
of which integrate for one proton, one for two protons, and
two for three protons (signal at 6 = 49.2 ppm set equal to
one proton), in agreement with a C,;, symmetry, as found
in the X-ray structural determination of complex 2. It is
noteworthy that the predominant isomer observed in solu-
tion for 2 is still 2-C, (Figure S4) even though this complex
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Figure 5. '"H NMR spectrum of 1 in CDCls. Signals of CDCl; and H,O are marked with an asterisk, and those of impurities with a
dagger. Numbering of the signals of 1-C, and 1-C,;, (printed in italics) corresponds to that used in the crystal structures.

-
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Figure 6. Variable-temperature '"H NMR spectra of 1 in CDCl;.

shows C,;, symmetry in the solid state. Small crystals of 2-
C,;, precipitated after some days from the solution used to
record the '"H NMR spectrum.

Below we describe first the assignment of the spectrum
of 1-C, (high-integrating set) and then that of 2-C,;, (low-
integrating set); the spectra of 1-C,,, and 2-C, were assigned
by analogy.

Assignment of the '"H NMR Spectrum of 1-C, by
Substitution and T; Measurements

The resonances at 6 = 3.7, 6.9, 11.5, and 20.5 ppm were
assigned to the equatorial methyls (C39, C40, C41, C42)
on the basis of their integrated intensity. The signals in the
diamagnetic range were assigned to the methyls C39 and
C40, which are more distant from the paramagnetic center.

The axial CH,Cl group was assigned by comparing the
spectra of 1 and [{(CHj3)Co(4,4',7,7 tmsalen)},CoCl,],
which was synthesized in situ from [(CH3)Co-
(4,4',7,7'tmsalen)] and CoCl,. The only significant differ-
ence is the presence of two peaks integrating for one proton
at 0 = 30.6 and 35.8 ppm in the former spectrum, while only
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one peak at 6 = 31.5 ppm, integrating for three protons, is
present in the latter (Figure S6). The two peaks were there-
fore assigned to the protons of the axial group, which are
diastereotopic owing to the lack of symmetry of the two
halves of the adjacent 4,4’,7,7'tmsalen moiety in 1. This
assignment was further confirmed by comparison with the
spectrum of [{(CD3)Co(4,4',7,7" tmsalen)},CoCl,], synthe-
sized in situ from [(CD;)Co(4,4,7,7 tmsalen)] and CoCl,,
which contains no peaks in the range 0 = 28-40 ppm (Fig-
ure S6).

The assignment of the remaining resonances is less obvi-
ous, although useful information can be obtained from an
analysis of the longitudinal relaxation times (7). If the di-
polar mechanism dominates the nuclear relaxation rates, as
is usually the case for Co'' complexes, T; should vary lin-
early with the sixth power of the distance between the reso-
nating nucleus and the paramagnetic center.l'-!3] Thus, the
distance between a proton and the Co'! ion can be esti-
mated from Equation (1)

I'co-H = I'ref (TI/TIref)”6 (1)
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where r..¢ is the distance between the Co'! center and the
rigid reference proton with relaxation time 77, and 7 is
the relaxation time of the proton under examination. The
crucial step is the detection of a reliable reference proton,
since the protons already assigned are not suitable for this
purpose due to their rotational mobility. One of the
4,477 tmsalen ring protons would be the most appropri-
ate choice, but this requires a previous independent assign-
ment. For this purpose, complex 3, where methyl groups
C39-C42 of 1 (Figure 2) are replaced by H atoms, was syn-
thesized and structurally characterized (Figure S3). The 'H
NMR spectrum of 3 is very similar to that of 1 but lacks
the signals at 0 = 3.7 and 6.9 ppm, thus confirming that
these arise in 1 from the methyls C39 and C40 (now re-
placed by H atoms; Figure S5). The two new peaks in the
spectrum of 3, which integrate for one proton, resonate at
0 =-17.7 and -19.7 ppm. The T relaxation times of these
signals were measured and the higher value (92 ms), corre-
sponding to the resonance at 6 = —17.7 ppm, was assigned
to the H atom bound to C13 as this is more distant from

Table 4. Longitudinal relaxation time at 298 K in CDCl; and Co'-
H distances calculated from the NMR spectroscopic data and mea-
sured from the X-ray structures for 1-C,, 2-C,;,, and 3-C>.

Chemical shift T,  relycaled.  re g exp.  Assignments
[ppm] [ms] [A] [AJ
l'Cz
Aromatic
51.9 19 5.5 5.35 C3-H
44.6 20 5.5 5.67 Cl4-H
26.9 46 6.3 6.10 C5-H
18.2 43 6.4 6.371! CI12-H
~117.0 1.6 3.6 3.64 Cl15-H
-120.2 1.5 3.6 348 C2-H
Methylene
64.2 9 48 5.05 C8-H, or C9-Hp
53.8 11 5.0 597 C8-H, or C9-Hp
-149 40 6.2 5.95 C8-Hy or C9-Hy
153 40 6.2 6.01 C8-Hy or C9-Hy
3-G,
Aromatic
53.3 20 53 542 C3-H
455 21 53 5.58 Cl4-H
28.0 52 6.2 6.20 C5-H
18.0 52 6.2 6.33 CI2-H
-19.7 88 6.7 6.56 C4-H
-17.7 92 6.8 6.760) Cl13-H
—112.1 17 3.5 348 Cl15-H
1152 13 33 3.23 C2-H
Methylene
66.2 9.5 4.6 5.03 C8-Hp or C9-Hp
54.7 12 4.8 593 C8-Hp or C9-Hp
-16.0 43 6.0 5.95 C8-Hy or C9-Hy
-16.7 43 6.0 5.99 C8-Hy or C9-Hy
2-Cy,
Aromatic
51.5 29 5.7 544 C3-H
22.8 45 6.2 6.170 C5-H
Methylene
66.9 17 5.2 5.53 C8-Hp

[a] Average value (see text). [b] Reference proton.
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the Co'! center (Table 4). The relaxation time of C13-H was
used as T, in Equation (1). The relaxation times of the
aromatic and methylene protons of 3 were then measured
and the rc, y distances calculated from Equation (1) and
compared with those taken from the X-ray structure. As
slight deviations from ideal C, symmetry are observed in
the solid state, the arithmetic average of the distances be-
tween the Co!! center and the symmetry-related H atoms
was used for comparison. The good agreement found for
the aromatic protons allows their assignment (Table 5), but
some discrepancies are evident for the methylene protons.
Assignment of the aromatic protons of 1 was carried out
by analogy with those of 3 and confirmed by 7', measure-
ments with C12-H as reference (Table 5). The resonances at
0 = -15.3, -14.9, 53.8, and 64.2 ppm in the spectrum of 1-
C, must therefore arise from the diastereotopic methylene
protons H, and Hy of C8 and C9. Their assignment is dis-
cussed below.

Assignment of the 'H NMR Spectrum of 2-C,,, by 2D
Experiments and T; Measurements

The low-integrating set of signals in the spectrum of 2 at
room temperature consists of six broad singlets. Two ad-
ditional resonances (0 = —15.5 and —119.8 ppm) are over-
lapped by signals of 2-C,, although they can be picked out
in the spectra at low temperature. The starting point for
assigning the '"H NMR spectrum of 2-C,;, was the assign-
ment of the signals of 2-C,, which was carried out by anal-
ogy with that of 1-C, (Table 5). The 2D exchange (EXSY)
experiments (Figure S7, Supporting Information) show
cross peaks between C3-H and C14-H of 2-C, and one pro-
ton of 2-C,;,. The C3-H and C14-H protons, which are sym-
metry-equivalent in the starting mononuclear unit
[(CF3CH,)Co(4,4',7,7'tmsalen)], turn out to be non-equiva-
lent upon coordination to the central Co'! ion in the chiral
2-C, isomer. In fact, C3-H and C14-H exchange their posi-
tion on going from the A to the A enantiomer and, further-
more, the exchange process involves the C,;, isomer. This
three-site exchange is depicted in Scheme 2. The signal of
the low-integrating set that gives the same cross peak must
arise from the corresponding C3-H proton of 2-C,;, which
was consequently assigned. Further cross peaks (observed
between C5-H and C12-H of 2-C, and C5-H of 2-C,,,, C17-
H and C18-H of 2-C, and C17-H of 2-C5;,, and C39-H and
C40-H of 2-C, and C39-H of 2-C,,) allowed the assignment
of these protons for the 2-C,,, isomer (Table 5). The assign-
ment of the latter two signals to methyl groups was con-
firmed by the integrated intensities.

Can
7 N\
4C; == AC,

Scheme 2.

The data in Table 5 show that protons giving rise to cross
peaks have close resonances, in agreement with the rcy g
distances from the X-ray structures. Consequently, the reso-
nance at 0 = —119.8 ppm (hidden at room temperature) was
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Table 5. Assignment of 'H NMR resonances of complexes 1-3.1
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Assignments o [ppm]
1-G, 1-Cy, 2-Cy 2-Cy, 3-G, 3-Cy,

C8-H, or C9-Hp 64.2 65.5 66.2

C8-Hj 64.2 66.9 65.0
C8-H, or C9-Hp 53.8 57.1 54.7
C3-H 51.9 54.1 533

C3-H 49.2 51.5 50.0
Cl4-H 44.6 47.5 45.5
CI9-H 35.8 34.8 355
CI19-H 30.6 29.8 29.1
C5-H 26.9 26.7 28.0

C5-H 23.1 23.0 24.1
Cl17-H 20.5 21.2 21.8
CI12-H 18.2 18.6 18.0

C17-H 16.3 17.3 17.3
C18-H 11.5 12.1 11.9

CI19-H 11.5 9.9 11.9
C39-H 6.9 7.1

C39-H 5.4
C40-H 3.7 4.2
C8-Hjp or C9-Hp -14.9 -154 -16.0

C8-Hp -14.9 -15.5 -16.7
C8-Hjp or C9-Hp -15.3 -15.5 -16.7
C4-H -17.7

C13-H -19.7
CI3-H -19.7
CI5-H -117.0 -119.8 -112.1

C2-H -117.0 -119.8 -112.1
C2-H -120.2 -125.9 -115.2

[a] Atom numbering corresponds to that used in the crystal structure.

tentatively assigned to C2-H and those at 6 = 66.9 and
—15.5 ppm (hidden at room temperature) to the geminal
diastereotopic protons of C8. To confirm this, 7} measure-
ments were carried out on the aromatic and methylene pro-
tons of 2-C;,. The r¢, i distances (calculated using C5-H
as reference) were compared with those taken from the so-
lid-state structure. A good agreement is observed for the
aromatic C3-H proton (Table 4), thereby confirming its cor-
rect assignment, and for the proton resonating at o =
66.9 ppm (H,). This corresponds to the methylene proton
above the equatorial plane pointing toward the p-chloride
and closer to the paramagnetic center than the geminal Hp.
Hence, the resonance at 6 = —15.5 ppm, whose relaxation
time could not be measured because the signal is hidden at
room temperature, was assigned to the latter. The dramatic
difference in chemical shift between the geminal protons
must be attributed to their different orientation (axial- vs.
equatorial-like), thus suggesting a quite “frozen” conforma-
tion.['®] The remaining signal at 6 = 9.9 ppm was assigned
to the axial CF;CH, protons, which are equivalent by sym-
metry in the frans isomer.

Assignment of the Methylene Protons of 1-C,

Three of the rc, p distances for methylene protons mea-
sured in the X-ray structures of 1 and 3 are relatively long
(about 6 A) and one is short (about 5 A), whereas the values
calculated from Equation (1) are two long (about 6 A) and
two short (less than 5 A; Table 4). This suggests a different
conformation of the ethylenediamine bridge in solution
(probably more flattened) with respect to that in the solid
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state, which makes the assignment based on 7} measure-
ments difficult. A useful suggestion comes from the inspec-
tion of the low-integrating set in the spectrum of 1, which
corresponds to 1-C,;, and has been assigned by analogy
with the spectrum of 2-C,;,. At 20 °C, the signals arising
from the geminal methylene protons bound to C8 in 1-C5,
which are partially hidden at room temperature, resonate at
0 = 80.3 and -21.8 ppm (Figure 6). The former is assigned
to C8-H, and the latter to C8-Hp by analogy with 2-C5,
(see above). Correspondingly, the resonances at 6 = 64.2
and 53.8 ppm for 1-C, are assigned to H protons and
those at 6 = —14.9 and —15.3 ppm to Hy protons. Unfortu-
nately, these results do not allow us to discriminate between
the H4 (and Hpg) protons bound to C8 and C9.

trans-cis Equilibrium in Solution

As pointed out above, the presence of two sets of signals
in the 'H NMR spectra of the trinuclear complexes indi-
cates that both the cis and trans isomers are present
in CDCIl; solution. An alternative explanation could
be formation of the dinuclear complex [{RCo-
(4,4',7,7tmsalen)} CoCl,], with CoCl, coordinated by the
phenoxo oxygen atoms of 4,4',7,7'tmsalen. Although the
symmetry of such a complex is consistent with the number
of signals of the low-integrating set, the absence of reso-
nances due to the mononuclear [RCo(4.,4',7,7 tmsalen)]
fragment in the diamagnetic part of the spectrum, and the
results of both the spectrophotometric and 'H NMR ti-
2635
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trations (see above), allow us to rule out this hypothesis.
The cis and trans isomers interconvert in solution, although
the process is slow on the NMR time-scale because it re-
quires the breaking of coordination bonds. Because of this
slow exchange, the relative stabilities of the two isomers at
various temperatures can be estimated by measuring the in-
tegrated signal intensities (/). For this purpose, the C3-H
and C14-H signals of the cis and the C3-H signal of the
trans isomer were chosen because they do not overlap when
varying the temperature.
The K constant for the equilibrium trans 2 cis is

K = [cis)/[trans] = 2(cis)/I(trans)

where I(cis) is the arithmetic average of the C3-H and C14-
H intensities. The K values for 1 and 2 (Table 6) show that
the equilibrium is slightly more shifted toward the cis iso-
mer for 1 at room temperature.

Table 6. Equilibrium constants for the trans 2 cis equilibrium as a
function of temperature.

T [°C] K
Complex 1 Complex 2

-60.4 16.7 21.7
-50.2 15.4 18.6
-40.2 14.8 14.0
-30.2 11.8 12.4
-20.2 12.0 10.8
-10.2 10.3 9.8
-0.3 9.9 8.7
9.7 9.7 7.2
19.7 9.4 7.0
24.7 9.4 6.3

AHP = ~7.5 kJmol™!
AS° =-9.9 JK 'mol!

AH° = 3.9 kJmol !
AS® = 5.7 JK-'mol !

Variable-temperature '"H NMR spectra for complexes 1
and 2 were recorded in the range from +25 to —60 °C (Fig-
ure 6). The total width of the spectrum increases markedly
(from around 190 to around 330 ppm) upon decreasing the
temperature. A plot of chemical shifts vs. 1/7 is linear, ac-
cording to the Curie law, as expected for a process based
on pseudo-contact shifts (see Figure S8 in the Supporting
Information).['’-15] Furthermore, the signal intensities vary
with temperature, thus indicating that K is affected by tem-
perature. In principle, plots of InK.q vs. 1/T allow the
thermodynamic data for the equilibrium to be calculated
(Figure S9, Supporting Information). Unfortunately, the in-
tensity changes over the considered temperature range are
small and the integration of signals is rather ambiguous due
to the line broadness, which means that AH° and AS°® can
only be estimated (Table 6). However, the negative value of
AS° for 2 could be related to a loss of rotational freedom
of the bulky axial group on going from the trans to the cis
isomer.

Conclusions

We have described new trinuclear mixed-valent Co'!l-

Co'-Co™ complexes with salen-type ligands, which were
prepared by mixing [RCo(4,4’,7,7 tmsalen)], and CoCl..
2636
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The complexes were isolated as the cis (R = CH,CI, C,
symmetry) or trans isomer (R = CF;CH,, C,, symmetry),
corresponding to the positions occupied by chloro ligands
about the central Co'! ion, as confirmed by X-ray crystal-
lography. Despite the presence of the paramagnetic metal
center, the '"H NMR spectra are reasonably well resolved
and show that the cis and trans isomers interconvert slowly
on the NMR time-scale in solution.

A full assignment of the isotropically shifted 'H NMR
signals for the two isomers has been carried out by com-
parison with those of appropriately substituted derivatives
and by T} measurements and 2D exchange (EXSY) experi-
ments. The K constant for the trans 2 cis equilibrium, as
evaluated from the '"H NMR signal intensity ratio at vari-
ous temperatures, has allowed us to estimate, at least quali-
tatively, the thermodynamic data AH® and AS°.

Experimental Section

General Information: NMR spectra were recorded with a Jeol EX-
400 ('H at 400 MHz, 3C at 100.4 MHz) or a Jeol EX-270 ('H at
270 MHz, '3C at 67.8 MHz) spectrometer and were referenced to
residual solvent protons. Electrospray mass spectra were recorded
in positive mode with a Perkin—Elmer API 1 or Bruker ESQUIRE
4000 mass spectrometer. Magnetic susceptibility measurements
were performed in CDCl; solution at room temperature by the Ev-
ans method with acetone as reference compound.l'” No diamag-
netic corrections were applied. UV/Vis spectra were recorded with
an Uvikon 941 spectrophotometer.

The complexes [(CICH,)Co(4,4',7,7"tmsalen)],, [(CF;CH,)Co-
(4,4',7,7"tmsalen)],, and [(CH3)Co(4,4',7,7 tmsalen)], were synthe-
sized as described previously.[*3! A slightly different synthesis for
7,7'dmsalen has been reported previously.'% All other reagents
were analytical grade and were used without further purification.

Synthesis of [{(CICH,)Co(4,4',7,7 tmsalen)},CoCl,] (1): A solution
of [(CICH,)Co(4,4’,7,7"tmsalen)], (0.100 g, 0.116 mmol) in CH,Cl,
(10mL) was added to a solution of CoCly,6H,O (0.028 g,
0.116 mmol) in 2-propanol (10 mL). The solution was filtered and
set aside in the hood for crystallization. Partial evaporation of the
solvent produced a dark solid, which was collected by filtration and
kept over P,Os overnight. X-ray quality crystals were obtained by
slow evaporation of the reaction mixture. Yield 80 mg (70%).
C4,Hy3C1LCo3N,O4-H,0 (1007.1): caled. C 50.0, H 4.99, N 5.55;
found C 49.2, H 4.81, N 5.09. UV/Vis (CH,Cly): Anax () = 246
(9.17 X 10%, 327 (1.90 X 10%), 527 nm (1.74 X 10> M 'cm ™).

Synthesis of [{(CF;CH,)Co(4,4',7,7 tmsalen)},CoCl,] (2): This
compound was synthesized by the same method described for 1,
starting from [(CF3CH,;)Co(4,4',7,7"tmsalen)], (0.100 g, 0.108
mmol) and CoCl,-6H,O (0.026 g, 0.109 mmol). Yield 51.4 mg
(45%). C44H43C1,Co3F¢N4O4-H,0 (1075.1): caled. C 49.1, H 4.69,
N 5.21; found C 49.6, H 5.07, N 4.95. UV/Vis (CH,Cl,): Zpnax (€)
=243 (7.77 X 10%), 329 (1.69 X 10%), 565 nm (1.28 X 10> M 'cm™).

Synthesis of [(CD;)Co(4,4',7,7 tmsalen)],: [(CDs)Co(4,4',7,7'-
tmsalen)], was synthesized following the procedure reported for
[(CH3)Co(4,4',7,7' tmsalen)], starting from [Co(4,4',7,7 tmsa-
len)(py)-]ClO4 (0.5 g, 0.78 mmol) with CDjsl as alkylating agent.[
Yield 250 mg (80%). C4.H44C0,DgN4O4 (798.77): caled. C 63.1, H
7.06, N 7.01; found C 62.9, H 6.30, N 6.92. ES-MS (CH;OH): m/z
(%) 799.5 (90) [M + H*], 781 (100) [M — CDs], 763.5 (62) [M —
2CDs], 400.0 (84) [M/], 381.5 (68) [M/2 — CDs]. 'TH NMR (CDCls):
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0 =219 (s, 6 H, CHs-Ph), 2.46 (s, 6 H, CH5-C=N), 3.60 (m, 2 H,
CH,-CH,), 4.05 (m, 2 H, CH,-CH,), 6.97 (d, 3*J = 8.0 Hz, 2 H, C2-
H), 7.15 (m, 4 H, C3-H + C5-H) ppm. *C{'H} NMR (CDCl,): 6
= 18.92 (CH3=CN), 20.66 (CH;Ph), 55.08 (CH,CH,), 121.15 (qua-
ternary carbon), 124.73 (aromatic C), 128.22 (aromatic C), 132.93
(aromatic C), 163.79 (quaternary carbon), 170.37 (C=N) ppm.

Synthesis of 7,7'dmsalen: This ligand was synthesized starting from
hydroxyacetophenone (10.0 g, 73 mmol) and ethylendiamine
(2.52mL, 36.7mmol) according to the procedure used for
4.4'.7,7tmsalen.™ Yield 10.3g (95%). C;gH2N,O, (296.36.):
caled. C 72.9, H 6.80, N 9.45; found C 72.9, H 6.88, N 9.47. ES-
MS (CH3;0H): m/z (%) 297.2 (100) [M + H*]. '"H NMR (CDCls):
0 =238 (s, 6 H, CH;-C=N), 3.98 (s, 4 H, CH,-CH,), 6.79 (m, 2
H, C4-H) 6.92 (m, 2 H, C2-H), 7.28 (m, 2 H, C3-H), 7.53 (m, 2 H,
C5-H), 15.90 (s, 2 H, OH) ppm. *C{'H} NMR (CDCl,): § = 14.73
(CH3=CN), 50.16 (CH,CH,), 117.35 (C4), 118.44 (C2), 119.44
(quaternary carbon), 128.13 (C5), 132.43 (C3), 163.13 (quaternary
carbon), 172.68 (C=N) ppm.

Synthesis of [Co(7,7'dmsalen)(py),]ClO4: This complex was syn-
thesized following the method described previously for
[Co(4,4',7,7 tmsalen)(py),]JC1O,,*  starting from 7,7'dmsalen
(3.0 g, 10.1 mmol) and Co(OCOCH3),4H,O (2.6 g, 10.4 mmol).
Yield 5.8 g (94%). CosHpgCICoN4O, (610.93): caled. C 55.0, H
4.62, N 9.17; found C 54.7, H 4.61, N 9.12. ES-MS (CH;O0H): m/z
(%) 353.1 (100) [M — 2 py]. 'H NMR (CDCl;): 6 = 2.86 (s, 6 H,
CH;-C=N), 4.25 (s, 4 H, CH»,-CH,), 6.50 (m, 2 H, C4-H), 7.23 (m,
8 H, C3-H, C2-H and H meta py), 7.38 (m, 2 H, C5-H), 7.63 (m,
2 H, H para py), 8.21 (d, 3J = 5.3 Hz, 4 H, H ortho py) ppm.
13C{'H} NMR (67.8 MHz, CDCl;): 6 = 20.18 (CH;=CN), 54.20
(CH,CH,), 115.98 (C4), 121.05 (quaternary carbon), 124.47 (C2),
125.09 (C meta py), 130.34 (C5), 134.03 (C3), 139.01 (C para py),
152.70 (C ortho py), 165.17 (quaternary carbon), 176.24 (C=N)
ppm.

Caution: Perchlorate salts of metal complexes with organic ligands
are potentially explosive.

Synthesis of [(CICH,)Co(7,7'dmsalen)],: This compound was syn-
thesized according to the procedure reported for [(CICH,)-
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Co(4,4’,7,7 tmsalen)],I! starting from [Co(7,7'dmsalen)(py),]ClO,4
(0.5g, 0.82mmol). Yield 246 mg (75%). CigHyoCl,Co,N4O4
(805.52): caled. C 56.7, H 5.00, N 6.95; found C 55.6, H 5.13, N
6.73. ES-MS (CH;0H): m/z (%) 403.0 (28) [M/2 + H], 353.1 (100)
[M/2 — CICH,]. '"H NMR ([D4]DMSO): 6 = 2.47 (s, 6 H, CHs-
C=N), 3.88 (m, 4 H, CH,-CH,), 5.13 (s, 2 H, CH,Cl), 6.40 (m, 2
H, Ph-H), 6.84 (m, 2 H, Ph-H), 7.04 (m, 2 H, Ph-H), 7.49 (m, 2
H, Ph-H) ppm. 3C{'H} NMR ([D¢]DMSO): 6 = 18.96 (CH3;=CN),
54.52 (CH,CH,), 113.30 (aromatic carbon), 122.13 (quaternary
carbon), 123.54 (aromatic carbon), 130.53 (aromatic carbon),
131.84 (aromatic carbon), 166.47 (quaternary carbon), 169.38
(C=N) ppm.

Synthesis of [{(CICH,)Co(7,7'dmsalen)},CoCl,] (3): A solution of
CoCly,6H,0 (0.0148 g, 0.062 mmol) in acetone (2 mL) was added
to a suspension of [(CICH,)Co(7,7'dmsalen)], (0.050 g,
0.062 mmol) in CH,Cl, (8 mL). The beaker was left overnight cov-
ered with Parafilm®. The resulting solution was filtered and set
aside in the hood for crystallization. Partial evaporation of the sol-
vent produced a dark solid, which was collected by filtration and
kept over P,Os overnight. X-ray quality crystals were obtained by
slow evaporation of the reaction mixture. Yield 48 mg (74%). UV/
Vis (CH,Cl,): Amax () = 245 (9.73 X 10%), 323 (2.19 X 10%), 524 nm
(1.68 X 10> M ecm ™).

Preparation of [{RCo(4,4',7,7 tmsalen)},CoCl,] (R = CHj3, CD53) in
situ: [RCo(4.,4',7,7 tmsalen)], (8.8 X103 mmol) was dissolved in
0.6 mL of CDCl; in an NMR tube and 8.8 uL of a 1.0 m solution
of CoCl,-6H,0 in CD;0D (8.8 X 10> mmol) was added.

'H NMR Titration: [(CICH,)Co(4,4',7,7 tmsalen)], (14 mg,
1.6 X 1072 mmol) was dissolved in CDCl; (0.6 mL) and successive
aliquots of a 1 M solution of CoCl, in 2-propanol were added up
to the stoichiometric amount (1:1).

UVIVis Titration: 3 mL of a stock solution of [(CICH,)Co-
(4,4',7,7"tmsalen)], (5.2 mg, 0.6 % 102 mmol) in CH,Cl,/2-propa-
nol (100 mL) was titrated with a 0.01 m solution of CoCl, in 2-
propanol up to a 1:8 molar ratio using a Gilson micropipette. The
spectra were recorded in the range 300-500 nm.

Table 7. Crystallographic data and details of structure refinements for compounds 1-3.

1-0.25(CH,Cl,) 2 3-0.75(CHCl;)
Formula Cu2.25Hag.50Cla 50C03N4O04 CygHs:Cl4Co3FeN4,Oy Cs3g.75H41.50Cls5.50C03N404
M, 1012.67 1536.03 999.02
Crystal system orthorhombic monoclinic monoclinic
Space group Pna2, P2/c P2/n
a[A] 48.322(18) 14.329(3) 14.868(4)
b [A] 11.588(3) 13.754(3) 11.079(4)
c[A] 17.357(4) 16.363(4) 29.458(5)
N 99.38(3) 95.56(3)
Volume [A?] 9719(5) 3181.7(12) 4830(2)
z 8 2 4
Deaiea. [gem™3] 1.384 1.603 1.374
# Mo-K, [mm] 1.301 1.422 1.362
F(000) 4156 1546 2034
Omax [°] 25.14 23.26 25.68
Unique reflections 8955 4490 9141
Observed reflections [I > 2a(1)] 6355 2956 5674
Parameters 1040 386 522
Goodness of fit (F?) 0.986 1.021 0.956
R1 [ > 25(D)]™ 0.0524 0.0570 0.0786
wR2l 0.1315 0.1591 0.2354
Flack parameter 0.088(19) - -
Ap [e/A3] 0.993, -0.337 0.773, -0.644 1.416, -0.537

[a] Rl = S||F,| — [FVZIF.), wR2 = [Zw(F,2 — F22Sw(F,2)?]"
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X-ray Crystallography: Crystal data and details of data collection
and refinement for the structures reported are summarized in
Table 7. Intensity data were collected on a Nonius DIP-1030H sys-
tem (Mo-K, radiation, 2 = 0.71073 A) at room temperature for 1
and 2, and at 200 K for 3. Cell refinement, indexing, and scaling
of the data sets were performed with the programs Denzo and
Scalepack.['81 All the structures were solved by direct methods and
subsequent Fourier analyses!'” and refined by the full-matrix least-
squares method based on F? with all observed reflections.'”] Fou-
rier difference maps for 1 and 3 revealed disordered molecules of
CH,Cl, accounting for 0.25 and 0.75 molecules per complex unit.
H atoms were included at calculated positions in the final cycles
of refinement. All calculations were performed using the WinGX
System, vers. 1.70.00.(2°

CCDC-717829 (for 1), -717830 (for 2), and -717831 (for 3) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): ORTEP drawings of molecule B of 1 and of complex
3; spectrophotometric titration of 1 with CoCl,; '"H NMR spectra
of 2 and 3; expansion of the J = 28-40 ppm region of the '"H NMR
spectra of [{(CICH,)Co(4,4',7,7"tmsalen)},CoCl,], [{(CH3)Co-
(4,4',7,7tmsalen)},CoCl,] and [{(CD;)Co(4,4',7,7"tmsalen)},-
CoCl,]; EXSY spectrum of 1; plots of the chemical shift vs. 1/7 for
complex 1; dependence of InK on 1/7 for 1 and 2.
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