FULL PAPER

DOI: 10.1002/chem.200700781

Trinuclear Copper Complexes with Triplesalen Ligands: Geometric and
Electronic Effects on Ferromagnetic Coupling via the Spin-Polarization

Mechanism

Thorsten Glaser,**! Maik Heidemeier,'* Julia B. H. Strautmann,”! Hartmut B('i&(fe,[“]
Anja Stammler,”™ Erich Krickemeyer,”! Robert Huenerbein, Stefan Grimme,
Eberhard Bothe,'! and Eckhard Bill'*!

Dedicated to Professor Karl Wieghardt on the occasion of his 65th birthday

Abstract: A series of trinuclear Cu"
complexes with the tris(tetradentate)
triplesalen ligands Hgtalen, Hgtalen®®,
and Hgtalen™%, namely [(talen)Cu';]
1), [(talen®*)Cu";] (2), and [(tal-
en"%)Cu'y] (3), were synthesized and
their molecular and electronic struc-
tures determined. These triplesalen li-
gands provide three salen-like coordi-
nation environments bridged in a meta-
phenylene arrangement by a phloroglu-
cinol backbone. The structure of [(tal-
en)Cu';] (1) was communicated recent-
ly. The structure of the tert-butyl deriv-
ative [(talen®*)Cu';] (2) was estab-
lished in three different solvates. The
molecular structures of these trinuclear
complexes show notable differences,
the most important of which is the
degree of ligand folding around the
central Cu"-phenolate bonds. This
folding is symmetric with regard to the
central phloroglucinol backbone in two
structures, where it gives rise to bowl-
shaped overall geometries. For one sol-
vate two trinuclear triplesalen com-
plexes form a supramolecular disk-like
arrangement, hosting two dichlorome-
thane molecules like two pearls in an
oyster. The FTIR spectra of these com-

plexes indicate the higher effective nu-
clear charge of Cu" in comparison to
the trinuclear Ni'! complexes by the
lower C—O and higher C=N stretching
frequencies. The UV/Vis/NIR spectra
of 1-3 reflect the stronger ligand fold-
ing in the fert-butyl complex 2 by an in-
tense phenolate-to-Cu™ LMCT. This
absorption is absent in 1 and is ob-
scured by the nitro chromophore in 3.
The more planar molecular structures
cause orthogonality of the Cu" d.. . or-
bital and the phenolate O p, orbital,
which leads to small LMCT dipole
strengths. Whereas 1 and 3 exhibit only
irreversible oxidations, 2 exhibits a re-
versible one-electron oxidation at
+0.26 V, a reversible two-electron oxi-
dation at +0.59V, and a reversible
one-electron oxidation at +0.81V
versus Fc*/Fc. The one-electron oxi-
dized form 2% is strongly stabilized
with respect to reference mononuclear
salen-like Cu complexes. Chemical
one-electron oxidation of 2 to 27
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allows the determination of its UV/Vis/
NIR spectrum, which indicates a
ligand-centered oxidation that can be
assigned to the central phloroglucinol
unit by analogy with the trinuclear Ni
triplesalen series. Delocalization of this
oxidation over three Cu"—phenolate
subunits causes the observed energetic
stabilization of 2*. Temperature-de-
pendent magnetic susceptibility meas-
urements reveal ferromagnetic cou-
plings for all three trinuclear Cu" tri-
plesalen complexes. The trend of the
coupling constants can be rationalized
by two opposing effects: 1) electron-
withdrawing terminal substituents sta-
bilize the central Cu"-phenolate bond,
which results in a stronger coupling,
and 2) ligand folding around the cen-
tral Cu"-phenolate bond opens a bond-
ing pathway between the magnetic Cu"
d,._,» orbital and the phenolate O p, or-
bital, which results in a stronger cou-
pling. Density functional calculations
indicate that both spin-polarization and
spin-delocalization are operative and
that slight geometric variations alter
their relative magnitudes.
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Introduction

The current interest in the synthesis of magnetic materials
based on molecular entities started with the observation
that [Cp*,Fe]*[TCNE]~ (TCNE =tetracyanoethylene) ex-
hibits a spontaneous long-range ferromagnetic ordering with
a Curie temperature, T, of 4.8 K.'*! Another milestone in
the field of molecule-based magnets was the observation
that [Mn;,0,,(0,CCH;),(OH,),] (Mny,),) which was the
first member of a new class of molecular materials called
single-molecule magnets (SMMs),*®! exhibits a hysteresis in
its magnetization of pure molecular origin.’'” SMMs pos-
sess an energy barrier for spin reversal which causes a slow
relaxation of the magnetization at low temperatures. This
energy barrier originates from a ground state with large
total spin (S,) and large magnetic anisotropy with an easy
axis of magnetization which owes its origin to a negative
zero-field splitting parameter D.

An important research objective in the rational design of
new molecule-based magnetic materials, whether long-range
ordered magnets or single molecule magnets, is the develop-
ment of synthetic strategies that lead to molecular building
blocks that enforce ferromagnetic interactions and/or high-
spin ground states.'!! We are currently exploring three dif-
ferent strategies to establish synthetic recipes for parallel
spin alignments: 1) the double exchange mechanism!>'¥ in
face-sharing octahedra,'™!® 2) the use of orthogonal mag-
netic orbitals,'”™ and 3)the spin-polarization mecha-
nism® ! in m-phenylene-bridged complexes,”>*! the latter
of which is the subject of the work described herein.

The spin-polarization mechanism is well established in or-
ganic chemistry where ferromagnetic interactions are ach-
ieved by m-phenylene linkages of organic radicals and car-
benes.?*? This concept can be applied to transition metal
complexes by using various bridging units. Pyrimidine is one
of the most frequently used m-phenylene bridging unit.
Some complexes containing this ligand indeed exhibit ferro-
magnetic interactions™ " whereas others show antiferro-
magnetic interactions.’**! The same holds true for the Cj-
symmetric W;-bridging ligand 1,3,5-triazine, which may be re-
garded as the triangular extension of the p,-bridging ligand
pyrimidine, where both ferromagnetically and antiferromag-
netically coupled trinuclear Ti"™ complexes have been re-
ported.[*"*] Ferromagnetic interactions were also achieved
with a modified resorcinol ligand bridging two Fe™ centers
in a m-phenylene arrangement.***!

In a systematic study,”! McCleverty and Ward were able
to correlate the exchange coupling in dinuclear Mo com-
plexes of extended polypyridyl™! and polyphenol™” ligands
with the bridging topology by the spin-polarization mecha-
nism. In particular, they observed ferromagnetic interactions
in a 1,3-dihydroxy- and a 1,3,5-trihydroxybenzene-bridged
MoV complex, whereas in the 1,4-dihydroxybenzene-bridged
complex they observed antiferromagnetic interactions.***
These authors extended their studies to naphthalene-based
dihydroxy systems where the exchange interactions could
also be rationalized by the spin-polarization mechanism.>”
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To synthesize trinuclear phloroglucinol-bridged ligands of
the first transition-metal series, we have developed modified
1,3,5-trihydroxybenzene (phloroglucinol) ligands with pend-
ant arms and have shown that the m-phenylene arrangement
leads to ferromagnetic interactions in trinuclear Cu" com-
plexes.”?! Closely related ligand systems based on 1,3-di- and
1,3,5-triaminobenzenes that involve mostly ferromagnetic
couplings have also been investigated.”'"

To match the two necessary requirements for SMMs,
namely large spin-multiplicity and large negative zero-field
splitting with axial symmetry (E/D =0), we designed the tri-
plesalen ligand C (Scheme 1),” which combines the phloro-
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Scheme 1. The hybrid-ligand triplesalen (C) comprises a phloroglucinol
bridging unit (A) for high-spin ground-states by ferromagnetic coupling

and a salen-like coordination environment (B) for single-site magnetic
anisotropy by strong tetragonal ligand-fields.

glucinol bridging unit A for ferromagnetic couplings, and
thus high-spin ground states, with the coordination environ-
ment of a salen ligand B, which is known to establish a pro-
nounced magnetic anisotropy due to its strong ligand field
in the basal plane.’** A well-studied example of a similar
system is the Jacobsen catalyst [(salen’)Mn'CI],*" which is
an Mn"™ (S=2) species with a zero-field splitting, D, of
around —2.5 cm™.%2% In this respect, it is interesting to
note that dimeric Mn™ salen complexes are known to
behave as SMMs. [

We have shown that variation of the terminal substituents
of the triplesalen ligands in a series of trinuclear nickel com-
plexes (Scheme 2) provides a control of the electronic com-
munication between the metal-salen subunits.*! Additional-
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Scheme 2. Abbreviations used.

ly, the severe ligand folding observed in [(talen®2)Ni,] re-
sults in an overall bowl-shaped molecular structure.

We recently communicated the successful synthesis of the
first trinuclear Cu" triplesalen complex [(talen)Cu';], which
exhibits an S,=3/2 spin ground state.”®! The EPR spectrum
of this complex displays a ten-line hyperfine splitting pattern
due to the coupling of the total electron spin with the indi-
vidual Cu nuclear spins (/=3/2) according to the 2xnxI+1
rule. Density functional calculations demonstrated that the
spin-density on adjacent carbon atoms of the central ben-
zene rings alters in the quartet ground state, in accordance
with the spin-polarization mechanism.?!

We have taken advantage of the ligand folding in triplesa-
len complexes by treating two equivalents of a trinuclear
Mn™ triplesalen complex with [Cr(CN)¢]>". The ligand fold-
ing in the tert-butyl derivative preorganizes the three Mn'™"
ions for coordination of three facial nitrogen atoms of
[Cr(CN)s*". The resulting complex, [{(talen®=)Mn"L},-
{Cr'"™(CN)4}](BPh,)s-4 CH;CN-2 Et,0 (Mn¢Cr-
(BPh,);-4 CH;,CN-2Et,0), fulfils all the requirements for a
single-molecule magnet. AC susceptibility and hysteresis
measurements proved that this complex is a single-molecule
magnet with a high anisotropy barrier.) However, when
simulating the temperature-dependence of the magnetic
properties of the MngCr’* ion, we found that the coupling
between the Mn™ ions in this trinuclear Mn™ triplesalen

Chem. Eur. J. 2007, 13, 9191 -9206

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

building block is slightly antiferromagnetic and not, as ex-
pected, ferromagnetic. This behaviour was also found in the
nitro-substituted trinuclear Mn" triplesalen complex
[(talen™?){Mn"(DMSO),};](ClO,),.[”

To better understand the spin-polarization mechanism in
transition-metal chemistry in general, and in phloroglucinol-
bridged complexes in particular, we herein present a study
of trinuclear Cu" triplesalen complexes. The ligand folding
in these complexes is strongly dependent on the nature of
the terminal substituent and on the crystallization solvent.
This study allows the influence of the ligand folding, and
therefore of the orientation of the magnetic orbitals, on the
spin-polarization properties to be determined. Correlation
of the structural and magnetic properties leads to important
insights into the spin-polarization mechanism and its appli-
cation to obtaining ferromagnetic interactions in transition-
metal complexes.

Besides our interest in the magnetic properties, variation
of the ligand folding in the triplesalen complexes should
allow systematic investigations of enantioselective transfor-
mations. While metal salen complexes have been known for
a long time to catalyze chemical transformations,’®®”" the
discovery by Jacobsen, Katsuki, and co-workers that chiral
Mn'™ salen complexes are effective catalysts for the enantio-
selective epoxidation of unfunctionalized olefins® - Jed
to a revival in the chemistry of salen ligands. A folded ge-
ometry of the salen ligand accompanied by the formation of
a chiral pocket has been argued to be an essential element
for their enantioselectivity.®' ! Additionally, a cooperative
reactivity between multiple metal centers in covalently
linked salen systems has been established,**"! therefore tri-
nuclear triplesalen complexes might have useful applications
in enantioselective catalysis.

Experimental Section

Preparation of compounds: Hgtalen [2.4,6-tris{1-(2-salicylaldimino-2-
methylpropylimino)ethyl}-1,3,5-trihydroxybenzene], Hgtalen® [2,4,6-
tris({1-{2-(3,5-di-tert-butylsalicylaldimino)-2-methylpropylimino}ethyl)-
1,3,5-trihydroxybenzene], Hgtalen™°: [2,4,6-tris(1-{2-(5-nitrosalicylaldimi-
no)-2-methylpropylimino}ethyl)-1,3,5-trihydroxybenzene], and [(talen)-
Cu'] (1) were synthesized as described previously.*>-¢!

[(talen™")Cu;] (2): A solution of Cu(OAc),H,O (55 mg, 0.27 mmol) in
EtOH (10mL) was added dropwise to a suspension of Hgtalen™"
(100 mg, 90 pmol) in EtOH (10 mL) and the resulting brown solution
was heated to reflux for 30 min. The purple fibrous precipitate that
formed upon cooling to room temperature was filtered off, washed with
Et,0, and dried under vacuum. Yield: 87 mg (75%). MALDI-TOF MS:
mlz 1295.5 [M]*; IR (KBr): #=2960m, 2905w, 2868w, 1623s, 1560s, 1546s,
1530m, 1476vs, 1431s, 1390m, 1363w, 1337w, 1289m, 1256w, 1192w, 1166w,
840w, 541w cm™'; elemental analysis calcd (%) for CeHosCuzNgOgH,O
(1314.2): C 63.06, H 7.52, N 6.39; found: C 63.19, H 7.30, N 6.12.
[(talen™®)Cu;] (3): A solution of Hgtalen™®: (200 mg, 0.22 mmol) in
DMF (3mL) was added dropwise to a solution of Cu(OAc),H,O
(134 mg, 0.67 mmol) in DMF (3mL) and the resulting brown solution
was stirred at 70°C for 2 h. The purple fibrous precipitate that formed
upon cooling to room temperature was filtered off, washed with Et,0,
and dried under vacuum. Yield: 156 mg (65%). MALDI-TOF MS: m/z
1094.5 [M]*; IR (KBr): #=3063w, 2967w, 2929w, 1642m, 1606m, 1556s,
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1462s, 1390m, 1324vs, 1286m, 1244w, 1193w, 1102m, 949w, 844w,
682w cm™!; elemental analysis caled (%) for C,;sH,sCusNyO,,-H,O
(1112.6): C 48.58, H 4.26, N 11.33; found: C 48.78, H 4.04, N 11.34.

Oxidation of 2 to 2% with one equivalent of [(C¢H,Br);N](SbCl;) (AR):
This reaction was carried out using two Schlenk flasks cooled in a cryo-
stat. A dip probe connected to a UV/Vis spectrometer was placed in one
of the Schlenk flasks. Dry CH,Cl, (40 mL in the Schlenk flask equipped
with the dip probe and 5 mL in the other Schlenk flask) was cooled to
—30°C under argon and the background spectrum of CH,CI, was taken.
The solvent was then warmed to room temperature and AR (6.12 mg,
7.50 umol) was transferred into the Schlenk flask without the dip probe.
CH,Cl, (20 mL) was taken out of the Schlenk flask equipped with the
dip probe and added to the Schlenk flask containing AR. A portion of
2:0.7C4H,, (8.14 mg, 6.00 pmol) was then added to the flask with the dip
probe. Both solutions were stirred for 1 h and then cooled to —30°C. The
solution of AR (20 mL, 6.00 umol) was added quickly to the solution of 1
by syringe transfer and the UV/Vis spectrum was recorded.

X-ray crystallography: Crystals of 2a—2e were removed from their re-
spective mother liquors and immediately cooled to the temperature given
in Table 1. Data for compounds 2a and 2c¢-2e were recorded with a
Bruker AXS SMART diffractometer (three-circle goniometer with a 1 K
CCD detector, Mok, radiation, graphite monochromator; sphere of data
collected for 2a and 2 ¢, hemisphere of data collected for 2d and 2e with
w-scans with a 0.3° scan width and a detector distance of 5 cm). A hemi-
sphere of data for compound 2b was measured with a Bruker AXS
APEX diffractometer equipped with a rotating anode with w- and ¢-
scans with a 0.3° scan width. Empirical absorption corrections using
equivalent reflections were performed with the program SADABS. The
structures were solved with the program SHELXS-97 and refined using
SHELXL-97 (SHELXS/L, SADABS from G. M. Sheldrick, University of
Gottingen, Germany 1997/2001). Crystal data and further details con-
cerning the crystal structure determination are summarized in Table 1.
CCDC-638570 (2b), CCDC-638571 (2a), CCDC-638572 (2d), CCDC-

Table 1. Crystallographic data for 2a, 2b, 2¢, 2d, and 2e.

638573 (2¢), and CCDC-638574 (2e) contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.a-
c.uk/data_request/cif.

Magnetic measurements: The single crystals lose solvent when they are
extracted from their respective mother liquors and especially during the
purge-and-thaw cycles in the magnetometer. We used the following pro-
cedure to determine the exact composition and identity of the samples
used for the magnetic measurements. First of all we measured the FTIR
spectra and performed elemental analysis on the single crystals. As low
pressures are applied to the sample in the magnetometer, and as we
needed to be sure that no further solvent loss occurs during the measure-
ments, we then stored the ground microcrystals over a period of 24 h
under a dynamic vacuum of 0.005 mbar. After this vacuum treatment, we
measured the weight loss and FTIR spectra and performed a new ele-
mental analysis. Comparison of the FTIR spectra, which are sensitive to
the molecular structure, before and after the vacuum treatment estab-
lished that the trinuclear complexes do not change during the purge-and-
thaw cycles. The linewidths of the FTIR spectra do not change after this
vacuum treatment, thereby indicating no significant change in the homo-
geneity of the sample. This suggests, but does not prove, that the ligand
folding does not change significantly due to solvent loss. The composi-
tions of the samples were evaluated by weight loss and elemental analy-
ses. Temperature-dependent magnetic susceptibilities were measured
with a SQUID magnetometer (Quantum Design) at 1.0 T (2.0-300 K).
For calculations of the molar magnetic susceptibility, y;, the measured
susceptibilities were corrected for the underlying diamagnetism of the
sample holder and the sample by using tabulated Pascal’s constants. The
JulX program package was used for spin-Hamiltonian simulations and fit-
ting of the data by a full-matrix diagonalization approach.”!

Other physical measurements: Infrared spectra (400-4000 cm™') of solid
samples were recorded with a Bruker Vector 22 spectrometer as KBr
disks. UV/Vis/NIR absorption spectra of solutions were recorded with a

Compound 2a 2b 2¢ 2d 2e

empirical CeoHosCu3N¢Oy CgoHosCu3N¢Oy CgoHosCu;N Oy CgoHosCu;NOy: CeoHosCu3NgOq

formula (C;H 4)05(CH,CLy)p 2.5CH,(Cl, (CsH14)07(CH,Cly)p 5 2.5CH,Cl, -3.5CHCl;

formula weight 1397.51 1508.45 1381.94 1508.45 1713.93

T[K] 183(2) 173(2) 183(2) 173(2) 183(2)

crystal system triclinic monoclinic triclinic monoclinic rhombohedral

space group Pl C2/c Pl C2lc R3c

a[A] 14.1180(6) 32.7135(16) 14.1051(6) 32.7631(17) 19.1400(9)

b[A] 16.9442(7) 22.4939(11) 16.9098(7) 22.5388(11)

c[A] 17.2839(7) 23.1956(12) 17.3196(7) 23.1968(12) 79.887(5)

al?] 69.834(1) 69.860(1)

A1 81.045(1) 113.517(1) 81.078(1) 113.375(1)

v [°] 81.046(1) 80.984(1)

VA% 3810.6(3) 15650.9(14) 3807.6(3) 15723.6(14) 25345(2)

V4 2 8 2 8 12

Peatea [Mgm™] 1.218 1.280 1.205 1.274 1.348

u [mm™] 0.895 1.029 0.902 1.024 1.130

crystal color/ red-purple/ red-purple/ red-purple/ red-purple/ brown/

shape needles columns needles columns hexagonal plates

crystal size [mm] 0.40x0.05%0.02 0.12x0.05%0.01 0.50%0.04x0.01 0.50x0.10x0.04 0.30x0.30%x0.03

O range [°] 1.48-27.02 1.30-25.00 1.48-27.02 1.29-27.00 1.53-25.00

reflections collected 39681 62755 39302 61127 41280

unique 16380 13793 16350 17070 4964

reflections (R(int)=0.0471) (R(int)=0.0979) (R(int)=0.0373) (R(int)=0.0471) (R(int) =0.0648)

observed reflections (/> 20([)) 10256 9313 10892 12332 3681

max./min. transmission 0.9823/0.7160 0.9898/0.8865 0.9910/0.6612 0.9602/0.6285 0.9669/0.7280

data/restraints/parameters 16380/27/813 13793/17/882 16350/20/821 17070/10/859 4964/3/315

goodness-of-fit on F* 1.013 1.036 1.020 1.067 1.204

final R indices (I >20([)) R1¥1=0.0476, R1=0.0610, R1=0.0483, R1=0.0536, R1=0.0847,
wR2[=0.1129 wR2=0.1296 wR2=0.1095 wR2=0.1285 wR2=0.2004

largest diff. peak/hole [e A% 0.500/—0.416 0.512/-0.735 0.667/—0.455 0.774/—0.791 0.742/-0.570

[a] RL=X||F,| — | F.||/Z| Fy| ; wR2=[Ew(F, —F2)*Sw(F,})*".
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Varian Cary 50 spectrophotometer in the range 190-1100 nm at ambient
temperature. The UV/Vis absorption spectrum of oxidized 2% was re-
corded with a custom-made Hellma 661.087-UVS dip probe connected to
a J&M TIDAS II diode-array UV/Vis spectrometer via fibre-glass optics.
The Schlenk flasks were cooled in-line with a Julabo F81-ME circulation
cryostat. MALDI-TOF mass spectra were recorded with a Bruker Reflex
IV mass spectrometer (matrix: DCTB). The electrochemical experiments
were performed with argon-flushed CH,Cl, solutions containing 0.2M
[NBu,]PF; in a classical three-electrode cell. The working electrode was a
glassy carbon disk electrode, the counter electrode a platinum wire, and
the reference electrode was Ag/0.01m AgNO,/CH;CN. All potentials are
referenced to the ferrocenium/ferrocene (Fct/Fc) couple as internal stan-
dard. The electrochemical cell was connected to an EG&G potentiostat/
galvanostat (model 273 A).

Computational details: Theoretical calculations were carried out using
the TURBOMOLE 5.7 suite of programs.””! The computations on the
model system were performed at the unrestricted density functional
theory (U-DFT) level employing the B-P86 functional®®! and the reso-
lution of identity (RI) approximation®?” for the two-electron integrals.
A Gaussian AO basis set of triple-£ quality with polarization functions
on all atoms (TZVP)" and a numerical quadrature multiple grid (“grid
m4” in TURBOMOLE nomenclature) were used. The atomic spin densi-
ties were obtained by a Mulliken population analysis. The <S?> values
for all computed quartet states were close to the expected value for a
pure quartet (3.75).

Results

Synthesis and characterization: Following the reaction pro-
cedure for the synthesis of [(talen)Cu;] (1),%* the reaction
of Hgtalen®™" with copper acetate in EtOH afforded [(tal-
en®2)Cu;] (2) as a purple, microcrystalline solid. The prepa-
ration of purple microcrystalline [(talen¥°*)Cu;] (3) was per-
formed in DMF due to the poor solubility of Htalen™® in
alcoholic solvents. The successful synthesis of the trinuclear
copper complexes was confirmed by MALDI-TOF mass
spectrometry and elemental analysis. Both 1 and 2 are solu-
ble in aprotic organic solvents such as CH,Cl,, CHCI,,
CH;CN, or toluene, similar to the corresponding nickel com-
plexes, whereas 3 is only sparingly soluble in DMF and to an
ever lesser extent in CH,Cl,.

The FTIR spectrum of 2 is almost identical to that of
[(talen™*)Ni;]. Two prominent exceptions are the bands at
1623 and 1289 cm™' in the spectrum of 2, which appear at
1615 and 1300 cm ™, respectively, in the spectrum of the cor-
responding Ni complex. These shifts corroborate the assign-
ment of the band at 1623 cm™' to the C=N aldimine stretch
and the band at 1289 cm ™ to the C—O stretch. The C=N ke-
timine stretch mixes with the C—C stretch of the central
phloroglucinol, which leads to only small variations upon
changing the metal ion.[*"

The FTIR spectrum of 3 is almost superimposable on the
spectrum of [(talen™°?)Ni;], with a shift of the C—O band
from 1299 cm™ in the Ni complex® to 1286 cm™ in 3. In
contrast to [(talen®*)Ni;], two bands are observed at 1606
and 1623 cm™' in [(talen™®)Ni,] %! Similarly, a well separat-
ed band at 1642 cm™ is observed in 3, thereby suggesting
the assignment to the C=N aldimine stretch.

The differences in the IR spectra reflect the higher effec-
tive nuclear charge of Cu" compared to Ni". This higher ef-
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fective nuclear charge forces the phenolate oxygen to
donate more charge to Cu", which results in less m-bonding
of the phenolate oxygen to the aromatic ring and, thus, a
lower C-O stretching frequency. On the other hand, the
higher effective nuclear charge of Cu" also reduces its -
backbonding to the C=N x orbitals of the imines, therefore
the C=N double bond stretching frequency is higher in the
Cu complexes.

Structural characterization: No crystals of 3 suitable for a
single-crystal X-ray diffraction study were obtained due to
its poor solubility. Complex 2, on the other hand, could be
crystallized from different solvent mixtures to yield a variety
of crystal forms with different crystal structures and some
variation in the ligand folding in the associated molecular
structures. This variation in the ligand folding enables a
direct correlation of the exchange coupling between the Cu®
ions with the folding angle, therefore these crystal structures
will be discussed in detail.

Slow evaporation of n-heptane/CH,Cl, solutions of 2
yielded crystals with two different morphologies, namely
very thin, red-purple needles (2a) as the major component
and thin, red-purple columns (2b) as a very minor compo-
nent. Slow evaporation of n-hexane/CH,Cl, solutions of 2
also yielded crystals with two different morphologies where
the major component is again comprised of thin, red-purple
needles (2¢) and the minor component thin, red-purple col-
umns (2d). Slow evaporation of n-heptane into a CHCI; so-
lution of 2 yielded thin, dark-brown hexagonal plates (2e).
The crystal structures of 2a—2e were determined by single-
crystal X-ray diffraction studies.

Both 2a and 2¢ crystallize in the space group P1 with
nearly identical cell constants. It turned out that the crystal
structures of 2a and 2¢ are isostructural. Both contain one
position for a nonbonded solvent molecule, the nature of
which apparently does not influence the crystal structure.
This position is occupied statistically in 2a by CH,Cl, or
heptane, while it is occupied statistically in 2¢ by CH,Cl, or
hexane. The refinement results in the formulation of 2a as
2:0.8C;H5:0.2 CH,Cl, and 2c¢ as 2-0.7C¢H,4-0.3 CH,Cl,. The
different occupations of the solvent positions have no signif-
icant influence on the molecular structure of 2 in 2a and 2¢,
therefore only the molecular structure of 2¢ will be dis-
cussed below.

Both 2b and 2d crystallize in the space group C2/c and
appear to be identical (2-2.5 CH,Cl,), therefore only the mo-
lecular structure of 2d will be discussed below. Solvate 2e
crystallizes in the space group R3c and refines as
2-:3.5CHCl.

The molecular structure of 2 in crystals of 2¢ is displayed
in Figure 1. In all the structures of 2 the deprotonated triple-
salen ligand (talen™*)%" as well as (talen)®” in 1 coordinate
three Cu" ions. The Cu" ions are four-coordinate in a
square-planar coordination environment of two phenolate
and two imine donor atoms. Selected interatomic distances
for 2 in crystals of 2¢, 2d, and 2e, and for 1 in crystals of
1-CHCl,:0.5 C;H, ™ are summarized in Table 2 for compari-
son.
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Figure 1. Representative molecular structure of the trinuclear Cu triplesa-
len complex 2 in crystals of 2¢ along with the labeling scheme used. Ther-
mal ellipsoids are drawn at the 50% probability level and hydrogen
atoms have been omitted for clarity.

Table 2. Selected interatomic distances [A] for the trinuclear copper tri-
plesalen complexes.

13 2¢ 2d 2e
Cul-O11 1.883(3) 1.866(2) 1.881(3) 1.892(5)
Cul-012 1.899(3) 1.886(3) 1.890(3) 1.890(5)
Cul-N11 1.942(3) 1.928(3) 1.927(3) 1.945(6)
Cul-N12 1.940(3) 1.924(3) 1.939(3) 1.935(6)
Cu2-021 1.859(3) 1.912(2) 1.894(3)
Cu2-022 1.899(3) 1.915(3) 1.895(3)
Cu2-N21 1.930(3) 1.937(3) 1.927(3)
Cu2-N22 1.923(3) 1.953(3) 1.937(3)
Cu3-031 1.883(3) 1.894(3) 1.883(3)
Cu3-032 1.916(3) 1.923(3) 1.901(3)
Cu3-N31 1.921(3) 1.937(3) 1.928(3)
Cu3-N32 1.935(3) 1.935(3) 1.934(3)
Cul--Cu2 7.078(1) 7.115(1) 6.941(1) 6.703(2)
Cu2--Cu3 7.229(1) 7.314(1) 7.113(1)
Cu3--Cul 7211(1) 7.280(1) 7.071(1)

An important difference in the molecular structures is the
overall geometry, which is influenced by the ligand folding.
In the series of trinuclear nickel complexes, an almost flat
structure is observed for the nitro-substituted [(talen™°?)Ni,]
and a bowl-shaped structure for the tert-butyl derivative
[(talen®*)Ni;]; no systematic ligand folding is observed for
the unsubstituted complex [(talen)Ni;].*! A similar, al-
though not identical, behavior is observed for the trinuclear
copper complexes. Figure 2 shows a view of the trinuclear
complexes in 1-CHCI;-0.5 C;Hg, 2¢, 2d, and 2e. A qualitative
comparison shows some ligand folding in 1 although it is not
regular. Ligand folding is observed at one Cu center in 2c,
while the other two Cu centers exhibit only a small degree
of ligand folding. The severe and regular ligand folding ob-
served in 2d gives rise to the formation of a bowl-shaped
structure, and this ligand folding is even more pronounced
in 2e. We have used several parameters to obtain a quanti-
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Figure 2. Molecular structures of 1 in crystals of 1-CHCI,-0.5C,H; ()
and 2 in crystals of 2¢ (b), 2d (c), and 2e (d) drawn perpendicular to the
central phloroglucinol ring to emphasize the various degrees of ligand
folding. Color code: Cu green, O red, N blue, C gray.

tative description of the ligand folding in our study of the
trinuclear nickel triplesalen complexes.[”” The values of
these parameters are summarized for the trinuclear copper
triplesalen complexes in Table 3. While all these parameters
quantitatively confirm the visual estimate of the ligand fold-
ing, we will only focus on the angles ¢nra aNd Prermina aS
these are best suited for differentiating between a bending
along an idealized line through neighboring N and O ligands
and a line perpendicular to the former resulting in a helical
distortion (Scheme 3).°>%1 A close inspection of the calcu-
lated values demonstrates that the folding of the terminal
phenolates is relatively small compared to the folding of the
central phenolates. The angle (..., reflects the small ligand
folding in 1 and the strong ligand folding in 2e. The angles
for 2¢ and 2d (19.7° and 19.8°, respectively) both indicate a
relatively strong ligand folding. However, while this ligand
folding is relatively uniform in 2d, giving an overall bowl-
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Table 3. Selected structural properties for the copper triplesalen com-
plexes 1 and 2 in the solvates given.

1.CHCL0.5C;H,  2¢ 2d 2e
d™ [A] Cul 0.96 0.97 0.96 1.24

Cu2 0.65 0.25 0.91

Cu3 0.13 -0.46 0.66

Mean 0.58 0.56 0.84 1.24
a®°] Cul 25.5 28.5 27.9 36.8

Cu2 15.9 13.9 24.1

Cu3 7.3 20.2 18.9

mean 16.2 20.9 23.6 36.8
B Cul 8.8 1.4 3.9 8.5

Cu2 6.3 9.9 10.9

Cu3 11.6 11.0 6.5

mean 8.9 7.4 71 8.5
Y] Cul 25.4 29.7 29.8 412

Cu2 17.8 7.1 223

Cu3 18.9 16.5 23.4

mean 20.7 17.8 252 412
geemrallel o] Cul 17.0 20.7 24.4 30.2

Cu2 75 16.4 18.4

Cu3 12.1 22.0 16.7

mean 122 19.7 19.8 30.2
prerminalle] o] Cul 2.0 6.8 75 8.6

Cu2 12 8.3 2.9

Cu3 3.1 10.4 8.5

mean 2.1 8.5 6.3 6.3

[a] d is the shortest distance between a copper ion and the best plane
formed by the six carbon atoms of the central benzene of the phloroglu-
cinol backbone. [b] a is the angle between the best planes of the N,O,
and benzene moieties of the central phloroglucinol backbone. [c] S is the
angle between the best planes of the N,O, and benzene moieties of the
terminal phenolate. [d] y is the angle between the best planes of the ben-
zene moiety of the central phloroglucinol backbone and the benzene
moiety of the terminal phenolate. [e] The bending angle ¢=180°— X (M-
Xno—Xgr), Where Xy is the midpoint between adjacent N and O donor
atoms and Xy is the midpoint of the six-membered chelate ring contain-
ing these N and O donor atoms.

helical
distortion

distortion

Scheme 3.

shaped molecular structure, the ligand folding of 2¢ is not
uniform. Especially the folding of the salen subunit of Cu3
to the other sites of the phloroglucinol backbone as com-
pared to Cul and Cu2 prohibits the formation of a bowl-
shaped structure.

One unexpected feature is the formation of a supramolec-
ular arrangement in 2d where two bowl-shaped trinuclear
complexes 2 form a disc-like arrangement that hosts two
CH,Cl, molecules like two pearls in an oyster (Figure 3). In-
terestingly, these two trinuclear complexes do not form a
staggered conformation but the relative orientation is some-
where between an eclipsed and a staggered conformation
(Figure 3a). A close inspection of the intermolecular con-
tacts in combination with the observed nonstaggered confor-
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mation indicates that there are some attractive supramolec-
ular interactions between the fert-butyl phenol groups that
enforce the overall disc-like aggregate. The space between
these groups is filled with solvent molecules. We have found
a similar supramolecular arrangement in a trinuclear iron
triplesalen complex.””)

Electrochemistry: We recorded the cyclic (CVs) and
square-wave voltammograms (SWs) of 1-3 in CH,Cl, solu-
tion. All potentials are referenced to the Fc*/Fc couple.

The unsubstituted complex 1 (Figure 4) exhibits one re-
versible reduction wave at E;,=-—1.84 V, which can be at-
tributed to the Cu'/Cu! couple.'”! Three irreversible oxida-
tions are observed with peak potentials at E,=+0.61,
+0.77, and 4+ 0.91 V. The irreversibility of these oxidations is
in accordance with the electrooxidative polymerization ob-
served in unsubstituted copper salen complexes."!

The tert-butyl substituted complex 2 exhibits three reversi-
ble oxidation waves at E!,=+026, F%*,=+0.59, and
E%,=40.81V at —30°C (Figure 5a,b). The peak current of
the oxidation E” is about twice that of E' and is also mark-
edly higher than that of E°. Since E' is a one-electron oxida-
tion (see below), we assume that E? is a two-electron oxida-
tion and E' and E® correspond to one-electron oxidations.
Attempts to split the two-electron oxidation into two sepa-
rate one-electron oxidations by using fast scan-rates (up to
6 Vs~ at a micro electrode) failed. The oxidation E' re-
mains reversible upon either warming the solution from
—30°C to room temperature or decreasing the scan rate
(CV) or frequency (SW), although a fourth oxidation wave
with a SW peak at E*=0.71 V grows in (Figure 5¢) with a
concomitant decrease of E* and E°. This behavior is reversi-
ble.

The oxidized trinuclear complex 2% was generated chemi-
cally at —40°C by adding one equivalent of the aminyl radi-
cal [(CH,Br);N][SbCl4] to a solution of 2 in dichlorome-
thane.

The nitro-substituted complex 3 exhibits only one irrever-
sible oxidation wave with a CV peak potential at E,=
0.45 V (Figure 6).

Electronic absorption spectroscopy: The electronic ab-
sorption spectra of complexes 1-3 are characterized by very
intense transitions above 23000 cm™! (Figure 7; the spectrum
of the mononuclear model compound [(salen)Cu] is includ-
ed for comparison). The absorption spectrum of [(salen)Cu]
consists of a weak band at 17600 cm™' (300 M 'cm™), a
band at 27700 cm™! (10x10° M 'cm™) with a shoulder at
26300 cm ™!, and more intense bands above 32000 cm™~'. The
low energy band at 17600 cm ™' can be assigned to d-d tran-
sitions!'?'™ and the transitions above 32000 cm™! to ligand
n—m* transitions. It is interesting to note that several as-
signments have been reported for the absorptions in the
25000-30000 cm™" range, including Cu" —phenolate MLCT,
phenolate -Cu" LMCT, Cu"—imine MLCT, and intra-
ligand transitions.'”1% Whilst not attempting to provide a
detailed assignment, the absence of similar strong absorp-
tions in the spectra of the free ligand H,salen and its depro-
tonated anionic form salen’” indicates at least some copper
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a)

Figure 3. The supramolecular arrangement of two triplesalen complexes 2 and two CH,Cl, molecules in crys-

dro salen (“salan”) ligand in its
Cu complex!">110 fyrther
indicates significant amounts
of Cu'—imine MLCT and
imine wt—m* character in these
transitions in [(salen)Cu]. We
have recently studied an ex-
tended system based on 1,8-
naphthalenediol where TD-
DFT calculations reveal that
the orbitals involved in these
transitions are strongly delocal-
ized over the whole ligand,
with only small contributions
from the Cu" ions.'""!)

The electronic absorption
spectrum of the trinuclear Cu"
complex 1 is remarkably simi-
lar to that of [(salen)Cu] al-
though the intensity increases
by roughly a factor of 2, which
corresponds to the ratio of
four phenol units in 1 com-
pared to two phenol units in
[(salen)Cu]. The d-d transi-
tions appear at 17700 cm™!
(780 Mm'cm™) and the CT
transitions at 27300 cm™' (21 x
10°m'em™), with a shoulder
at 26100 cm ™.

The absorption spectrum of
2 is similar to that of 1 al-

tals of 2d is like two pearls in an oyster. Color code: Cu green, O red, N blue, C gray, Cl violet.

10 pA

-1.84

+0.61

10 0.0 1.0 20
E/VvsFc'/ Fe

Figure 4. Cyclic voltammograms of 1 in CH,Cl, at 20°C recorded at a
glassy carbon working electrode. Scan rate: 200 mVs™' or varying scan-
rates of 50, 100, 200, 400, and 800 mVs~'.

character for these transitions. The strongly decreased inten-
sity of the absorption corresponding to the reduced tetrahy-
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though there is a new strong

band at 30200cm™' (60x

10°M'em™) in the spectrum
of 2 which is absent from the spectra of 1, [(salen)Cu"], and
the mononuclear tert-butyl analogue [(salen’)Cu]."®! This is
in contrast to the corresponding nickel triplesalen complexes
where only the extinction coefficients change on going from
[(talen)Nis] to [(talen*)Ni,].[l We cannot give a definitive
assignment for the intense band at 30200 cm ™' in 2, although
it is interesting to speculate that this strong band may be re-
lated to the differences in the ligand folding. While the
degree of ligand folding in the trinuclear copper triplesalen
complexes in solution is not known, it can be concluded
from the solid-state structural analysis that there is a more
pronounced ligand folding in 2 than in 1. This ligand bend-
ing produces an additional phenolate p,—~Cu" d. . LMCT
which has no intensity in a planar conformation. The prime
refers to the local coordinate system of the phenolate
oxygen atom (see below).

The spectrum of the monooxidized cation 2* shows some
significant changes compared to the spectrum of 2
(Figure 7). Thus, while the d-d transition exhibits nearly no
change (inset of Figure 7) the charge-transfer transitions ex-
hibit strong differences. The main change is a shift of the
30200-cm™" band in 2 to 32300 cm™" with a decrease of its
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a
10 pA

)
08 06 04 02 0
E/Vvs.Fc'/Fe

b)

+0.26
+0.81

1.0 pA

+0.59

o

08 06 04 02
E/Vvs. Fc'/ Fe

08 06 04 02 0

E/Vvs.Fc'/Fc
Figure 5. a) Cyclic voltammograms of 2 in CH,Cl, at —30°C (scan rates:
100, 200, 400 mVs™'); b) square-wave voltammograms of 2 at —30°C

(frequencies: 6, 12, 25, 50 Hz); c) square-wave voltammograms of 2 in
CH,(], at temperatures from +27 to —30°C (frequency: 40 Hz).

+0.35
10 yA
+0.45
10 yA
10 0.5 0.0 05

E/Vvs.Fc'/Fc
Figure 6. Cyclic voltammograms of 3 in CH,Cl, (scan rates: 100 mVs™'

(top); 50, 100, 200, 400 mV's™' (bottom)) at ambient temperature.
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Figure 7. Electronic absorption spectra of 1 (CH,Cl,), 2 (CH,CL), 3
(DMF), and [(salen)Cu"] (CH;CN) at ambient temperature. The spec-
trum of 2%, which was generated by addition of one equivalent of
[(C¢H,Br);N][SbCl4] to a solution of 2 in CH,Cl, at —40°C, is corrected
for the absorption of the reduced amine. The inset shows the region of
the d—d transitions.

intensity. The bands that appear as a shoulder at around
27000 cm™! are shifted to slightly lower energy with a maxi-
mum at 25900 cm ™! with slightly higher intensity.

The spectrum of 3 shows very intense transitions between
24000 and 35000 cm™" as in the corresponding Ni complex.
These transitions are solely due to the nitrobenzene chro-
mophore and prevent the analysis of the phenolate-Cu chro-
mophores.

Magnetic measurements: We performed temperature-de-
pendant measurements of the magnetic susceptibility
(SQUID, 2-300 K, 1.0 T) of samples of 2b, 2¢, 2e, and 3.
The effective magnetic moment u.; of all samples increases
upon lowering the temperature, in agreement with the ex-
pected ferromagnetic interactions via the spin-polarization
mechanism (Figure 8). u.; decreases below 5 K due to weak
intermolecular antiferromagnetic interactions and saturation
effects. The data for 2¢ reveal a step in u.; at around 190 K.
Measurements on different batches of 2¢ were performed
after extensive purge-and-thaw cycles in the magnetometer
to ensure that this step is not caused by molecular oxygen
absorbed on the crystallite surfaces. All these measurements
revealed the same behavior, thereby indicating that this is
an inherent property of 2¢, which we assign to a structural
phase-transition.

In order to obtain the coupling constants (/) we simulated
the temperature dependence of u.; with the appropriate
spin-Hamiltonian [Eq. (1)] for an equilateral Cu"; (§;=1/2)
triangle by a full-matrix diagonalization approach including
Heisenberg-Dirac-van Vleck (HDvV) exchange and a
Zeeman interaction using the program package JulX
1.2.1,5% which takes saturation effects into account. Inter-
molecular interactions were modeled by inclusion of a Weiss
temperature 6.

3
H=-2J(5,5,+ 855+ 55)+ > [gusSB] (1)
i=1
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Figure 8. Temperature dependence of u. for 2¢ (a), 2b (b), 2e (c), and 3
(d). The solid lines correspond to the best fits: 2¢: J=+1.08cm™, g=
2.049, ¥rp=100x10"°cm’mol™!, and 6=-0.26K; 2b: J=+1.17cm},
g=2.078, %rp=380x10"° cm*mol !, and §=-0.07 K; 2e: J=+1.55cm™,
g=2.055, yrp=169%x10"°cm’mol™!, and 6=-0.10K; 3: J=+1.02cm™,
g=2.132, y1p=272x10"°cm*mol !, and 6 =—0.37 K. The values for y;p
have been extracted from the experimental and theoretical data.
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Fitting of the data (floating J, g, 6) indicated a covariance
of J and 6 and a nonperfect reproduction of the curvature
was obtained. Uncertainties in the exact molar composition
are all incorporated in the value of g but do not affect the
value of J, therefore any differences in the values of g
should not be considered as being due to changes in the
electronic structure of the complexes. We also performed
careful simulations of the data, paying special attention to
the curvature of the u. versus 7 plots in the area of stron-
gest slope (between 20 and 80 K) to obtain relatively accu-
rate J values. In this approach, even small variations in J
change the simulations significantly. To obtain an insight
into the accuracy of the J values, we then performed simula-
tions with slightly different J values and found that increas-
ing (decreasing) the J value leads to a small overall increase
(decrease) of u.; over the whole temperature range. We
therefore reevaluated the g value by fitting the data above
130 K for each specific value of J. Figure S1 (see Supporting
Information) summarizes the results of this procedure for
compound 2e. Whereas the curve for J=1.55cm™" fits the
Ui values, especially the curvature, perfectly, the curves for
J=1.40 and 1.70 cm™ lie below and above the experimental
data, respectively. We therefore estimate an error for the J
value of £0.10 cm '. Note that the covariance of J and 6
was also suppressed. The best J values obtained by this pro-
cedure are J=(+1.084+0.10)cm™' for 2¢, J=(+1.17%
0.10) cm ™' for 2b, J=(4+1.5540.10) cm™! for 2e, and J=(+
1.0240.10) cm™ for 3. The J value for 1 was found to be (+
1.5240.10) cm .

Discussion

Influence of the substituents on the electrochemical proper-
ties: The electrochemistry of mononuclear Cu salen com-
plexes has been studied intensively.1°* 101104110121 The parent
complex [(salen)Cu] and its ketimine derivative
[(Me,salen)Cu] are oxidized irreversibly at 0.60 and 0.53 V,
respectively,'®! and this irreversibility has been ascribed to
an electrochemical oxidative polymerization at the electrode
surface through the para position of the phenol unit. While
this oxidation was supposed to involve the initial formation
of a Cu™ species, charge delocalization is thought to be suf-
ficient to allow an oxidative coupling mainly in the para po-
sition. The introduction of substituents in the ortho and para
positions inhibits this radical chemistry and leads to a rever-
sible oxidation process, namely two reversible oxidations at
0.45 and 0.65V for [(salen’)Cu] and 0.55 and 0.75V for
[(salen*)Cu]."? These two oxidations have been assigned
to the successive formation of a Cu" phenoxyl and a Cu" bi-
sphenoxyl radical species for both complexes.

The irreversible oxidation of the unsubstituted trinuclear
complex 1 at +0.61 V is in accordance with the irreversible
oxidation of [(salen)Cu] at +0.60V, thereby implying a
redox polymerization of the trinuclear complexes at the
electrode surface. In this respect, there are no striking differ-
ences between the trinuclear triplesalen complex and its
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mononuclear salen analogues. In contrast, a strong cathodic
shift of the first oxidation of the fert-butyl-substituted com-
plex 2 to +0.26 V is observed in comparison to [(salen’)Cu]
and [(salen®?)Cu], which indicates a substantial stabiliza-
tion of the oxidized species in the trinuclear complex. The
introduction of two fert-butyl groups (i.e. going from
[(salen)Cu] to [(salen®*)Cu]) stabilizes the oxidized species
by 50 mV.""¥! Furthermore, substitution of the ethylenedia-
mine bridge by a cyclohexanediamine bridge results in an
overall stabilization of 150 mV."'¥) This implies a cathodic
shift due to two fert-butyl substituents in the range of 50—
150 mV. However, the stabilization on going from 1 to 2
(350 mV) implies that an additional stabilizing effect is oper-
ative in monooxidized 27. Further evidence for an extra sta-
bilization of 2% arises from the increase of the peak separa-
tion to the second oxidation, which is 330 mV in 2 and only
200 mV in [(salen™")Cu] and [(salen’)Cu].

The oxidized species 27 is inherently a mixed-valent spe-
cies as a metal-centered oxidation to a Cu' species would
yield a mixed-valent Cu™Cu"Cu" species. For a ligand-oxi-
dized radical species three terminal phenolates and one cen-
tral phloroglucinol moiety might be oxidized. The trinuclear
Ni triplesalen complexes are a good reference for under-
standing the electronic structure of monooxidized 2%, and
we have shown by EPR spectroscopy that the monooxidized
trinuclear Ni complexes exhibit valence tautomerism.®
They display two sub-spectra in the EPR spectrum at 10 K,
one of which is due to a ligand-oxidized radical species and
one to a metal-oxidized Ni™ species. These sub-spectra and
their relative ratios are virtually identical for [(tal-
en®)Ni;]* and [(talen™°?)Ni;]*. Oxidation of a terminal
tert-butyl-containing phenolate in the former and an NO,-
containing phenolate in the latter would lead to differences
in the radical EPR sub-spectra, especially in the relative
ratio of these sub-spectra. We therefore assigned the oxi-
dized radical species as being formed by oxidation of the
central phloroglucinol units. It is interesting to note that the
oxidation of phloroglucinol is 0.24 V easier than for
phenol."¥ The intensity of the radical EPR signal of [(tal-
en™")Ni,] ™ decreases reversibly upon increasing the temper-
ature, and at 100 K only the Ni"' EPR species is detected.
The concomitant detection of both valence tautomers (radi-
cal and Ni™ species) indicates that these pairs of valence
tautomers have similar energies. The temperature depend-
ence of the equilibrium is considered to be entropy driven.
The entropy gain associated with the Ni™® species can be at-
tributed to the threefold degeneracy, which implies that the
mixed-valent Ni'"Ni'Ni! species is of class IL'* Along the
same lines, the non-degeneracy of the radical species can be
assigned to the oxidation of a central (phloroglucinol) phe-
nolate species which is delocalized over all three sides
(class IIT).

While the ligand-oxidized radical species and the metal-
oxidized Ni™ species in the trinuclear Ni complexes are
close in energy, the higher effective nuclear charge of Cu"
compared to Ni" (see above) should result in a ligand-oxi-
dized radical species for the trinuclear Cu triplesalen com-
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plexes, in agreement with the assignment for the singly and
doubly oxidized mononuclear salen-type Cu com-
plexes. 1101121

The UV/Vis spectra exhibit nearly no change in the d-d
transition upon going from 2 to 2%, thereby proving that the
oxidation is not Cu centered. Additionally, the potential
phenolate O p,—Cu" d,._» LMCT transition at 30200 cm
in 2, which gains intensity from the ligand folding at the cen-
tral phenolate (see above), increases in energy upon oxida-
tion with a concomitant decrease in intensity. This is in
agreement with a simple description whereby the redox-
active orbital comprises of the whole central phloroglucinol
unit incorporating all three phenolate donors. Oxidation
leads to an energy stabilization of the oxygen orbitals and
thus a shift of the LMCT to higher energies with reduced in-
tensity due to a reduced bonding interaction (increased
energy separation and reduced resonance integral). This
redox-active orbital also comprises, although to a lower
extent, some C=N double bond character from the ketimine
units, which contributes to the overall conjugated system.
This results in the reduced energy of the Cu"—C=N m*
MLCT transition observed in 2%, and the increase in intensi-
ty, due to a decrease in the energy separation between the
orbitals involved. We can therefore assign the oxidized spe-
cies 2% to an oxidation of the central phloroglucinol unit.
The extra energetic stabilization of this monocation may be
ascribed to a class I delocalization™ of the central phe-
noxyl radical Cu" species over all three phenolate Cu" sites.

The irreversible oxidation of 3 at +0.45 V might be due
to an oxidation-induced decomplexation, which supports the
critical effect of the terminal substituents on the electronic
structures of the trinuclear Cu complexes.

Electronic and structural effects on the spin-polarization:
As summarized in the introduction, the concept of spin-po-
larization, which is almost always working in organic
chemistry, cannot be applied in a straightforward manner to
transition metal complexes. In this respect, our series of tri-
nuclear Cu" triplesalen complexes with different terminal
substituents, as well as the changes in the relative orienta-
tions of the magnetic orbitals with the plane of the bridging
benzene ring, are well suited to obtaining more experimen-
tal insight into the spin-polarization mechanism in transition
metal complexes.

Several theoretical investigations have been performed to
understand the differences between the spin-polarization in
organic radicals and carbenes and transition metal com-
plexes.F* 1517 Karafiloglou already showed for organic dir-
adicals that not only the spin-polarization and exchange and
superexchange interactions contribute to the overall cou-
pling."™®! Analogously, Cano et al. have emphasized the con-
tribution of both spin-polarization and spin-delocalization in
transition metal complexes.""” This has also been demon-
strated for resorcinol- and hydroquinone-bridged dinuclear
MoV complexes by Bencini et al.,'*! who showed that the
orientation of the magnetic orbital on each metal site rela-
tive to the plane of the bridging benzene ring is crucial for a
ferromagnetic or antiferromagnetic contribution to the su-
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perexchange interaction as well as to the spin-polarization
mechanism.

In our previous study of trinuclear nickel triplesalen com-
plexes™ we established that communication between the
nickel salen subunits is influenced by the terminal substitu-
ents on the phenol moieties. As the electronic communica-
tion between the three metal ions is mediated by the central
metal-phenolate bonds (bonds @ in Scheme 4), the strength-
ening of these bonds should increase the interaction be-
tween the metal ions. An indirect method for influencing

O N
bondb____» N/ j<
bond a/“*ol \N

jsN e

Scheme 4.

these central metal-phenolate bonds is provided by varying
the strengths of the terminal metal-phenolate bonds
(bond b in Scheme 4). In accordance with Pauling’s electro-
neutrality principle, a weakening of the terminal bonds b
(less charge donation from the terminal phenolates) would
strengthen the central bonds a (more charge donation from
the central phenolates), and vice versa.'” In this respect,
we have found that the introduction of tert-butyl groups in
[(talen®*)Nis] leads to stronger bonds b and weaker bonds a
than in [(talen)Ni;], whereas the nitro groups in [(tal-
en*)Ni;] result in weaker bondsb and thus stronger
bonds a.

We have also envisioned a second modulating effect in-
duced by the ligand folding which opposes the electronic
control described above. The degree of ligand folding, which
shows the strongest effect at the central phenolate units, in-
creases in the order [(talen™*))Niy] < [(talen)Ni;] < [(tal-
en®)Ni;].

The trinuclear copper triplesalen complexes provide a
good tool for investigating the interplay between electronic
and structural effects due to the paramagnetic nature of the
Cu" ions. In the hypothetical limit of a frozen ligand folding
irrespective of the nature of the terminal substituents, the
tert-butyl substituents in 2 are expected to strengthen
bonds b, thereby resulting in weaker bonds a and thus in a
decrease of the strength of the exchange coupling. (The ex-
change coupling constant J is proportional to the square of
the covalency.)™ On the other hand, introduction of the
nitro substituent in 3 should decrease the strength of
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bonds b and therefore increase the strength of bonds a,
therefore the exchange coupling should follow the trend 3>
1>2. However, the experimental trend, as established by
magnetic measurements, is 1~2e>2b>2c¢>3. The cou-
pling constant for the tert-butyl substituted complexes 2 in
crystals of 2¢ and 2b is smaller (J~1.1-1.2 cm™) than for
crystals of 2e (J=1.55cm™"), the value for which is close to
the value for the unsubstituted complex 1.”*! Interestingly,
the value of J for the nitro complex 3 is even lower than
that for 1 and 2.

The starting point for our discussion is the commonly ac-
cepted assumption that the spin-polarization in meta-phenyl-
ene-bridged radicals and carbenes follows a m mecha-
nism.”*'? In this respect, an efficient spin-polarization in
phloroglucinol-bridged transition metal complexes through
the m orbitals of the central benzene ring requires a high
spin-density in the p, orbitals of the coordinated oxygen
atoms. In a coplanar orientation of the CuO,N, plane and
the plane of the phloroglucinol unit (coplanarity of the xy
plane of the salen subunit and the x'y" plane of phlorogluci-
nol; Scheme 5a) the magnetic Cu d,._,. orbital and the O p,

Cu dxz,yz O pz

O pseudo o

Scheme 5. Orientation of the oxygen p orbitals in copper salen complexes
with planar and bowl-shaped geometries. See text for details.

orbital (the s orbital with regard to the O—C"™" bond) are
orthogonal and the overlap integral is zero (Scheme 5a),
which means that no spin-delocalization occurs by this bond-
ing pathway. The Cu—O bond and the spin density on the
oxygen atom originate from the pseudo-o overlap of the Cu
d.._,» orbital with the O p, orbital (Scheme 5b). Pseudo-o
here reflects the nonlinearity of the local x axis of the
CuO;N, coordinate system and the y’ axis of the phloroglu-
cinol coordinate system.['?'?] The positive spin-density in
the O p, orbital spin-polarizes the remaining oxygen orbitals
involving the O p, orbital.""”! The detour via the pseudo-o
bond therefore results in only an indirect spin-polarization
pathway.

Folding at the central Cu"—phenolate bond (noncoplanar-
ity of the xy and x'y’ planes; Scheme 5c¢) results in a nonor-
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thogonal overlap of the O p, orbital with the magnetic Cu
d.._,. orbital and therefore to a direct delocalization of spin
density into the O p, orbital, which results in a direct spin-
polarization pathway. This higher spin density in the O p,
orbitals should result in a stronger spin-polarization through
the central benzene ring as compared to the coplanar ar-
rangement described above.

We have performed density functional calculations for the
quartet ground-state in order to quantify these qualitative
considerations. Since we are only interested in the variations
of the spin densities induced by ligand folding at the central
Cu'phenolate bond, we used simplified models of the com-
plexes for our calculations. These models consist of the
parent phloroglucinol bridging unit with three coordinated
Cu" ions. The central ketimine groups are modeled by N=
CH units while the terminal phenolate and aldimine donors
are modeled by OH™ anions and NH; groups, respectively.
The ligand folding is mimicked by rotation of the CuO,N,
planes about either the central O-N vector or the Cu-O
vector. We calculated several model geometries. One struc-
ture had all atoms (except the hydrogen atoms) lying exactly
in one plane whereas the others were closer to the experi-
mentally obtained molecular structures with slight devia-
tions at the ketimine carbon atoms. Ligand folding opens a
direct bonding pathway between the Cu d,. . orbital and
the O p, orbital in all cases, as evidenced by an increased
spin density in the O p, orbital. However, a close inspection
of the atomic spin-densities of the central benzene ring and
the distribution of the spin densities of the p,, p,, and p, or-
bitals demonstrates that the spin-polarization and the spin-
delocalization increase due to the ligand folding. The spin-
densities for two similar model structures are shown in
Figure 9. The structure in Figure 9a is folded by rotation

Figure 9. The spin-densities for two different model structures show
a) spin-polarization or b) spin-delocalization on the central benzene ring.

about the Cu—O bond while the geometry in Figure 9b is
obtained by rotation around the O-N vector. The structure
in Figure 9a shows an increase of the absolute atomic and p,
spin-densities of alternating signs in the central benzene
ring, while for the similar geometry in Figure 9b an overall
increase of positive spin-densities is observed at all carbon
atoms. These findings are consistent with the above-men-
tioned theoretical publications,"*'?” which reveal that both
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spin-polarization and spin-delocalization contribute to the
overall coupling between transition metal ions. Thus, assign-
ing the experimentally observed strong ferromagnetic cou-
pling in the folded molecular structures to spin-polarization
or spin-delocalization is not justified. The effects of the d”
electronic configuration on the interplay between spin-polar-
ization and spin-delocalization will be studied by using tri-
nuclear transition metal complexes with other transition
metal ions.

It is interesting to compare these results with the famous
exception to meta-phenylene-bridged organic radicals,
namely 4,6-dimethoxy-1,3-phenylenebis(N-fert-butyl nitro-
xide). This meta-phenylene-bridged diradical has a singlet
ground-state while all other known meta-phenylene-bridged
radicals and carbenes possess a triplet ground-state.!'””) The
molecular structure established by X-ray diffraction shows
that the nitroxide moieties lie out of the plane of the meta-
phenylene bridge (65.1° and 75.3°). Thus, the nitroxide
SOMOs are almost orthogonal to the m system of the bridg-
ing phenylene unit. This leads to an indirect spin-polariza-
tion pathway that is less effective than the superexchange
(spin-delocalization) contributions, which are antiferromag-
netic.

The ligand system based on N,N',N’-1,3,5-benzenetris-
(oxamate), which is closely related to our triplesalen ligand
system, provides another good point of comparison.”!™!
The coupling constant for the trinuclear Cu" complex of the
parent ligand was found to be +5.8 cm™.F? It is interesting
to speculate about the origin of the stronger ferromagnetic
coupling in this meta-phenylene-bridged complex. The
amide coordination to Cu" rather than the phenolate coor-
dination in the triplesalen ligands results in a stronger cova-
lency of the metal-ligand bond, which gives rise to stronger
exchange interactions. Moreover, the basal plane of the
copper in the tris(oxamate) complex is almost perpendicular
to the plane of the bridging benzene moiety. This leads to
strong 7 interactions between the Cu d,._,. orbitals and the
benzene ring, which allows for direct spin-polarization as
compared to the indirect spin-polarization effects operating
in 1-3.

Conclusions

We have synthesized a series of trinuclear Cu" triplesalen
complexes with varying terminal substituents (H, NO,, tert-
butyl). These trinuclear complexes are not flat and show
severe ligand folding. This ligand folding is stronger at the
central Cu'—phenolate bonds than at the terminal Cu"—phe-
nolate bonds. The different molecular structures obtained
for 2 in various solvates show different degrees of ligand
folding, ranging from low non-uniform ligand folding to
strong uniform ligand folding, the latter of which leads to
bowl-shaped molecular structures. These bowl-shaped struc-
tures can be either a molecular property or stabilized by in-
termolecular interactions, as found in the supermolecular
aggregate 2,-2 CH,Cl,. This supramolecular structure consists
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of two bowl-shaped units which form a disk that incorpo-
rates two CH,Cl, molecules like two pearls in an oyster and
is stabilized by weak van der Waals forces.

Copper salen complexes catalyze a number of reac-
tions,'>*12! such as the asymmetric synthesis of a-methyl-o-
amino acids."”"3 Folding of the salen ligand and especially
of the diamine bridge has been found to be essential for the
enantioselectivity of these catalytic reactions. We are cur-
rently investigating the cooperative reactivity between the
three copper centers in these reactions and we are also
trying to synthesize a chiral triplesalen ligand from enantio-
merically pure diimine moieties.

The exchange interactions in all trinuclear copper triplesa-
len complexes are ferromagnetic, as expected for a meta-
phenylene bridging unit due to the spin-polarization mecha-
nism. In principle, the exchange coupling can be mediated
by the different terminal ligand substituents, with electron-
donating groups stabilizing the terminal Cu"-phenolate
bond b (Scheme 4), which leads to weaker central Cu"—phe-
nolate bonds a, and vice versa. However, this effect of the
terminal substituent seems to be small and is partially ob-
scured by the effects of the ligand folding. Flat geometries
weaken the coupling while ligand folding strengthens the
coupling. Density functional calculations indicate that this
effect cannot be ascribed only to spin-polarization and that
spin-delocalization is also effective.

The electrochemical characterization has established
three reversible oxidation steps for 2. A comparison with
various mononuclear salen Cu complexes shows a significant
stabilization of the mono-oxidized species 2, which has
been generated chemically and studied by electron absorp-
tion spectroscopy. This oxidation is ligand-centered and
leads to a phenoxyl radical species. In analogy to the trinu-
clear nickel triplesalen complexes and based on oxidation
potentials of phloroglucinol versus phenol, this oxidation is
assigned to the central phloroglucinol unit. Delocalization of
the phenoxyl radical over three phenolate-Cu" sites leads to
an extra stabilization of the monooxidized species in the tri-
plesalen complex as compared to mononuclear salen com-
plexes.

Direct interaction of the central phloroglucinol-based rad-
ical spin with the coordinated Cu" spin centers should lead
to strong exchange interactions. This interaction could be
either ferromagnetic or antiferromagnetic for other metal
ions depending on the d" electron configuration of the coor-
dinated metal ion (a ferromagnetic coupling is most likely
for Cu™). However, this coupling scheme should provide en-
ergetically well isolated high-spin ground-states for metal
ions with local spin states, S;, greater than 1/2 even for anti-
ferromagnetic interactions.
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