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ABSTRACT: We report here the synthesis and characterization of four dinuclear cyanide- — ——+" __
bridged Fe"'—Cu" complexes, based on a tetra- or a pentadentate bispidine ligand (L' or L?, i gsondl
respectively; bispidines are 3,7-diazabiyclo[3.3.1]nonane derivatives) coordinated to the Cu" g

center, and a tridentate bipyridineamide (bpca) coordinated to the low-spin Fe'™ site, with
cyanide groups completing the two coordination spheres, one of them bridging between the ¥
two metal ions. The four structurally characterized complexes [{Fe(bpca)(CN);}{Cu- [T s
(LH,0)}BF,, [{Fe(bpca)(CN),HCu(L)}][Fe(bpca) (CN),]-SH,O, [{Fe(bpea) CN)}- s & 2974
{Cu(L*>MeOH)}]PF;-MeOH-H,0, and [{Fe(bpca)(CN);}{Cu(L*)}]PF42H,0 belong to e,
different structural isomers. The most important differences are structurally and electronically
enforced (direction of the pseudo-Jahn—Teller mode) strong or weak interactions of the Aieackabi pis
copper(Il) center with the cyanide bridge. The related strength of the magnetic coupling of ~ zero-field spiiting " /
the two centers is analyzed with a combination of experimental magnetic, electron :
paramagnetic resonance (EPR), electronic spectroscopic data together with a ligand-field

theory- and density functional theory (DFT)-based analysis.

EPR silent

B INTRODUCTION Chart 1. Structure and Numbering of the Ligands
The design, synthesis, and characterization of exchange-coupled =
oligonuclear complexes is of interest for novel magnetic ~ | pys

materials and also to better understand the electronic
properties and reactivities of catalysts, specifically also of
enzymes and corresponding model systems."” Cyanide-bridged
complexes have the advantage of exclusively forming linear M-
CN-M' subunits and therefore in principle lead to predictable
structures, and to a number of structural motifs with interesting
electronic and magnetic properties.>* The theory of magnetic
exchange mechanisms across the cyanide bridge has been

studied in detail,” and we recently have reported a rare set of

cyanide-bridged dicopper(II) complexes, which allowed us to o 0

tully characterize the electronic properties as a function of the N N N
coordination geometry of the metal centers and their relative | H |
orientation.® From the detailed experimental and ligand-field N Hbpca NF

based analysis it was also possible to quantitatively determine
and fully understand the zero-field splitting, and this is of some o " i
importance in the context of the classical analysis of copper transition metal complexes. A unique featu.re. of the
acetate and a recent redetermination of the sign of the zero- copper(II) complexes s thatA th‘efe are three distinct and,
field splitting by high-field EPR,”® and, of course, also is of dependent on the s‘pec1ﬁc bispidine ligand gsed, close to
great interest in the field of single-molecular magnetism.”"° degenerate isomers in terms of the elefztrgmcauy enforced

The above-mentioned cyanide-bridged dicopper(Il) com- .elong.atif)n of a sPeciﬁc copper-donor axis.. "> As a result, it is
plexes were based on bispidine complexes (see Chart 1 for the n /prm'aple 'POSS.IbIe to tun'e the Cu-NC distance and 'CI}‘NC'
chemical structure of the bispidine ligands [3,7- M’ orientation in heterodinuclear complexes, and this is the

diazabiyclo[3.3.1]nonane derivatives] used in this Article). basis of the work reported here. In the series of four Cu-NC-
These have been studied in detail in recent years, specifically
also in terms of the unique reactivities, complex stabilities and Received: May 29, 2012

selectivities, and structural properties of the corresponding Published: August 20, 2012
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Fe'!' structures, where Cul is coordinated to a tetra- or
pentadentate bispidine and the Fe'" center is coordinated to
bipyridineamide (bpca, see Chart 1) and two additional cyanide
groups, the Cu'NC distance varies from 1.93 to 2.38 A, that of
Fe"—CN from 1.92 A to 1.97 A, and the corresponding Cu—
N—C angles differ between the extremes of 173° and 155°.
As expected (see discussion of the structural properties
below), the various possible isomers are very similar in energy.
Therefore, it was difficult to prepare and study (structures,
magnetism, electronic, infrared and electron paramagnetic
resonance (EPR) spectroscopies) a set of isomers with
otherwise identical composition. For example, it is known
that, depending on the solvent used and also dependent on the
coordinated metal ion, the ketone at C9 may be hydrolyzed or
in methanol, often a hemiacetal is observed.'"**'> Also, this is
known to have a significant influence on the donor properties
of the tertiary amine groups and therefore may significantly
change the electronic properties.""'*'” We report here the full
experimental characterization of a set of four heterodinuclear
complexes with similar but not identical composition. For the
theoretical analysis, we refer to earlier work with analogous
systems' "' and base our interpretation on a density functional

theory (DFT)- and ligand-field-based analysis.

B RESULTS AND DISCUSSION

Syntheses and Structural Properties. The reaction of
[N(bu),][Fe"(bpca)(CN);] with [Cu(L")(NCMe)(OH,)]-
(PFy), in a mixture of MeCN and CH,Cl,, or with
[Cu(L')(OH,),](BF,),-H,0 in MeOH, produced the hetero-
dinuclear complexes [{Fe(bpca)(CN);}{Cu(L')}]PFs2H,0
and [{Fe(bpca)(CN),}{Cu(L"-H,0)}]BE,, respectively.19
This species has the cyanide bridge trans to N3 of the
bispidine-copper(II) complex, the bridging cyanide in cis
position to the other 2 cyanides of the iron(II) subunit, and
the Jahn—Teller-elongated axis of the copper(I) chromophore
along Cu—N?7 (see panel (a) in Figure 1, throughout we use the
nomenclature N3-cis-N7 isomer for this structure). With the
pentadentate bispidine ligand L7, three different structural
isomers of the dinuclear complex were isolated: (i) In MeCN/
CH,Cl, (1:0.8) with slow crystallization at room temperature
the N7-cis-N7 isomer is produced (cyanide bridge trans to N7,
bridging cyanide cis to the other two cyanides of the iron(III)
core, Jahn—Teller axis along Cu—N7, see panel (b) in Figure
1). (ii)) With MeOH as solvent and ether diffusion at room
temperature, the N7-trans-N7 isomer was obtained (see panel
(c) in Figure 1; note that at C9 of the bispidine, this is a
methanolated ligand). (iii) With MeCN/CH,Cl, (1:2) and
ether diffusion at 4 °C the N7-trans-py isomer results (see panel
(c) in Figure 1, Jahn—Teller axis of the copper(Il) site along
pyl-Cu-py2). Because the various isomers are very similar in
energy (see Introduction), it is not unexpected that the
isolation of single crystals of the three isomers is not fully
reproducible.”®* ORTEP plots of all experimentally determined
structures appear in Figure 1, and selected structural data are
listed in Table 1.

N3-cis-N7 Isomer: [{Fe(bpca)(CN)s}Cu(L'-H,0)}BF,. The
precursor [Cu(L')(OH,),]** provides two possible coordina-
tion sites for a CN™-bridge to [Fe(bpca)(CN);]™, that is,
trans to N7 or trans to N3. As expected, in [{Fe(bpca)(CN);}-
{Cu(L"H,0)}]BF, the formation of the CN-bridge occurs
perpendicular to the Jahn—Teller axis of the Cu'site, and the
most stable Jahn—Teller isomer has the elongation along Cu—
N7 and therefore the coligand trans to N3 with a short and

9358

6._°
oL S
N3/ ,_g_F’g\ p—Q
1)&’3 Cu vz P
pyly ¢
b) @ oN,
oc,,
& : h Cirarisa
]
& Cf.-.;.-.{.' 0
o P
o N
- -
Q"‘. @ o
L = B
CSn e CF
H— P —-o'—-‘t)s[g- &-"‘0 %Vz @ '\h:i'&?a
N3/ | 9 N ~eiepv2 P g
o~ 1Cu Py d p "
c) T . f } d Cu ® ¢
& o on, Z pvl& ol
B +Q
Feg‘ﬂ‘? o .C-?- Q'Fe e
g e
o Cirind 4
®

Figure 1. Pov-ray plots63 of the dinuclear units of (a) [{Fe(bpca)-
(CN);H{Cu(L"H,0)}]* (N3-is-N7), (b) [{Fe(bpca)(CN);}{Cu-
(L) H[Fe(bpea) (CN),] (N7-cisN7), (c) [{Fe(bpea)(CN),HCu-
(L>MeOH)}PE¢ (N7-trans-N7), (d) [{Fe(bpca)(CN);}{Cu(L?)}]-
PF, (N7-trans-py); thermal ellipsoids at 30% probability, H atoms
omitted.

strong Cu-NC bond.*'>'**»** This leads to a relatively short
Cu---Fe distance of 4.995 A and a nearly linear bridge (Cu—N—
C 173.0° and Fe—C—N 177.9°). There is an additional very
weak interaction of the Cul center to an axial fluoride of the
BE,” ion (2.980 A).

N7-cis-N7 Isomer: [{Fe(bpca)(CN);HCu(L?)}[Fe(bpca)-
(CN);]-5H,0. With the pentadentate bispidine L? and the
often observed Jahn—Teller elongation along Cu—N7,"*** the
bridging cyanide is “on the Jahn-Teller axis” (Cu-NC = 2.302 A
vs 1.931 A in the N3-cis-N7 and 1.964 A in the N7-trans-py
isomers). This leads to a comparatively long Cu--Fe distance of
5.215 A and a significantly bent cyanide bridge (Cu—N-C =
154.7°, Fe—C—N = 174.5°).

N7-trans-N7 Isomer: [{Fe(bpca)(CN);}{Cu(L?-MeOH)}I-
PFsMeOH-H,0. Here, one of the transoid cyanides of the
iron(IlI) core bridges to the copper(I) center. The Cu"
chromophore is very similar to that of the N7-cis-N7 isomer.
However, there are significant but small differences of the
geometry around Fe'™, and this is primarily due to the Fe-CN
distance of the bridging cyanide and leads to a somewhat longer
Cu--Fe distance (5.350 A vs 5215 A).

N7-trans-py Isomer: [{Fe(bpca)(CN);}{Cu(L?)}IPFs2H,0.
Here, the copper(Il) chromophore is different from the other
three structures; in terms of the cyanide bridge, it has, as
expected, similarities with the L'-based N3-cis-N7 isomer, that
is, a short Cu-NC distance (1.968 A vs 1.931 A vs >2.0 A).
Therefore, the bridge is also more linear than for the N7-cis/
trans-N7 isomers and similar to the N3-cis-N7 isomer (Cu—N—
C = 169° vs 173° vs 154°). It is known that, induced by the
strong ligand field of cyanide, a switch of the Jahn—Teller-

dx.doi.org/10.1021/ic301122h | Inorg. Chem. 2012, 51, 9357—9368
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Figure 2. Gaussian analysis of the copper(Il) (left) and iron(III) areas (right) of the electronic spectra of [{Fe(bpca)(CN);}{Cu(L"-H,0)}]* (N3-
cis-N7), [{Fe(bpca)(CN);}{Cu(L?*)}][Fe(bpca)(CN);] (N7-cis-N7), [{Fe(bpca)(CN),}{Cu(L*MeOH)}]PF; (N7-trans-N7), and [{Fe(bpca)-
(CN),}{Cu(L?)}IPFs (N7-trans-py); experimental (solid state): black, Gaussian fit: red; simulated transitions: blue; see Table 2 for the fitted
energies and Supporting Information for details of the Gaussian analysis and the full experimental spectra.

elongated axis from N7—Cu to pyl-Cu-py2 can occur.”'® The
important result here is that the Cu--Fe distances (and
concomitantly the Cu-NC distance and the Cu—N—C angle)
differ considerably with 5.350 A vs 5.071 A (N7-trans-py vs N7-
trans-N7 isomer).

Single-point DFT calculations were used to compute
electronic parameters (see below), and the energies of these
(see Supporting Information) may be used as an indication of
*32% It appears that the N7-trans-N7 and
the N7-cis-N7 isomers are truly degenerate, and this is not

the relative stabilities.

unexpected, but the N7-trans-py isomer is significantly less
stable (by about 30 kJ/mol with an assumed error limit of

around 20—2S kJ/mol). The fact that the three structures are
very similar in energy indicates that it must be difficult to
develop a strategy for selective isolation of one of the isomers;
moreover, it is difficult to reliably and reproducibly prepare a
sample of the least stable (and most interesting) N7-trans-py
isomer.”’

In conclusion, the four isomers (three with the pentadentate
L>based system) lead to remarkable structural differences,
which are expected to lead to striking differences with respect
to the electronic ground and excited states and magnetic
exchange. The orientation of the bridging cyanide related to the
Jahn—Teller elongated axis leads to large differences in the Cu—

dx.doi.org/10.1021/ic301122h | Inorg. Chem. 2012, 51, 9357—9368
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N—C—Fe axis (Cu—N, Fe—C and Cu---Fe distances, Cu—N—C
and Fe—C—N angles): there are short distances when the
bridging cyanide is perpendicular to the Jahn—Teller axis (N3-
cis-N7 and N7-trans-py isomers: Cu--Fe = 5.0 and 5.1 A vs 5.2
and 5.4 A) and concomitantly, the Cu--Fe axis is quite linear
(Cu—N—C = 173 and 169° vs 155°). The influence of these
structural features on the electronics is now described.”>~>’

Spectroscopy and Magnetism. The infrared spectra of
the four dinuclear complexes have the expected characteristic
CN stretching bands of bridging and terminal cyanide ligands
(see Supporting Information for the spectra).”® For [{Fe-
(bpca)(CN);}{Cu(L")}]PFs2H,O (N3-cis-N7 isomer) there
are three CN signals, two bands appear at 2120 cm ™' and 2126
cm™, assigned to the terminal cyanide ligands (our measure-
ment of the precursor [N("bu),][Fe™(bpca)(CN),] shows two
bands at 2123 cm™ and 2138 cm™,* and one at 2122 cm™).
One transition is shifted to higher energy (2173 cm™") and is
therefore assigned to the bridging cyanide. The N7-trans-py
isomer of the L’-based system also features three cyanide
vibration modes with two bands at 2129 cm™! and 2117 cm ™},
assigned to the terminal cyanide groups. The third band
appears at slightly higher energy (2144 cm™) and is believed to
be due to the bridging cyanide ligand. Compared to the L'
based N3-cis-N7 system, this is 29 cm™ lower in energy, and
this may be related to a significantly longer Cu-NC bond (1.97
vs 1.93 A vs >2.3 A for the other isomers). Consistent with this
observation a shift of the stretching mode for the bridging
cyanide could not be observed for the other two isomers (N7-
cis-N7 and N7-trans-N7). These both show IR spectra similar to
that one of the precursor (2120 cm™, 2126 cm™),*® with two
bands at 2127 cm™, 2135 cm™ (N7-trans-N7) and 2124 cm™,
2133 cm™ (N7-cis-N7). For the cis-isomer an additional
shoulder at 2143 cm™" probably is due to a small impurity of
the N7-trans-py isomer (similar synthetic procedure).

The electronic spectra of the four Cu'-Fe'" species (powder
spectra, see Figure 2 and Supporting Information) exhibit the
expected electronic transitions for the low-spin Fe" and Cu"
subunits; the corresponding energies from a simulation by three
and two Gaussian envelopes (see Figure 2), respectively, are
listed in Table 2. Two d-d transitions of the Cu'" centers are

Table 2. Energies of Cu" and low-spin Fe'" Based d-d
Transitions from a Simulation of Ambient Temperature
Diffuse Reflectance Spectra by Two and Three Gaussian
Envelopes

isomer N3-cis-N7 N7-cis-N7 N7-trans-N7 N7-trans-py
Cull 10,000 9,000 8,800 8,400
16,600 15,400 15,300 14,700
Fell 21,400 21,150 21,150 20,700
24,150 23,400 23,700 23,350
28,000 27,900 28,150 28,250

clearly visible for all four complexes. In a local pseudo-D,
symmetry they are assigned to the ZBlg « 2Alg transition
observed at energies between approximately 8,400 and 9,000
cm™! for the L?-based six-coordinate and 10,000 cm™" for the
L'-based system (see Figure 2). The second band at higher
energies belongs to the 2Blg « 2Eg,zB28 transition, between
approximately 14,700 cm™ for the N7-trans-py isomer (L*-
based system) and 16,600 cm™ for the N3-cis-N7 isomer (L'-
based system). As anticipated, for the N7-trans-N7 and the N7-
cis-N7 isomers the energies of both transitions are very similar

9361

with 8,800 cm™ and 15,300 cm™! for the former, and 9,000
cm™" and 15,400 cm™" for the latter (see Figure 2). However,
for the two “Jahn-Teller isomers” (N7-trans-N7 and N7-trans-
py) there are remarkably large differences in both transition
energies, with the latter being shifted to lower energy with
respect to the former by 400 cm™ (*B,, < *A,,) and 600 cm™"
(*Bjg <E,’B,,, see Figure 2). Since the pyl-Cu-py2 axis is
elongated in the N7-trans-py isomer, there is a weakening of the
7-back-donation of the pyridine donors which leads to a smaller
splitting of the t,,- and e -orbitals (in O)-symmetry). Between
20,000 and 30,000 cm™ all four spectra are dominated by
electronic transitions due to Fe''', with at least three maxima of
strongly overlapping bands (see Figure 2 and Table 2). These
are assigned to electronic transitions from the 2T2g ground state
of low-spin Fe" (octahedral notations) to at least 9 excited
states originating from the 2Azg, 2Tlg, zEg, and Zng octahedral
parent terms (see Supporting Information).30

The two species with strongly coupled metal centers (N3-cis-
N7 (L') and N7-trans-py (L*)) are EPR silent, and this was
expected because of a relatively large zero-field splitting of a few
wavenumbers, emerging from the SQUID measurements (see
below). With the two compounds with the cyanide bridge “on
the Jahn-Teller axis”, N7-cis-N7 and N7-trans-N7 EPR spectra
are observed but only the latter has a quality (line width) which
allowed a thorough analysis (Figure 3). This is based on spectra

AMS= +2 AMS= *1

/ 2\

a)

b)

200 300 400

HImT

Figure 3. EPR spectra of [{Fe(bpca)(CN);}{Cu(L*MeOH)}]PF
(N7-trans-N7 isomer); (a) experimental (undiluted solid, 6 K, v =
9.414239 GHz; (b) simulated (parameters see Table 2; spin
Hamiltonian, see eq 2, 3; details, see Experimental Section).

100

simulation (see Experimental Section for details),*" based on
the spin Hamiltonian of eqs 1-3.

2
HTotal = Z Hi + HInt

i=1 (1)
H, = pB-g.S, )
Hpye = =788, + 81,8, + App'§; X S, 3)

Because of the small ferromagnetic coupling (J = 1.8 cm™, see
Table 2), at 6 K there is only a weak signal around 250—400
mT of the triplet ground state, which decreases and eventually
disappears when the excited state is populated with increasing
temperature. In addition, at around 150 mT (half-field) there is
a weak transition due to AMg = + 2. Because of the weakness
of the coupling, it was not necessary to consider anisotropic
exchange (J;,) in the simulation, and the very small zero-field

dx.doi.org/10.1021/ic301122h | Inorg. Chem. 2012, 51, 9357—9368
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splitting was simulated with pure dipole—dipole coupling
(Ddip). However, because of the strongly distorted geometry, it
was necessary to consider antisymmetric exchange (A;,). The
parameters obtained from EPR spectroscopy (Table 3) are in
good agreement with those from the magnetic measurements
discussed now and are also reasonably well reproduced by the

ligand field calculations.

Table 3. Experimentally Determined and Calculated
(Parentheses) EPR Parameters of
[{Fe(bpca)(CN),}{Cu(L*MeOH)}|PF; (N7-trans-N7
Isomer)

8x & &

Cu 2.062(2.038) 2.065(2.056) 2.230(2.287)

Fe 1.42(1.780) 2.29(2.24) 2.50(2.55)

7 1.80

Dg,* —0.023%

Af 0.19

Af 024

Al 035
“In cm™. "Based on the experimentally known Fe--Cu distance
(5.350 A).

Measurements of the magnetic susceptibility were done on
powdered crystals at S00 G and in the temperature range of 2—
300 K. There are two strikingly different sets of yyT vs T
curves, those of the N7-trans-N7 and the N7-cis-N7 isomers with

long Cu-NC bonds (Figure 4a and b), and those of the N3-cis-
N7 and the N7-trans-py isomers with short Cu-NC bonds
(Figure 4c and d; the parameters used to simulate the data with
the Bleaney—Bowers approach’ are given in Table 4). For the
two isomers in Figure 4, with relatively long Cu---Fe axes, upon
cooling, the y)T values decrease to a minimum at around 30 K
(typical contribution of a temperature independent para-
magnetism, yrp), and then increase again on further cooling
to 2 K, as expected for a weak ferromagnetic coupling between
the two metal centers.*> The room temperature y,,T value of
the N7-trans-N7 isomer (5T (300 K) = 1.0 cm® K mol™!) is in
the expected range for two uncoupled S = 1/2 centers (spin-
only value: 0.75 cm® K mol™"), with a g-value slightly larger
than the g-factor of the free electron. For the N7-cis-N7 isomer
the room temperature yyT value of 1.468 cm® K mol™ is
consistent with three S = 1/2 centers (two low-spin Fe' and
one Cu"). Using the Bleaney—Bowers approach,” with the
isotropic exchange spin Hamiltonian H = —] §;-S, (S; =S, =1/
2), the magnetic susceptibility data are reproduced with
reasonable accuracy (see Figure 4 and Supporting Informa-
tion). The values of | are positive, except for N7-trans-py (see
below), that is the coupling through Cu-NC-Fe is ferromag-
netic, and this is expected because of the orthogonality between
the o-type Cu" and the 7-type Fe'" magnetic orbitals. The value
of J for N3-cis-N7 (J = 14.2 cm™") compares well with published
data of Cu"—low-spin Fe'" exchange coupled systems with
similar Cu-NC-Fe bridging topology but variable nuclearities
(Table S). It has been attempted to correlate these changes of |

(a) (b) .
1.10' 145'
g=2.21
- 4 e
-_ J=17cm <]
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Figure 4. Magnetic susceptibility as a function of temperature (yuT vs T plots) of (a) [{Fe(bpca)(CN);}{Cu(L*MeOH)}]PF¢ (N7-trans-N7
isomer), (b) [{Fe(bpca)(CN);}H{Cu(L*)}][Fe(bpca)(CN),] (N7-cis-N7 isomer), (c) [{Fe(bpca)(CN),}{Cu(L")}]PFs (N3-cis-N7 isomer), (d)
[{Fe(bpca)(CN),}{Cu(L*)}]PF, (N7-trans-Npy isomer); the calculated curves of (a), (b) are Bleaney—Bowers fits, and (c), (d) are calculated using
the anisotropic parameters from Table 4 with additional TIP and paramagnetic corrections (see text for details).
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Table 4. Experimentally Determined and Computed Electronic Parameters of the Four L' and L* Based Heterodinuclear

Complexes

[{Fe(bpca) (CN)sH{Cu(L")}IPFs

[{Fe(bpca) (CN);HCu(L*)}][Fe(bpea) (CN);]

[{Fe(bpca) (CN);HCu(L*MeOH)}JPFs  [{Fe(bpca)(CN);H{Cu(L*)}]PFs

N3-cis-N7 N7-cis-N7
Siso 2.13%/2.09° 2.12¢
Jox 14.2%/3.08" 2.4°
fem1]
Joer 14 2
[em™]
D [em™] —4.49"°
E [em™] 041
A, [em™] —0.50

N7-trans-N7 N7-trans-py
2.219/2.09° 2.19%/2.15°
1.7%/1.8° —0.5%/2.33%
2 -10
—0.023° 2.34°

0.33°

3.01

“Derived from the magnetic susceptibilities (based on a Bleaney—Bowers approach, for the data and fits, see Supporting Information). “Derived
from the reduced magnetization with an anisotropic model (see text and Figure S). “Obtained by the simulation of the EPR spectra; g, is the

average of the g values from the EPR simulation, see Table 2.

Table 5. Spin Ground States (S), Cu-NC-Fe Exchange Coupling Parameters J (cm™), and the Cu—N—C Angles in Cu"—low-

111

spin Fe" Exchange Coupled Complexes of Variable Nuclearity
complex Cu,Fe (trans) Cu;Fe, Cu;Fe, CuFe N3-cis-N7 Cu,Fe (cis) Cu,Fe, Cu,Fe, Cu,Fe, Cu,Fe,
S 3/2 5/2 5/2 1 3/2 2 2 5/2 2
] 18.8 17.0 15.8 14.2 14.1 12.6 9.8 6.9 S.0
£Cu—N-C* 168.4 168.1 167.6 173.2 162.4 1719 172.3 168.0 164.6
173.6 178.6 178.8 167.6 176.3 173.5 177.1
reference 18 59 60 this work 18 61 62 60 32

“The lowest and largest values are listed when multiple values exist.
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Figure 5. Experimental (symbols, see caption for the applied field) and fitted (black lines) data of the magnetization as a function of B/T; left:
[{Fe(bpca) (CN);H{Cu(L")}]PFs (N3-cis-N7 isomer) and right: [{Fe(bpca)(CN);}{Cu(L?)}]PF, (N7-trans-py isomer).

with the Cu—N—C angle which varies over a larger range than
the correspondig Fe—C—N angle (increasing deviations from
linearity is correlated with decreasing J). From the available
data it follows that these are not correlated (Table S and
Supporting Information). Measurements of the reduced
magnetization of the two isomers with longer Cu---Fe distances,
N7-cissN7 and N7-trans-N7 did not show any splitting of the
iso-field lines, that is, the zero-field splitting is, due to the weak

coupling, neglectably small (see Supporting Information).
The two more strongly coupled systems (N3-cis-N7 and N7-

trans-py isomers) show a significant splitting of the iso-field
lines in the measurement of reduced magnetization (see Figure
5), and this allowed us to determine the zero-field splitting
parameters (see Table 4). Use was made of the spin-

Hamiltonian Hg of eq 4,
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11,-1> 11,0> [1,-1> 10,0>

~J/4+D-guH, (H +iH )2 E 4,
(H,—iH,)/\2 -Ji4 (H, +iH /2 0
E (H,~iH)IN2 ~J/4+D+guH, A4

¥y
4, 0 4, 374

{4)

where, in addition to the usual isotropic Zeeman term, the
anisotropic zero-field splitting Hamiltonian with axial D and
orthorhombic E and an antisymmetric exchange term A, are
taken into account (A, and A, are zero by symmetry, see
below).>* It has been shown that A, terms can become
exceedingly large in dinuclear Cu-NC-Fe units, where large
distortions at the Fe'" site, as they are observed here, impose a
lower symmetry of the entire Cu-NC-Fe system.’* In
agreement with this expectation but in contrast to the N3-cis-
N7 isomer, the magnetic data of the N7-trans-py complex could
not be reproduced, when the A term was neglected. Using the
Hamiltonian of eq 4, we see acceptable fits of the isothermal
magnetization data for both N3-cis-N7 and N7-trans-py emerge
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(see Figure S, parameters listed in Table 4): A negative D value
for N3-cis-N7 but a positive D emerge for N7-trans-py, with a
significant orthorhombic parameter E in both cases. The most
striking difference between the N3-cis-N7 and N7-trans-py
isomeric forms is the large anisotropic exchange parameter A,
in the N7-trans-py complex (see Table 4). The parameter sets
deduced from the magnetization data reproduce the magnetic
susceptibility curves of the N3-cis-N7 and N7-trans-py isomers
acceptably well (Figure 4). Because of the large A, and the
positive D values of N7-trans-py, the increase of yT with
decreasing temperature, predicted and observed for the N3-cis-
N7 isomer (D < 0, small value of A), becomes largely
suppressed. Because of the large zero-field splitting we can
conclude that a Bleaney—Bowers fit is not appropriate for the
N3 cis-N7 and N7-trans-py isomers with strongly coupled Cu'-
e pairs. We have also computed the exchange coupling
constant ] with the well-established and validated broken
symmetry DFT approach.®> However, the accuracy of these
calculations does not allow to fully validate experimentally
determined exchange coupling constants in a range of only 15
cm™,
Ligand Field Analysis. Cu" Sites. The angular overlap
model (AOM) with a 1/R® dependence of the AOM
parameters ¢, and e, on metal-ligand distance (R)* has
been used to extract information about the Cu-ligand bond
from the energies of the two d-d transitions (see Figure 2 and
Table 2). The results show an overall decrease of the ¢ and 7
donor strengths across the series of six-coordinate Cu'
complexes (isomers N7-cis-N7, N7-trans-N7, and N7—tmns—py),
with e, parameters in the range of values reported for similar
Cu" complexes (e, = 3,800—5,400 cm™") but with distinctly
larger e, values than in other systems.>**7>° With the
parameters from Table 6, ligand field matrices have been

Table 6. AOM Parameters for Cu" (Deduced from a Fit to
the Two Electronic Transitions), and Unique Set of AOM
Parameters Used in the Simulation of the d-d Spectra and
the Magnetic g-Tensors of the Fe'™ Site of the Cu—Fe
Dinuclear Complexes®

isomer N3-cis-N7 N7-cis-N7 N7-trans-N7 N7-trans-py
¢ 4950° 5900” 5700" 4100°
e 400° 18507 1650” 550°
¢,(CN) (CN)  e(Np)  e(Ny) e (Numa)  er(Numia)
9300” —1800° 7900° —500° 80007 20007

“The 1/R® dependence of the AOM parameters on the Cu—N bond
lengths (see text) involves an adjustment to 2.052 A for the N3-cis-N7
and 2.168 A for the other isomers; the normalized values are taken
from ref 6. Y"AOM parameters from ref 39 normalized for a Fe'"—C
distance of R = 1.904 A. “AOM parameters from ref 37 normalized for
an Fe"—N distance of 1.968 A. “AOM parameters obtained from a
best fit to the g-tensors and energies of the d-d transitions of the Fe'™
complex unit in N7-trans-N7 (R(Fe™N,,:¢.) = 1.900 A.

calculated based on the geometries from the X-ray analyses (see
ref 6 for computational details). In combination with spin—
orbit coupling, g-tensor values and their orientation were
deduced from these matrices (see Supporting Information).
There is good agreement between the calculated and the
simulated Cu"" g-tensor values of the N7-trans-N7 isomer (see
Table 3).

Fe" Sites. The analysis of the magnetic exchange in
ferromagnetlcally coupled Cu" (S = 1/2)—low-spin Fe"" (S =

9364

1/2) dinuclear units in Cu-NC-Fe(CN); model systems
revealed a large anisotropy of the S = 1 spin ground state,
due to unquenched orbital momentum of the Fe site (*T,
ground state).>* This anisotropy arises from first order spin—
orbit coupling which transmits the orbital momenta to the spin
ground state, implying an orbital dependent exchange
mechanism. It has been shown, that already tiny distortions
due to the *T, Fe' ground state Jahn—Teller coupling can lift
the orbital degeneracy and reduce the magnetic anisotropy.
Symmetry reduction because of three different donors in the
Fe'" coordination sphere of [Fe(CN);(bpca)]™ was expected to
lead to an even larger reduction of the magnetic anisotropy.
This is supported by a comparison of the Fe'" g-tensor of the
present N7-trans-N7 isomer (g = 1.42, 2.29, 2.50) and that of
the almost re%ular (axial) [Fe(CN)4]*™ species (g = 0915,
2.100, 2.350).*° From the AOM parameters for the Fe-CN and
Fe—N,, bonds of Table 6 one infers that CN and N,

strong G-donors with Fel; and 7-back bonding emerges from
the negative e,-values (large for Fe-CN [e, = —1800 cm™'] and
modest for Fe—N,,, e, = =500 cm™’, see Figure 6 and Table 6).

z
T Cu

Cu

|
ﬁé@

CN CN
=2.67 / g,=1.76 /
NDY N F _
/ g =2.18 py, e\ Npy gv-2.21
% N mid
N 0,=2.63 (a@
0:=1.76 . CN
amide
N3-cis-N7 N7-trans-py
Figure 6. Fe'! z-bonding interactions and their correlation with the

main values of the g tensor for the two different bridging arrangements
in isomer N3-cis-N7 and N7-trans-py.

With these parameter and the usual 1/R® dependence, a

reasonable fit of the e, and e, values for the Fe—N bond to

amide
the g-tensor values from the simulation of the EPR spectrum
(Figure 3, Table 3) and the observed d-d transitions of the Fe'!
site of the N7-trans-N7 isomer (Table 2 and Supporting
Information) are obtained. The resulting parameters (e, =
8,000 cm™, e, = 2,000 cm™") endorse N
m-donor ligand. This is in agreement with the expectation and
* With the

set of t,; orbitals involved in z-interactions with the ligands the

amide @S a strong o- and

has been observed in earlier spectroscopic studies.

interplay between 7z-acceptor (Fe-CN, Fe—N,,) and 7z-donor
(Fe—N
easily deduced using the set of bonding parameters (Table 6)

amide) leads to a tyg orbital splitting pattern which can be
and AOM expressions (eq S5). For these expressions, the
geometry of the FeC;N; chromophore has been approximated
as ortho-axial and 7 interactions between Fe- and in-plane

orbitals of bpca have been neglected.
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N3-cis-N7 [N7-trans-py]:
E(dyz)l:E(dxy)] = eﬂ(CN) = —1800 CH‘l_1

E(d,,)[E(d,,)]
= 33;:(CN) + eﬂ(Namide)
= 3-(—1800) + 2000
—3400 cm™!

E(d,,)[E(d,,)]
= 2¢,(N,,) + 2¢,(CN)

= 2-(—500) + 2-(—1800)
—4600 cm™!

©)

With five electrons in the t,, orbitals and neglecting
orthorhombicity *E and ’B, type Fe' ground states emerge
(D4, symmetry) for N3-cissN7 and N7-trans-py, respectively
(Supporting Information). The orthorhombic ligand field and
spin—orbit coupling lead to a strongly orthorhombic g-tensor at
the Fe'" site, with an easy axis, as defined by the largest value of
g = 2.6, parallel to NC-Fe-N, 4. in both complexes. This is
calculated to be parallel to the Fe-CN-Cu bond in the case of
N3-cis-N7 and perpendicular to this axis in the case of N7-trans-
py. This has a crucial effect on the magnetic anisotropy of the
entire Fe---Cu site.

Magnetic Anisotropy. A key observation is the change of the
Fe'' ground state from *B(d,’d,.’d,.') in N3-cis-N7 to
2A(dxyl,dxzz,dyzz) in N7-trans-py (see Figure 8). In the
pseudotetragonal D,, symmetry the Zng octahedral ground
state of Fe' splits into “B, and “E sublevels, and the latter has a
first order angular momentum of +1. With spin—orbit coupling
and the low symmetry, these three sublevels are mixed and
additionally split to result in three Kramers doublets (see
Figure 7). Orbital-dependent exchange coupling between the

J— N
’ A
7 N
N
ST L — \
N = --- -0
2 N
T,,(Fe N 4
el LS = 1/2(Cu)
LF, 0, LF, C; LF+SOC LF+SOC+exchange

Figure 7. Correlation diagram illustrating the exchange coupling
between the electronic ground states of Fe(III) and Cu(II) under the
combined action of ligand field and spin—orbit coupling at the Fe(III)
site and orbital dependent Fe—Cu anisotropic exchange.

Fe'" Kramers doublets and Cu" leads to a total of 12 exchange-
split multiplets, and these are illustrated in Figure 7. The
combination of low symmetry and spin—orbit coupling results
in four lowest nondegenerate electronic states, spanning an
energy range of about 8 cm™), that is, of the same order of
magnitude as reported on the basis of a DFT analysis of the
magnetic anisotropy in a linear Cu-NC-Fe model complex.”*
Because of the lack of degeneracy in the two isomers discussed
here, both are characterized by a nonmagnetic ground state
which becomes magnetized in an applied magnetic field. The
large spacing between these levels explains the EPR silence of
the two complexes. In spite of the similar energy pattern of the
spin levels in the two complexes, their wave function
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compositions are quite different (see Figure 8). The two
lowest spin levels of N3-cis-N7, the ground state *B(d,,’d,.’d,.")
and the lowest excited state *B(d,’d,'d.’), both of ’E
symmetry in Dy, are dominated by almost equal amounts of 1,
+1) and I11,—1) functions. Therefore, a magnetic field along the
z-axis induces magnetic moments along the Cu-NC-Fe (z)
bond direction by mixing (polarization of the two nonmagnetic
states). Mixing between the spin ground state and the 11,0)
second excited state (*A, d,'d.’d.*) takes place with a
magnetic field along the x-direction. However, because of the
larger energy difference, the induced magnetic moment is much
smaller (Figure 8). The situation drastically changes in N7-
trans-py, where the ground state, dxyzdmzdﬂ1 [1, £1) in N3-cis-
N7 changes to (A, d,,'d..’d,.”). Here, mixing of the ground
state (dominated by equal amounts of 11,1) and [1,—1)) and the
lowest excited state 11,0) via H, dominates over mixing via H,.
The result is an easy axis magnetization in N3-py-N7 in contrast
to an easy plane magnetization in N7-trans-py. It follows that
the change from easy axis to easy plane magnetizations (N3-cis-
N7 vs N7-trans-py isomers, respectively) is a direct consequence
of orbital ordering, governed by the bridging topology at the
Fe'" site.

Another striking difference between the two complexes
emerges from the large antisymmetric exchange term which
mixes a considerable amount of 10,0) singlet state character into
the triplet state components |1, +1) of the N7-trans-py isomer,
and this is not the case in the N3-cis-N7 geometry. The origin
of this difference is 2-fold: First, the Cu-NC-Fe bridge in both
geometries is not linear (larger bending in N7-trans-py, see
Table 1), and this leads to a larger antisymmetric exchange A,.
Second, there is a reorientation of the easy axis of the g-tensor
from a direction approximately parallel to Cu-NC-Fe in the
geometry N3-cis-N7 to approximately perpendicular in the N7-
trans-py isomer. This leads to a g-tensor asymmetry and results
in a larger A, value (see expressions in refs 42—44). Finally,
antisymmetric exchange, leading to mixing of states of different
spin multiplicity (see eq 4), is responsible for spin-canting
effects, consisting in a weak antiferromagnetism (in N3-cis-N7,
D < 0) or weak ferromagnetism (in N7-trans-py, D > 0, Figure
9). This may be %uantiﬁed by the canting angle 6, calculated
from D and A},.4 A small angle of 8 = 3° for N3-cis-N7
compared to a much larger for N7-trans-py correlates with a
switch from an easy axis to an easy plane magnetic behavior.

Bl CONCLUSION

The combination of the tris-cyanide-bpca-iron(III) with the
cyanide-bispidine-copper(II) chromophores to cyanide-bridged
heterodinuclear complexes allowed to thoroughly study the
influence on the electronic properties of the distance and
relative orientation involving the two S = 1/2 spin centers and
the cyanide bridge. Of specific importance was the possibility to
vary the local copper(Il) geometry in terms of the bond
strength and distance to the cyanide bridge. With the
tetradentate bispidine ligand L', bonding to a monodentate
coligand to complete a square pyramidal coordination sphere
was known to occur perpendicular to the Jahn—Teller-
elongated tertiary amine N7, in-plane with the tertiary amine
N3 and the two pyridine groups.””* A similar geometry in
terms of the cyanide bridge is possible with the pentadentate
bispidine ligand L? with the less common Jahn—Teller
elongation along the two pyridine groups and the cyanide in-
plane with the two tertiary amines N3 and N7, and the third
pyridine donor, substituted to N7.">'> However, in this case
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Figure 8. Spin-energy level diagram and wave function composition for N3-cis-N7 and N7-trans-py resulting from the spin-Hamiltonian of eq 4 (H =
0) and anisotropic parameters from a fit to isothermal magnetization data (Table 4). The coupling of the spin-state of the electronic ground state
with close-lying excited states in dependence of the direction of the applied magnetic field is shown. Plotted are the orbital configurations from which
the sublevels of [Fe(bpca)(CN),]™ (*T, ground state) in N3-cis-N7 and N7-trans-py emerge.
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Figure 9. Spin-canting due to the simultaneous presence of axial
anisotropy (D) and antisymmetric exchange (Ay) in the two isomers
N3-cis-N7 and N7-trans-py. Values of the canting angle 6, calculated
classically, are only for visualization and should be viewed with caution.

the three possible “Jahn-Teller isomers” are close to degenerate
and a selective stabilization of the more interesting, strongly
coupled system is difficult. The two species with short Cu-NC
distances (N3-cis-N7 and N7-trans-py isomers) have very
different electronic and magnetic properties, with small negative
and positive axial zero-field splitting parameters D, respectively,
a considerable orthorhombic anisotry (E) in both cases and,
remarkably, a strongly antisymmetric exchange parameter A, in
the N7-trans-py isomer, related to the small but significant off-
linearity of the Cu-NC-Fe bridge and the misfit between the
direction of the largest component of the g-tensor and the Cu-
NC-Fe axis.

B EXPERIMENTAL SECTION

Measurements. Powder UV—vis-NIR spectra were recorded in
ALO; with a V-570 UV—vis—NIR spectrophotometer (Jasco). IR-
spectra were obtained from KBr pellets with a Spectrum 100 FT-IR-
spectrometer (Perkin-Elmer). ICP-emission-spectroscopy was carried out
on a Varian VISTA-MPX CCD Simultaneous ICP-OES device. For
these measurements the complexes were destroyed with concentrated
hydrochloric acid and then dissolved in an aqueous solution. Magnetic
measurements were carried out on a MPMS-XL ST (Quantum Design)
SQUID magnetometer. Samples were powdered and pressed in PTFE
tape to avoid field-induced orientation. The data were corrected for
diamagnetism of the sample holder, and Pascal’s constants were used
for diamagnetic corrections of the sample.*® For the simulation of the
iso-field lines from the reduced magnetization data, the program julX
was used.*” X-band EPR spectra (9.5 GHz) were recorded on a Bruker
Biospin ELEXSYS E-500 spectrometer with a cylindric resonator in
TE,o; modus. The system was equipped with an Oxford Instruments
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ESR 900 continuous liquid helium flow cryostat with a ITC 4
temperature controller. The spectra were simulated with MoSophe.>’
Elemental analyses were obtained from the microanalytical laboratory
of the Chemical Institutes of the University of Heidelberg.

X-ray Crystal Structure Determinations. Crystal data and details of
the structure determinations are given as Supporting Information.
Intensity data were collected at low temperature with a STOE IPDS1
image plate system (Mo—K,, radiation, graphite monochromator, 4 =
0.71073 A). Absorption corrections of the data from the IPDS were
done numerically, except for [{Fe(bpca)(CN),}{Cu(L!-H,0)}]BF,,
since a correction did not improve the structural data. The structures
were solved by the heavy atom method and refined by full-matrix least-
squares methods based on F* against all unique reflections.*** All
non-hydrogen atoms were given anisotropic displacement parameters.

DFT Calculations. The data presented are based on single-point
calculations, using coordinates from the experimental structures. To
obtain structurally comparable systems, the X-ray data were modified
such that in all structures there is a ketone at C9. Calculations were
done with Gaussian09,>® with the B3LYP functional,®' and the TZVP
basis set.** The isotropic exchange constants ] were obtained with the
usual broken-symmetry approach,® with a computational setup tested
and validated for the type of complexes used in the present
communication.>®

Syntheses. General Information, Ligands, and Precursors.
Chemicals were used as supplied. Technical grade solvents were
distilled prior to use. The ligands L' and L* as well as their Cu"
complexes were prepared as described previously.sz‘_56 [Fe"(bpca),],
[Fe™(bpca)(Cl),(OH,)], as well as [N(*bu),][Fe™(bpca)(CN);] were
prepared according to known procedures.””*” The purity of the
precursors was checked by elemental analyses, high resolution mass
spectroscopy, and infrared spectroscopy. Bis(2-pyridylcarbonyl)amine
was synthesized similar to a known procedure:®® 1,3,5-tris(2-
pyridyl)triazin and CuSO, were refluxed in water for 30 min. For a
quantitative precipitation the blue suspension was stored at 4 °C
overnight. After filtration the solid was suspended in a mixture of
water/chloroform, and Na,H,EDTA was added to the suspension. To
the mixture, 1 equiv of NaOH [with respect to 1,3,5-tris(2-
pyridyl)triazine] was added and stirred for 45 min. The organic
phase was separated, and the aqueous solution was extracted with
chloroform several times. The pale green organic solution was dried in
Na,SO, and filtrated via silica gel. The solvent was removed under
reduced pressure and dried under vacuum. The purity of the white
product (yield: 56%) was checked via '"H NMR spectroscopy,
elemental analyses, and high resolution mass spectroscopy.

[{Fe(bpca)(CN)}Cu(L')}IPF4;2H,0 (N3-cis-N7-isomer). To a sol-
ution of [Cu(L')(NCMe)(OH,)](PF,), (170 mg, 0.2 mmol) in a 1/1
mixture of MeCN/CH,Cl, (8 mL), [N(‘bu),][Fe™(bpca)(CN),]
(120 mg; 0.2 mmol) in CH,Cl, (8 mL) was added dropwise at room
temperature. After a short period a green solid formed rapidly, which
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was filtrated and washed with a small amount of MeOH. The green
product was dried under vacuum. Yield 107 mg (51%). Anal. (%)
Calcd for [{Fe(bpca)(CN);}{Cu(L")}]PFs2H,0: C, 43.75; H, 3.67;
N, 13.43. Found: C, 43.52; H, 3.85; N, 13.42. IR »(C=N): 2120;
2126; 2173 cm™'. ICP-OES (Fe:Cu): 1.05: 1. UV—vis (powder,
ALOy), [em™]; d-d (Cu™): 9400 (sh); 16,550. Single crystals for X-ray
crystallography were obtained for [{Fe(bpca)(CN);}H Cu-
(L'-H,0)}]BF, 147161956 Tq 4 solution of [N(‘bu),][Fe™(bpca)-
(CN),] (61 mg; 0.1 mmol) in MeOH (60 mL), [Cu(L")(OH,),]-
(BF,),;H,0 (73 mg; 0.1 mmol) was added in small portions. The
reaction mixture was briefly heated to boiling temperature and left for
crystallization by slow evaporation of the solvent.

[{Fe(bpca)(CN);HCu(L)}[Fe(bpca)(CN);]-5H,0  (N7-cis-N7-iso-
mer). To a solution of [Cu(L*)(OH,)](PFs),-H,O (90.5 mg, 0.1
mmol), in MeCN (10 mL), [N(*bu),][Fe(bpca)(CN),] (60 mg, 0.1
mmol), in CH,Cl, (8 mL), was added dropwise at room temperature
and stirred for a short period of time. Single crystals were obtained
after a few days by slow evaporation of the solvent at room
temperature. The green product was vacuum-dried. Yield S8 mg
(83%). Anal. (%) Calcd for [{Fe(bpca)(CN);}{Cu(L*)}][Fe(bpca)-
(CN),]-5H,0: C, 50.14; H, 3.99; N, 17.14. Found: C, 50.03; H, 4.02;
N, 17.11. IR ¥(C=N): 2124; 2133 cm™". UV—vis (powder, ALO;)
[em™]; d-d (Cu™): 8900; 15,200.

[{Fe(bpca)(CN) {Cu(L?-MeOH)}PF ;- MeOH-H,0 (N7-trans-N7-iso-
mer). To a solution of [Cu(L*)(OH,)](PF,),H,0 (181 mg, 0.2
mmol) in MeOH (50 mL) [N(bu),][Fe(bpca)(CN);] (60 mg, 0.1
mmol), in MeOH (10 mL), was added dropwise at room temperature.
The green reaction mixture was concentrated to half, and diethyl ether
was slowly diffused into the solution at room temperature. Single
crystals were obtained after a few days. The green product was
vacuum-dried. Yield 55 mg (47%). Anal. (%) Calcd for [{Fe(bpca)-
(CN);}{Cu(L*MeOH)}PF¢MeOH-H,0: C, 46.34; H, 4.06; N,
13.21. Found: C, 46.43; H, 4.08; N, 13.08. IR »(C=N): 2127; 2135
em™!. UV—vis (powder AL,O;) [cm™]; d-d (Cu™): 8900; 15,200.

[{Fe(bpca)(CN);{Cu(L?)}IPF¢-2H,0 (N7-trans-py-isomer). To a
solution of [Cu(L*)(OH,)](PF,),yH,0 (181 mg, 0.2 mmol), in
MeCN (S mL), [N(‘bu),][Fe(bpca)(CN);] (60 mg, 0.1 mmol), in
CH,Cl, (10 mL), was added dropwise at room temperature. The
green reaction mixture was concentrated to half, and diethyl ether was
slowly diffused at 4 °C into the solution. Single crystals could be
obtained after a few days. The green product was washed with a small
amount of MeOH and dried under vacuum. Yield 78 mg (69%). Anal.
(%) Caled for [{Fe(bpca)(CN);}{Cu(L*)}]PFs2H,0: C, 46.10; H,
3.69; N, 13.75. Found: C, 4627; H, 3.58; N, 13.80. IR v(C=N):
2117; 2129 2144 cm™". UV—vis (powder, AL,O3) [em™']; d-d (Cu"):
8400; 14,400.
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