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ABSTRACT: The synthesis and structural characterization of new coordination polymers with the N,N-donor ligand trans-1,2-
bis(N-methylimidazol-2-yl)ethylene (trans-bie) are reported. It was found that the acetate-bridged paddlewheel metal(II)
complexes [M,(O,CCHj,),(trans-bie)], with M = Rh, Ru, Mo, and Cr are linked by the trans-bie ligand to give a one-
dimensional alternating chain. The metal—metal multiple bonds were analyzed with density functional theory and CASSCF/

CASPT?2 calculations (bond orders: Rh, 0.8; Ru, 1.7; Mo, 3.3).

B INTRODUCTION

The use of transition-metal complexes to construct predictable,
multidimensional networks has received ever-increasing
attention in recent years." The simplest topological coordina-
tion structure is a one-dimensional (1D) coordination
polymer.” They, on the one hand, are easily accessible by
self-assembly processes and, on the other hand, offer a wide
range of functional properties.> One type of 1D coordination
polymers is based on dinuclear metal units, which can be linked
in various ways. An overview not only of polymers but also of
dinuclear metal complexes in general is given by Cotton and
co-workers.* One of the structural motives that have emerged is
the paddlewheel structure. Generally this consists of two metal
centers connected by four ligands, e.g., acetate groups. These
dinuclear units can be linked together to obtain a 1D
coordination polymer. The paddlewheel structure in its general
features demands proximity of the metal atoms but does not of
itself ensure or require a bonding interaction between them.
This property makes this type of structure particularly
interesting. It establishes a framework within the metal—metal
interaction that can occur readily, but the nature and extent of
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the interaction can vary within the widest limits, depending
upon the properties of the metal atoms concerned.’

We previously reported the synthesis of the new N,N-donor
ligand trans-1,2-bis(N-methylimidazol-2-yl)ethylene (trans-bie)
and its corresponding copper(II) acetate complex
[Cu,(0,CCH,),(trans-bie)],.°

We now report the synthesis of new paddlewheel complexes
of different metal(II) acetates (M = Rh, Ru, Mo, Cr) inspired
by this copper(II)-based coordination polymer (Scheme 1).
Our intention is to use the different M—M bonding
characteristics found in the acetates to enable the rational
synthesis of 1D coordination polymers with different types of
M-M bonds. For example, the M—M (Cu—Cu) distance of
2.69 A in [Cu,(O,CCH,),(trans-bie)], did not indicate a
significant bonding interaction between the copper centers,
which is consistent with what is known about similar
compounds.®” Furthermore, for instance, Buslaev et al. found
a Rh—Rh distance of 2.38 A in rhodium(II) acetate, which
indicates significant Rh—Rh boncling.8 Similarly, Dunbar et al’
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Scheme 1. Synthesis of 1D Coordination Polymer by the
Self-assembly of trans-bie with Metal(II) Acetate®
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reported M—M double bonds in ruthenium(II) carboxylate
compounds. The series is completed by the quadruply bonded
chromium(1I) and molybdenum(II) acetates.'® The bonding
between the transition metals is influenced strongly by the
framework of the complex. Unfortunately, a bond order is
neither physically observable nor uniquely defined. Among the
different attempts that have been made to extract bond orders
from theoretical calculations, those based on multiconfigura-
tional molecular orbital theory and density functional theory
(DFT) are commonly used for transition-metal dimers.'" Such
bond orders can differ significantly from standard integer bond
orders." "% In multiconfigurational complete-active-space self-
consistent-field (CASSCF) calculations, bond orders can be
quantified by the effective bond order (EBO) introduced by
Roos and co-workers.""™'? The EBO is the difference between
the occupation numbers of the orbitals in a corresponding
bonding and antibonding molecular orbital pair. The
occupation numbers of natural orbitals obtained from a
CASSCEF wave function are not necessarily integers but rather
noninteger values between 0 and 2. Therefore, the EBO
obtained can be a noninteger value equal to or lower than the
bond order expected from restricted molecular orbital or DFT
theory. The Mayer bond order (MBO),"* which can be used to
quantify the bonding within DFT, has emerged as a useful tool,
especially in inorganic chemistry.'* In order to be able to
compare results with earlier studies, we will focus on these two
methods in our analyses of the complexes described.

We will first discuss the synthesis of the new dinuclear
paddlewheel complexes with trans-bie and their experimental
characterization. We will then analyze the crystal structures
further by multiconfigurational molecular orbital theory and
DFT to elucidate the influence of the ligands on the M—M
bonds.

B RESULTS AND DISCUSSION

Polymers. The polymeric complexes 1-3 were prepared by
the addition of the trans-bie® ligand to the corresponding
metal(I) acetate. Elemental analyses showed that all of the
resulting complexes exhibit the stoichiometry of 1:1
[M,(0O,CCHs;),]/trans-bie. The IR spectra of powder samples
(KBr pellets) of all compounds exhibit the O—C—O vibrations
as a set of two distinctive bands in a region very similar to that
of the corresponding starting materials (Table 1). The A values
of the asymmetric and symmetric O—C—O vibrations indicate
the presence of bridging acetate groups.'® The A values of the
starting materials and the corresponding polymers are almost
the same. Furthermore, they are all in the range proposed for
bridged compounds'® and also for molybdenum, which is
known to have smaller values,"®* and are in agreement with the
A values calculated with DFT.

Table 1. Summary of Observed Vibrational Bands (KBr) of
the Polymeric Complexes 1—-3

sym(OCO) Aexp Atheoa

Doym(OCO)
polymer ﬁmfl] [em™] [em™]  [em™]
[Rh,(0,CCH,),(trans- 1592 1420 172 192
bie)], (1)
[Ru,(O,CCH,),(trans- 1569 1429 140 140
bie)], (2)
Mo, (0,CCHj,),(trans- 1527 1433 94 96
bie)], (3)

“B3LYP/def2-TZVP, scaled by 0.959 (see the SI).

This suggests that the dimer skeletons are preserved upon
reaction with the bidentate ligand trans-bie to form linear
coordination polymers comparable to [Cu,(O,CCH;),(trans-
bie)],.%'** Crystals suitable for X-ray structure determination of
complex [Rh,(O,CCHj,),(trans-bie)], (1) were obtained by
layering rhodium(II) acetate in tetrahydrofuran (THF) with
trans-bie in methanol (MeOH). Crystals suitable for X-ray
structure determination of [Ru,(O,CCH;),(trans-bie)], (2)
and [Mo,(0,CCH,),(trans-bie)], (3) were obtained by
layering the metal(II) acetate in THF with trans-bie in
acetonitrile (MeCN). The molecular structures are shown in

Figures1—3.
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Figure 1. Cutout of the molecular structure of 1. Thermal ellipsoids
are drawn at the 50% probability level, and hydrogen atoms and
MeOH molecules have been omitted for clarity.

Figure 2. Cutout of the molecular structure of 2. Thermal ellipsoids
are drawn at the 50% probability level, and hydrogen atoms and THF
molecules have been omitted for clarity.

Figure 3. Cutout of the molecular structure of 3. Thermal ellipsoids
are drawn at the 50% probability level, and hydrogen atoms have been
omitted for clarity.
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An infinite chain of [M,(0,CCH,;),] units bridged by the
N,N-donor ligand trans-bie is found in all three structures. The
paddlewheel unit consists of two metal centers u-bridged by
four acetato ligands. Each metal atom in this unit has a
distorted square-pyramidal environment with four acetate
oxygen atoms that form the equatorial base plane and one
nitrogen atom of the trans-bie ligand. An inversion center is
found in the middle of the double bond that connects the two
imidazole groups in every second ligand in compound 1.
Further inversion centers exist in every second paddlewheel
unit at the center of the Rh—Rh bond. Compounds 2 and 3
both exhibit two inversion centers in every ligand and
paddlewheel unit. The M—M bond distances suggest single
Rh—Rh, double Ru—Ru, and quadruple Mo—Mo bonds, as
expected from the starting acetate complexes.'® The M—O
bond lengths are very similar in all polymer complexes. The
M—M-N bond angle deviates more strongly from linearity
from Rh to Ru and to Mo. The M—M and M—N distances of
all chain complexes are summarized in Table 2.

Table 2. Structural Parameters of [M,(0,CCHj;),(trans-
bie)], (1-3) and [Cu,(O,CCH,;),(trans-bie)],

complex M-M [A] M-N [A] M—-M-N [deg]
[Cuzg]O%CCH3)4(trans— 2.6868(4) 2.1540(16) 172.07(5)
bie)],
[Rh,(0,CCH;),(trans- 2.4105(4), 2.224(2), 176.34(6),
bie)], (1) 2.4119(5) 2.256(2), 174.27(7),
2.253(3) 175.89(7)
[Ru,(0,CCH,),(trans- 2.2829(11)  2.325(7) 173.89(17)
bie)], (2)
[Mo,(O,CCHs,),(trans-  2.1099(2) 2.7032(11) 163.32(2)
bie)], (3)

For further investigation, the solid UV/vis absorption spectra
were compared with those of the corresponding educts.
Therefore, Nujol mulls of 1—3 were measured between two
NaCl slides. In the case of 1, the band at 536 nm was assigned
as the 7*(Rh—Rh) — ¢*(Rh—Rh) transition, which is strongly
influenced by the axial ligand."” A hypsochromic shift of 63 nm
in comparison to that of [Rh,(OAc),]-2H,O (599 nm) is
observed. The electronically allowed 7(Rh—0O) — ¢*(Rh—0)
excitation appears at 456 nm (Figure S2 in the Supporting
Information, SI)."” In the solid-state UV/vis absorption
spectrum of 2, the band localized at 442 nm should originate
from the 7(Ru—Ru) — z*(Ru—Ru) transition, with a small
blue shift of 23 nm in comparison to that of [Ru,(OAc),]-
2THF (465 nm; Figure S3 in the SI).'® In both polymers 1 and
2, the broad bands around 330 nm should originate from the
coordinated trans-bie ligand. In the case of polymer 3, the
lowest-energy absorption band of weak intensity is localized at
452 nm (Figure S4 in the SI) and was assigned to the 6(Mo—
Mo) — 6*(Mo—Mo) transition.'” The more intense band
around 343 nm might be caused by an overlap of the trans-bie
absorption band and the 7(Mo—Mo) — #*(Mo—Mo) and
85(Mo—Mo) — 7*(Mo—Mo) transitions."®

In recent years, carbon paste electrodes (CPEs), which were
first introduced in electrochemistry in 1958 by Adams,”® have
proven to be a very useful tool in the study of the
electrochemical properties of coordination polymers or
metal—organic frameworks.”' Bulk-modified CPEs are the
optimal choice to study their voltammetric behavior because
these polymers are insoluble in water and common organic
solvents. Thus, in order to investigate the electrochemical
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behavior of 1—3, bulk-modified CPE based on the correspond-
ing polymers (1-, 2-, and 3-CPEs) were prepared. The cyclic
voltammetric behavior for 1-, 2-, and 3-CPEs in H,O,
containing 0.1 M n-NH,PF¢ as the supporting electrolyte,
was then recorded (Figures S6—S8 in the SI). The cyclic
voltammogram of 1-CPE shows a quasi-reversible oxidation at
E-= (EPC + Epa) /2 = 0.92 V vs ferrocenium/ferrocene (Fc*/Fc).
Similar values have been reported for various dinuclear
paddlewheel dirhodium(II) complexes and have been assigned
to the RhHZ/ Rh"Rh™ oxidation peak.22 In the case of 2-CPE, an
irreversible oxidation is observed at 1.01 V vs Fc*/Fc, which
presumably reflects a Ru"/Ru'™ redox couple. Concerning the
cyclic voltammogram of 3-CPE, an irreversible reduction with
E, = —1.13 V vs Fc'/Fc as well as an irreversible oxidation at
E,, = 097 V vs Fc'/Fc are the key features to discuss. These
values are comparable to values reported previouslg for other
quadruply bonded dimolybdenum(II) compounds.”® In sum-
mary, the electrochemical behavior of the polymers seems to be
controlled by the properties of the parenting paddlewheel
moieties. Especially, the rhodium-based polymer 1, because of
its quasi-reversible redox properties, appears promising
regarding future molecular electronics. Thus, in analogy to
[Cu,(0,CCHj),(trans-bie)],, we also tried to deposit 1 on a
highly oriented pyrolytic graphite surface. However, although it
was possible to locate the rhodium polymer complex 1 on the
surface, we could only detect bundles of strands (see the SI).

Preparation and Characterization of
[Cr,(O,CCH;),(trans-bie)],, (4) and [Cr,(0O,CCH;),(trans-
bie),] (5). The polymer complex 4 was synthesized by reacting
chromium(II) acetate with trans-bie. Elemental analysis showed
a stoichiometry of 1:1 Cr,(O,CCHj),/trans-bie. The IR spectra
of powder samples (KBr pellet) show that the O—C-O
vibrations appear as a set of two distinctive bands in an energy
region very similar to the starting material [Dasym(OCO) = 1597
cm™!, I?Sym(OCO) =1437 cm™, and A = 160 cm™! for 4]. The
solid-state UV/vis absorption spectrum of 4 shows a broad
maximum around 330 nm, which is assigned to overlapping
trans-bie and 6(Cr—Cr) — #*(Cr—Cr) transitions of the
chromium(II) acetate spectrum (Figure S5 in the SI).** No
single crystals of the polymer could be obtained, but instead the
doubly coordinated paddlewheel complex S5 was crystallized.
Elemental analysis shows a stoichiometry of 1:2
Cr,(0,CCH,;),/trans-bie. The IR spectra of the compound
show O—C—O vibration peaks nearly identical with those of 4;
Upym(OCO) = 1597 em™, Ty, (OCO) = 1436 cm ™', and A =
159 cm™ for §. The molecular structure of § is shown in Figure
4.

The paddlewheel unit consists of two chromium centers p-
bridged by four acetate ligands. Each metal atom in this unit has
a distorted square-pyramidal environment, with four acetate

Figure 4. Molecular structure of complex S. Thermal ellipsoids are
drawn at the 50% probability level, and hydrogen atoms have been
omitted for clarity.
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oxygen atoms forming the equatorial plane and one nitrogen
atom of the trans-bie ligand. The structure of 5 has one
inversion center located at the midpoint of the Cr—Cr bond.
The axial M—L bond length is slightly longer in 3 than in the
dinuclear complex S. This difference can best be explained by
the different interactions of the [Cr,(O,CR),] and
[Mo,(O,CR),] units, respectively, with the axial ligands. The
tendency of [Cr,(O,CR),] to bind the axial ligand is much
stronger than that of [Mo,(O,CR),].*'® Another reason
should be the oxophilic chromium center. Crystallization of
polymer complexes of the general formula
[Cr,(0,CCH,),(L)], is, to our knowledge, not reported in
the literature.* The Cr—Cr bond length in complex § is longer
than the M—M bonds in the pyrazine and pyridine analogous
whether the Cr—N distance shows any significant differences
(Table 3)‘4,10b,16a

Table 3. Structural Parameters of Various Chromium
Paddlewheel Complexes [Cr,(0,CCH;),(L),]

complex” Cr—Cr [A] Cr-L [A]
[Cr,(0,CCH,),(H,0),]** 2.362(1) 2.272(3)
[Cr,(0,CCH,),(py),]"® 2.369(2) 2.335(5)
[Cr,(0,CCHS,),(pyz),] '™ 2.295(5) 2.314(10)
[Cr,(0,CCH;),(trans-bie),] (5) 2.4517(5) 2.3243(12)

“py = pyridine; pyz = pyrazine.

Preparation and Characterization of
[Zn3(0O,CCH;)¢(trans-bie)], (6). An attempt to crystallize
the polymer compound [Zn,(O,CCH,),(trans-bie)], by
layering trans-bie in THF with Zn(O,CCH,)-H,0 in MeOH
resulted in a coordination polymer with the molecular formula
of [Zny(O,CCH,)4(trans-bie)],. The O—C—O vibrations
appear in the IR spectra of powder samples (KBr pellet) as a
set in the region of 1651—1422 cm™, in an energy region very
similar to that of the starting acetate. The acetate protons
appear as a singlet attributable to 18 protons at 1.79 ppm in 'H
NMR. The crystal structure of the polymer chain is shown in
Figure S.

Figure 5. Cutout of the molecular structure of 6. Thermal ellipsoids
are drawn at the 50% probability level, and hydrogen atoms have been
omitted for clarity.

The trinuclear zinc(II) acetate unit consists of six bridging
acetate ligands and is similar to known trinuclear zinc
carboxylates presented by Kim et al. with axial N- or O-
donor ligands or the 1D coordination polymer published by
Burzlaff et al>® An inversion center exists at the center of the
central double bond of the trans-bie ligand. The central zinc is
6-fold-coordinated to six acetato groups to form a distorted
octahedral geometry. The other two zinc centers are sym-
metrical, and each has a bridging trans-bie ligand and three
oxygen donors from the acetato ligand to form a tetrahedrally

coordinated metal center. Two different types of carboxylate
coordination are found. Four acetate ligands are coordinated in
a bidentate fashion by both oxygen atoms of a carboxylate
group, forming syn—syn bridges between central and terminal
zinc ions. The other two acetate ligands are coordinated in a
monodentate fashion and function as monatomic Zn—O—Zn
bridges in which one oxygen remains uncoordinated and is only
involved in a weak interaction with the zinc atom [Zn2---O6 =
2.8300(15) A].*® The Zn--Zn distance with 3.2272(14) A is
much longer than that of similar dinuclear paddlewheel
compounds.”*>*” The Zn--Zn distance is nearly identical
with those found in similar trinuclear zinc complexes.*®

Electronic Structure and Bond Orders of Dinuclear
Units within the Paddlewheel Polymers. To obtain a more
comprehensive description of the nature of the M—M bonds
and the electronic structure of the dinuclear units, we
investigated single [M,(O,CCH,),(trans-bie),] units with
DFT and multiconfigurational state-averaged CASSCEF, fol-
lowed by second-order perturbation theory (CASPT2)
calculations. This is based on the assumption that the electronic
structures of these single [M,(O,CCHj),(trans-bie),] units are
representative for those of the polymers [M,(O,CCH;),(trans-
bie)],. We first focus on the new rhodium, ruthenium, and
molybdenum complexes and then also give a short description
of the bonding in the copper complex reported previously.

Because in DFT the results depend strongly on the exchange
and correlation functionals, we compared three different
functionals (BP86,>° B3LYP,*® and PBEO0®'). The first is a
pure density functional, while B3LYP* and PBE0®" are hybrid
functionals and include 20% and 25% of Hartree—Fock (HF)
exchange, respectively. DFT is a single-determinantal method,
and the correlation energy of the complexes is included by the
correlation functional and, to a certain amount, by the HF
exchange in hybrid functionals. CASSCF calculations define the
multideterminantal character and therefore the static correla-
tion, while additional CASPT2 calculations are needed to
capture the dynamic correlation. The choice of the active space
is crucial in CASSCF. The bonding and antibonding M—M 4d
0, 0, and two sets of 7 orbitals were chosen as active orbitals.
Together with four carboxylate—metal 6(M—0O) and o*(M—
O) orbitals, the active space consists of n electrons in 12
orbitals (Mo, n = 12; Ru, n = 16; Rh, n = 18) and will be
referred to as CASSCF(n,12) (Figure 6). Therefore, all metal-
centered 4d orbitals describing the M—M bonds are included in
the active space, whereas no ligand-centered orbitals were
chosen. However, different previous studies showed''* that
the ligands are sufficiently treated at the subsequent PT2 level.

The energy differences between the lowest spin states
(singlet and triplet states) are summarized in Figure 7. The
three functionals give consistent results for all three complexes
with a well-defined triplet ground state for 2 (M = Ru), around
19 kecal mol™! below the singlet, and even clearer singlet ground
states for 1 (M = Rh), which is calculated to lie between 41 and
49 kcal mol™" below the triplet state, and for 3 (M = Mo),
whose singlet ground state lies 19—34 kcal mol™' lower in
energy than the triplet state.

CASSCF/CASPT2 agrees with the DFT results that the
thodium and molybdenum complexes have a 1Ag ground state
and the ruthenium complex has 3Ag. The singlet—triplet gap
obtained with CASPT2 is reduced to 10 kcal mol™ for the
ruthenium complex (Figure 7). For rthodium and molybdenum
complexes, the BP86 results agree better with the CASPT2
energies than the two hybrid functionals. However, CASPT2
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Figure 6. [Mo,(0,CCH,),(trans-bie),] CASSCF(12,12) 1Ag active orbitals (occupation numbers in parentheses). Active orbital sets for M = Rh and
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Figure 7. Energy difference between the lowest singlet and triplet
states of complexes [M,(O,CCHj;),(trans-bie),]. BS: Energies
obtained with the BS** methodology. No BS wave function was
obtained for M = Mo with the BP86 functional.

and DFT both predict the expected singlet ground states for
dinuclear molybdenum(II) carboxylate and rhodium(II)
carboxylate complexes and a triplet ground state for a dinuclear
ruthenium(II) carboxylate complex.

The configurations with the highest contributions to the
CASSCEF wave functions for the lowest singlet and triplet states
are summarized in Table 4. The CASSCF(12,12) wave function
of the lAg ground state of the molybdenum complex is
dominated to 73% by a o(M—0)%*2*6* configuration,

followed by the double excitation 6(M—0)* &*z*5** with 8%.
The 3A§ state corresponds to a 6 — 0* excitation.

The Af’ state of the ruthenium complex is dominated by a
6(M—0)*6*n*8*6**n** configuration (83%). This is consistent
with structural considerations and theoretical evidence on
different dinuclear ruthenium(II) carboxylate complexes, as
summarized in ref 4. The first singlet state has strong
multiconfigurational character, and the electrons occupy either
one (51%) or the other (16%) of the two #* orbitals. The
lowest singlet and triplet states differ in configurations of the
same sets of orbitals in both complexes [Rh,(O,CCH;),(trans-
bie),] and [Ru,(O,CCH,),(trans-bie),]. Furthermore, the
triplet states have only one dominant configuration, with
weights above 80% in both cases. This indicates that the triplet
high-spin states should be described well by a single-
determinant DFT wave function. However, the multiconfigura-
tional low-spin states may be better described by the broken-
symmetry (BS) solution introduced by Noodleman within the
DFT framework.”” The idea behind this approach is that the
variationally determined single-determinant BS state is not a
pure spin state but a mixture of “ionic” and “neutral”
contributions, as pointed out by Neese.*> The (intended)
spin-contamination problem of such wave functions can be
addressed by a spin-projection technique introduced by
Noodleman®* for the weak coupling limit and improved by
Yamaguchi et al.>* for the complete coupling regime (see the
Computational Details section). The singlet—triplet splittings
obtained with the BS approach (Yamaguchi-corrected) for the
ruthenium complex are lowered and in good agreement with
the CASPT2 results (Figure 7). For complex
[Mo,(0,CCHj;),(trans-bie),], the BS results with the hybrid
functionals are also closer to the CASPT2 results, confirming
that the closed-shell singlet is too high in energy. However, in
the case of the pure BP86 functional, the BS method converged
to the closed-shell wave function. Additional tests were
performed to confirm the stability of this wave function (see
the SI). This behavior may be attributable to the overly
delocalized nature of pure DFT and the overly local nature of
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Table 4. CASSCF Configurations of the Lowest Singlet and Triplet States of [M,(0,CCHj,),(trans-bie),]

complex weight [%]

[Rh,(0,CCH,),(trans-bie), ]

[Ru,(0,CCH,),(trans-bie), ]

[Mo,(0,CCHj)(trans-bie),]

configuration state

88 6(M—0)*r*6*5* 'A,
59 o(M—-0)*c*n*6*6** n*3c*(M—0)" A,
19 o(M-0)*@ 55+’ r**o*(M—0)!
83 o(M—0)*n*6*6** n** A,
51 o(M—0)*@n*6*6** 1 i+ 270 'A,
16 o(M—=0)*?r*6*6** 1 2+%27%*

9 o(M-0)*dr* 5?5+ 1 x+ 27+!
73 6(M—0)*n*5* 'A,

8 o(M—0)*cn*s+*
80 6(M—0)*c?r*5'6%! A,

Table 5. MBOs Calculated between the Metal Centers in [M,(0,CCHj;),(trans-bie),] Calculated with Different Functionals

Compared to the EBO from CASSCF*

CASSCF EBO MBO
FSR exp c z o total BP86 B3LYP PBEO
Rh—Rh 0.963 0.82 0.00 0.01 0.83 0.76 0.77 0.80
Ru—Ru 0.916 0.87 0.81 0.00 1.68 1.70 1.73 1.76
Mo—Mo 0.814 0.90 174 072 336 332 3.30 (3.43) 3.16 (3.48)

“In the case of molybdenum, the MBOs obtained from the closed-shell wave function are given in parentheses. FSR is explained in the text.

Table 6. MBOs Calculated with Different Functionals for M—L Interactions in [M,(0,CCH,),(trans-bie),]*

BP86 B3LYP PBEO
Mo Ru Rh Mo Ru Rh Mo Ru Rh
M-N 0.20 0.29 0.33 0.18 (0.18) 0.26 0.29 0.20 (0.20) 0.28 0.32
M-0O 0.60 0.51 0.52 0.52 (0.57) 0.45 0.46 0.55 (0.57) 0.48 0.49

“For M = Mo, the MBOs obtained from the closed-shell wave function are given in parentheses.

HF, which makes a BS solution more likely with increasing HF
exchange in hybrid functionals.>®

On the basis of the wave functions obtained, we can now
proceed to analyze the different M—M bonds. The M—M bond
orders obtained at different levels of theory are summarized in
Table 5. The MBOs all lie below the maximum possible formal
M—M bond orders. A theoretical single bond in the rhodium
complex [Rh,(O,CCH,),(trans-bie),] and a double bond in
the ruthenium complex [Ru,(O,CCH,),(trans-bie),] are
consistently reduced to bond orders of 0.8 and 1.7, respectively.
However, the bond order of the Mo—Mo bond in complex
[Mo,(O,CCHy)4(trans-bie),] is slightly more dependent on
the functional but in all cases much lower than the maximum
formal bond order of four in a full quadruple bond.
Interestingly, the bond orders of the BS wave functions for
the hybrid functionals are the lowest obtained, while their
closed-shell counterparts have higher MBOs.

The MBO agrees well with the CASSCF EBO for all three
complexes, with bond orders of approximately 0.8 for M = Rh,
1.7 for M = Ru. and 3.4 for M = Mo. The closed-shell singlet
states calculated with DFT give MBOs higher than the EBO
values, while those calculated from the BS wave functions are in
good agreement.

The EBO can also be calculated for individual bonding and
antibonding orbital pairs. In the case of the molybdenum
complex, 6, 7, and § orbital interactions all contribute to the
total bond order with decreasing values. The additional four
electrons in the case of the ruthenium complex
[Ru,(O,CCH,),(trans-bie),] lead to zero bonding between &
orbitals because the antibonding orbital is filled completely.
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Only o contributions can be found for the rhodium complex
[Rh,(O,CCH;),(trans-bie),] because all z- and §-bonding and
antibonding orbitals are filled.

The bond length itself is not suitable to compare M—M
bonds in a series comparing different metals because of the
different atomic sizes. Therefore, the formal shortness ratio
(FSR)* was introduced. The FSR is the M—M bond length
divided by the sum of their single-bond metallic radii defined by
Pauling.3’6 In this work, we used the revised”’ single-bond
metallic radii. [Mo,(O,CCH;),(trans-bie),] has the smallest
FSR (Table S), which is in agreement with the highest bond
order. The FSR of [Ru,(O,CCHj,),(trans-bie),] is slightly
smaller than the FSR of [Rh,(O,CCHj,),(trans-bie),]. There-
fore, the picture obtained by our calculations is also reflected in
the FSR.

The M—L bond orders are summarized in Table 6. The M—
O bond orders do not vary much between the different
transition metals; however, the Mo—O bonds gave the highest
values, despite their bond lengths being marginally longer
(about 0.06 A) than Ru—O and Rh—O. The M—N bond orders
show a clear trend. The MBO decreases in the order Rh > Ru >
Mo, in agreement with the trends inferred from geometrical
criteria; the bond lengths increase, and the N—M—M angles
deviate more from linearity in the same order. A possible
bonding between the metals in the copper(Il) acetate, which is
the starting material of the copper(Il) polymer described
earlier,® has been discussed in detail>®

Magnetic measurements on copper paddlewheel complexes
indicated a very weak antiferromagnetic coupling between the
metals,>** and recent theoretical investigations by Neese et al.
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and also from Klopper et al. showed the difficulties in
predicting the coupling constants or zero-field splitting.*” We
use the same minimum active space of two electrons in two
6*(M—0) orbitals for our CASSCF/CASPT?2 calculations on
the copper complex as that used in these recent investigations
(Figure 8).

16"(Cu0) (0.98) 20'(CuO) (1.02)

Figure 8. [Cu,(O,CCH,),(trans-bie),] CASSCF(12,12) 1Ag active

orbitals (occupation numbers in parentheses).

Table 7. Triplet—Singlet Gap (AE) and Bond Orders for
[Cu,(0,CCH,),(trans-bie),]”

CASPT2 BP86 B3LYP PBEO
AE [kcal mol™] 0.5 3.5 14 1.1
EBO/MBO Cu—Cu —0.02 0.12 <0.10 <0.10
MBO Cu—N 0.51 0.49 0.51

“The EBO is obtained from CASSCF and the MBO from DFT.

BS DFT calculations and CASPT2(2,2) both predict a weak
antiferromagnetic coupling (Table 7). The difference of 0.6—
0.9 kcal mol™' between CASPT2 and the hybrid functionals
and a 3.0 kcal mol™" difference for BP86 resemble the one
reported for the hydrated and anhydrous copper(I) acetate
and formate complexes.*® All bond orders obtained indicate
zero bonding between the metal atoms. CASSCF(2,2) shows
two configurations with almost equal weights (0.49 and 0.51)
for the 'A, state. Both electrons occupy either one or the other
of the two 6*(M—0) orbitals.

The M—N coordination is the strongest in this series of
trans-bie complexes for copper with an MBO of 0.5.

H CONCLUSION

In conclusion, we have synthesized a range of metal(II) acetate
paddlewheel-based coordination polymers with the N,N-donor
ligand trans-bie and characterized several of these by X-ray
structure determination. The comparison of the molecular
structures of [Cu,(O,CCH,),(trans-bie)], with those of 1-3
showed a correlation between the bond strength of the M—L
and M—M interactions. The stronger the M—M bond in the
paddlewheel unit, the weaker the bond between the metal atom
and coordinating nitrogen donor. Analysis of single units of
[Mo,(0,CCH,;),(trans-bie),] using CASSCF/CASPT2 and
DFT calculations revealed a weakening of the possible
quadruple bond, which is mainly attributable to weakly
overlapping & orbitals and a resulting EBO of 3.3. The
calculated M—M bond orders in [Rh,(0,CCH,),(trans-bie), ]
and [Ru,(O,CCH;),(trans-bie),] indicate single and double
bonds with values of 0.8 and 1.7, respectively. No significant
bonding is present between the copper centers in
[Cu,(0,CCHj,),(trans-bie)],, as indicated by CASSCF/
CASPT2 and DFT calculations on the single
[Cu,(0,CCH,;),(trans-bie),] unit. According to cyclic voltam-
metric studies, the electrochemical behavior of the polymers
seems to be similar to the parenting paddlewheel moieties. In
this study, we investigated the difference of M—M bonding
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within the same framework in correlation with substitution of
the metal centers. We will focus on the exchange of the
substituents within the paddlewheel unit and the resulting
influence on the corresponding polymers in further inves-
tigations.

B EXPERIMENTAL SECTION

General Remarks. trans-bie,® ruthenium(II) acetate,*!
molybdenum(II) acetate* and chromium(II) acetate®® were prepared
by methods described in the literature. All coordination polymer
syntheses were carried out under inert gas conditions, unless described
otherwise. Solvents were purchased in absolute grade. The yields refer
to analytically pure substances and were not optimized. 'H NMR
spectra: Bruker DPX 300 AVANCE; 6 values relative to the residual
solvent signal. UV/vis spectroscopy was performed with a Varian Cary
SG spectrometer and a Varian Cary 50 spectrometer. In order to get
qualitative spectroscopic data of the polymers, Nujol mulls of 1—4
were measured between two NaCl slides. Electrochemical measure-
ments were performed using an Autolab PGSTAT 100. A conventional
three-electrode cell was used. Chemically bulk-modified CPEs based
on the corresponding polymers (1-, 2-, and 3-CPEs) were used as
working electrodes. A platinum wire was used as a counter electrode,
and a silver wire was used as a pseudoreference electrode. IR spectra:
Varian Excalibur FTS-3500 FT-IR spectrometer; KBr matrix.
Elemental analysis: Euro EA 3000 Euro Vector elemental analyzer
instrument. A Bruker-Nonius Kappa CCD was used for X-ray structure
determination.

Synthesis. [Rh,(0,CCH;) ,(trans-bie)],, (1). In a test tube, under air,

a solution of ligand trans-bie (40.0 mg, 0.209 mmol) in MeCN (10
mL) was added to a solution of [Rh,(0,CCH,),]-2H,0 (100 mg,
0.209 mmol) in MeCN (10 mL). Immediately, a pink solid that
formed was separated by filtration, washed with MeCN (3 X 10 mL),
and dried in a vacuum to yield a pink powder (56.0 mg, 0.089 mmol,
42%). Crystals of the compound were obtained by layering
[Rh,(0,CCH;),]-2H,0 in THF with trans-bie in MeOH. Mp: 284
°C (dec). Elem anal. Calcd for C,sH,,Rh,N,O5 (630.22 g mol™"): C,
34.30; H, 3.84; N, 8.89. Found: C, 34.36; H, 3.67; N, 9.05. IR (KBr): ¥
2927 (w, CH), 1592 (s, CO, asym), 1530 (w), 1494 (w), 1420 (m,
CO, sym), 1357 (w), 1342 (w), 1293 (w), 1277 (w), 1262 (w), 1223
(w), 1151 (m), 1047 (w), 1026 (w), 984 (w), 939 (w), 841 (w), 765
(w) 744 (w), 720 (m), 694 (m), 673 (w), 626 (w), 591 (w), 524 (w)
cm™.
[Ru,(O,CCH;),(trans-bie)], (2). In a Schlenk tube, a solution of
ligand trans-bie (37.0 mg, 0.200 mmol) in THF (S mL) was added to a
solution of [Ru,(0,CCH,),]-2THF (115 mg, 0.200 mmol) in THF (S
mL). After 1 h, the brown solid that formed was separated by filtration,
washed with THF (S mL) and Et,O (S mL), and dried in a vacuum to
yield a brown powder (89.0 mg, 0.141 mmol, 71%). Crystals of the
compound were obtained by layering [Ru,(0,CCH;),]-2THF in THF
with trans-bie in MeCN. Mp: 276 °C (dec). Elem anal. Calcd for
CysH,,Ru,N,O; (630.22 g mol™): C, 34.51; H, 3.96; N, 8.94. Found:
C, 34.35; H, 3.60; N, 8.03. IR (KBr): 3257 (w, CH), 2961 (w, CH),
1569 (s, CO, asym), 1533 (w), 1493 (m), 1453 (m), 1429 (s, CO,
sym), 1343 (w), 1292 (w), 1277 (w), m 1147 (w), 1045 (w), 982 (w),
937 (w), 764 (w), 745 (w), 721 (w), 684 (w), 672 (w), 620 (w), 573
(w) em™.

[Mo,(0,CCH;) ,(trans-bie)],, (3). In a Schlenk tube, a solution of
ligand trans-bie (79.0 mg, 0.420 mmol) in THF (10 mL) was added to
a solution of [Mo,(0,CCHj),] (60.0 mg, 0.140 mmol) in THF (22
mL). After 20 min, the yellow solid that formed was separated by
filtration, washed with THF (2 X 10 mL), and dried in a vacuum to
yield a yellow powder (16.0 mg, 0.020 mmol, 19%). Crystals of the
compound were obtained by layering [Mo,(O,CCHj),] in THF with
trans-bie in MeCN. Mp: 209 °C (dec). Elem anal. Calcd for
C1sH,,Mo,N,O; (616.33 g mol™): C, 35.08; H, 3.92; N, 9.09. Found:
C, 35.26; H, 4.04; N, 9.46. IR (KBr): 7 3116 (w, CH), 2928 (w, CH),
1645 (s), 1527 (w, CO, asym), 1473 (w), 1459 (s), 1433 (w, CO,
sym), 1420 (w), 1350 (s), 1286 (s), 1276 (m), 1130 (m), 1043 (s),
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Table 8. Crystal Data and Refinement Details

1 2 3 5 6
empirical formula C,;H3N4O,Rh;-2MeOH CyH,N,0,Ru-0.5THF CyH,N,0,Mo CygH34Cr,NgOg C1HsN,O4Zn, 5
fw [g mol™] 1009.43 349.33 308.15 716.65 369.3
cryst syst monoclinic triclinic monoclinic orthorhombic triclinic
space group, Z P2,/c, 4 PT P2,/c, 4 Pbca PI, 2
a [A] 15.9732(17) 8.2774(8) 9.8956(1) 8.2265(6) 8.5151(17)
b [A] 8.3335(9) 8.3739(17) 13.8296(1) 18.7004(13) 9.4623(19)
¢ [A] 29.297(3) 10.5985(11) 8.6218(1) 20.32978(14) 10.267(2)
a [deg] 90 105.369(12) 90 90 68.04(3)
B [deg] 101.457(2) 107.452(7) 107.01 90 68.92(3)
7 [deg] 90 93.312(10) 90 90 70.41(3)
V [A%] 3822.1(7) 668.18(17) 1128.30(2) 3127.5(4) 696.3(2)
R1, wR2 (overall) 0.0374, 0.0823 0.0924, 0.2228 0.0184, 0.0446 0.0383, 0.0802 0.0207, 0.0503
GOF on P 1.045 1.015 1.058 1.076 1.071

1020 (s), 960 (m), 928 (s), 874 (s), 772 (m), 727 (m), 672 (m), 663
(m), 631 (s), 572 (s), 518 (s) cm™.

[Cry(O,CCH3),(trans-bie)], (4). In a Schlenk tube, a solution of
ligand trans-bie (34.0 mg, 0.186 mmol) in MeCN (20 mL) was added
to a solution of [Cr,(0,CCH;),]-2H,0 (70.0 mg, 0.186 mmol) in
MeCN (50 mL). Immediately, a violet solid that formed was separated
by filtration, washed with MeCN (S mL), and dried in a vacuum to
yield a violet powder (42.0 mg, 0.080 mmol, 44%). Mp: 76 °C (dec).
Elem anal. Caled for C,H,,Cr,N,O; (528.40 g mol™): C, 40.91; H,
4.58; N, 10.60. Found: C, 40.84; H, 4.82; N, 10.67. IR (KBr): U 2924
(m, CH), 1737 (w), 1597 (s, CO, asym), 1437 (s, CO, sym), 1344
(w), 1290 (w), 1149 (w), 1048 (w), 1031 (w), 992 (w), 935 (w), 860
(w), 781 (w), 752 (w), 728 (m), 678 (m), 622 (w), 523 (w) cm™".

[Cr,(O,CCH;) (trans-bie),] (5). In a Schlenk tube, a solution of
[Cr,(0,CCH;),]-2H,0 (20.0 mg, 0.038 mmol) in THF (5 mL) was
layered with MeCN (4 mL). A solution of trans-bie (7.12 mg, 0.038
mmol) in MeCN (S mL) was deposed on top of it. After 2 days, the
red crystals were collected and dried in an oil pump vacuum to give a
red powder (11.0 mg, 0.01S mmol, 40%). Crystals of the compound
were obtained from the reaction solution. Mp: 63 °C (dec). Elem anal.
Caled for C,gH,,Cr,N;Oq (716.63 g mol™): C, 46.93; H, 5.06; N,
15.64. Found (measured crystals): C, 46.96; H, 4.52; N, 14.93. IR
(KBr): ¥ 3115 (w, CH), 3053 (w, CH), 2938 (w, CH), 1597 (s, CO,
asym), 1526 (w), 1514 (w), 1481 (w), 1473 (w), 1456 (m), 1436 (s,
CO, sym), 1416 (m), 1352 (w), 1344 (m), 1308 (w), 1289 (w), 1268
(w), 1149 (w), 1132 (w), 1085 (w), 1051 (w), 1032 (w), 992 (w), 934
(w), 859 (w), 844 (w), 781 (w), 751 (w), 728 (m), 693 (w), 678 (w),
622 (w), 523 (w) cm™.

[Zn3(O,CCH;)4(trans-bie)], (6). In a test tube, under air, a solution
of Zn(0,CCH;)-H,0 (100 mg, 0.45 mmol) in MeOH (2 mL) was
layered with a solution of trans-bie (85.8 mg, 0.45 mmol) in THF (15
mL). After 2 days, the white crystals were collected and dried in an oil
pump vacuum to give a white powder (21.0 mg, 0.028 mmol, 6%).
Crystals of the compound were obtained from the reaction solution.
Mp: 255 °C (dec). Elem anal. Calcd for C,,H;Zn;N,O;, (738.63 ¢
mol™"): C, 35.77; H, 4.09; N, 7.59. Found (measured crystals): C,
36.13; H, 409 N, 7.25. '"H NMR (CDCL): & 1.79 (s, 18 H,
0,CCH,), 3.75 (s, 6H, CHy), 7.05 (s, 2H, CHy,,), 7.29 (s, 2H, CH,,.),
736 (s, 2H, CH,). IR (KBr): 7 3135 (w, CH), 3115 (w, CH), 2927
(w, CH), 1651 (m), 1592 (s), 1493 (m), 1422 (m), 1342 (w), 1299
(m), 1158 (w), 1049 (w), 1023 (w), 966 (w), 957 (w), 925 (w), 793
(w), 768 (w), 730 (w), 672 (w), 617 (w), 525 (w) cm™.

Cyclic Voltammetry and Reparation of 1-, 2-, and 3-CPEs.
Cyclic voltammetry experiments were performed using an Autolab
PGSTAT 100. A conventional three-electrode cell was used, using the
corresponding CPEs (1-, 2-, and 3-CPEs) as working electrodes. A
platinum wire was used as a counter electrode, and a silver wire was
used as a pseudoreference electrode. In order to build the CPEs, bulk-
modified CPEs were prepared by mixing the coordination polymers
1-3 (12.5% w/w) with graphite powder (57.5% w/w) by an agate
mortar and pestle followed by the addition of a Nujol mull (30% w/
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w). The mixtures were levigated, and the homogenized mixtures were
filled in micropipette tips (1 mL volume capacity, Eppendorf)* as
electrode bodies. Electrical contact was established with a copper rod
through the back of the electrode.** Cyclic voltammetry was
performed in H,O containing 0.1 M n-NH,PF4 as the supporting
electrolyte. All solutions were deoxygenated with dinitrogen before
each experiment, and a blanket of dinitrogen was used to cover the
solution during the experiment. The potential values (E) were
calculated using the following equation: E = (E,. + E,,)/2, where E,
and E,, correspond to the cathodic and anodic peak potentials,
respectively. The potentials are referenced to the Fc*/Fc couple. For
this purpose, ferrocene in a CPE was used as an internal standard. The
ferrocene-based electrodes were prepared similarly to the polymer-
based working electrodes. Five measurements were executed with
ferrocene—CPEs, evaluating a standard deviation of the mean offset of
0.019 V.

Computational Details. The geometries of single
[M,(0,CCH,),(trans-bie),] units obtained from the crystal structures
were used in all calculations. DFT calculations were performed with
the ORCA 3.0%° program package. The def2-TZVP* basis set
lincluding effective core potentials (ECPs)**™*” on rhodium,
ruthenium, and molybdenum] in combination with the def2-TZVP/
J* Coulomb fitting basis for the resolution of identity (for BP86”)
was used in all calculations. The generalized gradient approximation
functional BP86* and two hybrid functionals, PBE0*" and B3LYP*°
(with parameters VWN-III** for the local part of the correlation
energy), were used. A very tight self-consistent-field convergence
criterion (energy change of 10~° Eh) and a larger integration grid for
the numerical integration (gridS) were chosen. Details of the applied
BS formalism can be found in the SI. CASSCF/CASPT?2 calculations
were performed with the MOLCAS 7.8 package.*® The natural-orbital-
type basis sets ANO-RCC-VTZP*' for the metal atoms and ANO-
RCC-VDZP** for all other atoms were used. The Douglas—Kroll—
Hess> Hamiltonian was used to include scalar relativistic effects. To
speed up the calculation of the two-electron integrals, the Cholesky
decomposition method® with an atomic compact basis set was
applied. An imaginary shift of 0.1 units was added to the external part
of the zero-order Hamiltonian to prevent intruder states in the
CASPT?2 calculations. The C; symmetry of the complexes was used in
the calculations. The EBOs were calculated from the sums of the
occupation numbers of bonding (77;,) and antibonding (7,) orbitals (eq

1).

EBO = u (1)

X-ray Crystal Structure Analyses. A Bruker-Nonius Kappa CCD
diffractometer was used for data collection (graphite monochromator,
Mo Ka radiation, 4 = 0.710 73 A). Single crystals of 1, 3, 5, and 6 were
coated with perfluoropolyether, picked with a glass fiber, and
immediately mounted in the nitrogen cold gas stream of the
diffractometer. The single crystal of 2 was mounted with glue. The
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structures were solved by using direct methods and refined with full-
matrix least squares against F* (SHELX-97).° A weighting scheme was
applied in the last steps of the refinement with w = 1/[6*(F,?) + (aP)?
+ bP] and P = [2F.” + max(F,%0)]/3. Hydrogen atoms were included
in their calculated positions and refined in a riding model. The
asymmetric unit of 1 contains two molecules of MeOH, of which one
is disordered over two positions. The asymmetric unit of 2 contains
half a THF molecule, which is disordered over two positions. Crystal
data and refinement details are shown in Table 8. The structure
pictures were prepared with the program Diamond 2.1e>° CCDC
997497—997501 contain the supplementary crystallographic data for
this paper (see the SI). These data can also be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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