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two new mixed-valence trinuclear Mn(III)-Mn(II)-Mn(III) complexes have been
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The effect of the orientation of the Jahn-Teller distortion on the
magnetic interactions of trinuclear mixed-valence Mn(ll)/Mn(ll1)
complexes

Received 00th January 20xx,

Rahman Bikas,”® Elaheh Shahmoradi,® Santiago Reinoso,* Marzieh Emami,® Luis Lezama,*
Joaquin Sanchiz,® and Nader Noshiranzadeh®

Accepted 00th January 20xx Two new trinuclear manganese complexes, [Mns(L!)(u-OCHs)2(Ns)2]-CHsOH (1) and [Mns(L2)(u-OCHs)2(Ns)2] CH3OH (2), have

DOI: 10.1039/x0xx00000x been obtained from the reaction of Mn(OAc). 4H.0, NaNs and the preformed NeOs-donor Hsl or Hal? compartmental
ligands, which are synthesized via Schiff base condensation of pentaethylenehexamine with 2-hydroxybenzaldehyde or 2-
hydroxy-3-methoxybenzaldehye, respectively. Complexes 1 and 2 have been characterized by spectroscopic methods and
single-crystal X-ray analysis. The structural studies indicate that both 1 and 2 are mixed-valence complexes containing
angular Mn(lI1)-Mn(11)-Mn(Ill) cores in which the metal centers are connected to each other by phenoxido and methoxido
bridging groups. The coordination environment around the manganese ions is analogous in both complexes, but for a
change in the direction of the Jahn-Teller distortion around the external Mn(lll) ions when going from 1 to 2, which is
mainly attributed to the steric effect of different substituents on the phenyl rings of the ligands. The analysis of the
magnetic susceptibility data indicates the presence of antiferromagnetic intramolecular coupling in both complexes, but
the interaction in 1 was found to be nearly one order of magnitude weaker than that in 2. This fact is rationalized on the
basis of the different orientation of the Jahn-Teller distortion, which modifies the magnetic exchange pathway through the
phenoxido bridges from the equatorial-axial connection type observed in 1 to the axial-axial linkages displayed by 2.

sites, such as the oxygen-evolving center of photosystem II,2

Introduction superoxide dismutases,® ribonucleotide reductases* and

The coordination chemistry of manganese continues to attract
considerable scientific attention because of the numerous
applications of Mn-based coordination compounds in a wide
range of fields, including chemistry, biology, materials science,
catalysis and physics.! Among such compounds, polynuclear
mixed-valence manganese complexes have become a focus of
great interest in recent years because they have been
employed as effective biomimetic models for various biological
systems and metalloenzymes containing Mn-based bioactive
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Electronic Supplementary Information (ESI) available: FT-IR (Fig. S1-S4) and UV-Vis
(Fig. S5 and S6) spectra; additional figures for the structure of complex 1 (Fig. S7),
the model of the magnetic exchange within the title complexes (Scheme S1), and
the molecular orbitals of complex 2 (Fig. S8 and S9); additional tables for the bond
angles (Table S1), the bond valence sum calculations (Tables S2 and S3), and the
parameters of the magnetic fitting equations (Table S4) for the title complexes;
and crystallographic CIF files for complexes 1 and 2. See DOI: 10.1039/x0xx00000x

catalases.® Mixed-valence manganese complexes are also
interesting materials for electronic, spectroscopic, structural
and theoretical investigations.®

Manganese has a variety of oxidation
multinuclear complexes can involve relevant electron transfer
reactions.” In addition, most of manganese clusters possess
large numbers of unpaired electrons, which makes them
attractive precursors for magnetic studies. In molecular
magnetism, mixed-valence manganese complexes stand out as
one of the major species that can show single-molecule
magnet (SMM) behavior and slow magnetization relaxation.8
The presence of a combination of high ground-state spins and
negative axial zero-field splitting parameter are the primary
and main requirements for a molecule to function as a SMM.?
Six-coordinated manganese(lll) ions in near-octahedral
geometry tend to display significant molecular anisotropy
originating from the Jahn-Teller distortion that is usually
observed in Mn(lll) centers with high-spin d* electronic
configuration.19 In turn, manganese(ll) ions with d> electronic
configuration have the highest possible number of unpaired
electrons in 3d orbitals. Thus, mixed-valence Mn(ll)-Mn(lll)
complexes show the highest potential to behave as SMM,
thereby representing ideal candidates to perform magnetic
investigations.!

states and its
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Structural parameters like the nature of bridging groups
between metal ions, the metal---metal distances, or the metal-
ligand bond lengths and angles are known to have significant
influence on the nature and magnitude of magnetic
interactions between metal ions in coordination clusters.1?
the type of organic ligands and the specific
coordination environment around the metal centers have also
been confirmed to affect the magnetic properties in such
clusters.’3 Therefore, the number of magneto-structural
studies has significantly increased in recent years as several
experimental and theoretical studies have been carried out to
correlate how variations of these structural parameters affect
the magnetic interactions.1* The Jahn-Teller distortion is one of
the most important structural parameters determining the
observation of a special magnetic behavior like SMM. Despite
the influence of the Jahn-Teller distortion on magnetic
coupling having being thoroughly explored,!> literature reports
about the effect of its direction on the nature and magnitude
of exchange magnetic interactions are still comparatively
scarce. Undoubtedly, the direction of the Jahn-Teller distortion
relative to the neighboring metal centers is a key structural
parameter to be considered in magneto-structural studies, and
trinuclear mixed-valence Mn(ll)-Mn(lll) complexes can be very
useful models to perform such magneto-structural studies.
Although modeling of their magnetic susceptibility data can
render some difficulties,’® such type of complexes offers
efficacious simple models with small nuclearity for identifying
the effect on the magnetic interactions of key structural
parameters such as the direction of Jahn-Teller distortion.

In this study, we report the synthesis, crystal structure,
spectroscopic properties and magnetic behavior of two new
trinuclear mixed-valence Mn(IIlI)-Mn(I1)-Mn(lll) complexes of
general formula [Mn3(L)(p-OCHs)2(N3)2]-CH3OH. The complexes
have been prepared by using two new NgOs-donor Schiff base
ligands (L) that are obtained from condensation of
pentaethylenehexamine with 2-hydroxybenzaldehyde or 2-
hydroxy-3-methoxybenzaldehye. Such compartmental ligands
can simultaneously coordinate up to three metal ions and have
high potential in stabilizing manganese in both Mn(ll) and
Mn(lll) oxidation states. The direction of the Jahn-Teller
distortion of the Mn(lll) centers has been found to change as a
function of the type of substituent on the phenyl rings, which
makes the title complexes suitable compounds for studying
the effects of such structural parameter on the exchange
magnetic coupling interactions.

Moreover,

Results and discussion

Syntheses and spectroscopy

The multidentate N,O-donor Schiff base
synthesized through the
pentaethylenehexamine with 2-hydroxybenzaldehyde (H4L!) or
2-hydroxy-3-methoxybenzaldehyde (Hal2) in refluxing
methanol (Scheme 1). The absence of any peak originating
from stretching vibrations of N—H bonds in the FT-IR spectra of
the ligands (Figs. S1-S2 in the ESIT) shows that all of the NH

ligands were

condensation of
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groups of the amine precursor are involyed.in othe
condensation reaction with the corresperdig BBeAzAMdeHde
derivative, in such a way that no NH group is left in the
structure of the ligands. The trinuclear manganese complexes,
1 and 2, were obtained from the reaction of Mn(OAc),'4H,0,
NaNs and the corresponding ligand (HsL! or HsL2?) in methanol.
The appearance of a band at about 1615 cm in the FT-IR
spectra of the title complexes (Figs. S3—S4 in the ESIt) is
assigned to the v(C=N) vibration mode. This band is slightly
red-shifted relative to that observed for the free ligands (ca.
1632 cm™), which is indicative of coordination to the metal
ions through the azomethine nitrogen atoms as the formation
of such M-N bonds weakens the C=N double bond.!” The
signal associated with the v(C-0) stretching vibration is
observed in the 1100-1300 cm~! range, whereas a medium-to-
weak metal-sensitive stretching band in the 440-406 cm™!
range can be assigned to the v(Mn—N) vibration. Compared to
the spectra of the free ligands, an additional new sharp peak of
very strong intensity is observed at 2040 cm! for 1 and 2033
cm-1 for 2. This band is assigned to the stretching vibration of
the azide group and confirms the presence of terminal azide
ligands in the structure of the title complexes.!8

Figs. S5 and S6 in the ESIT display the electronic spectra of the
free ligands and complexes 1 and 2. For HsL! and Hy4l? the
intense absorption bands in the region of 255-265 nm and
316-420 nm can be assigned to the n—>m* transitions of the
imine and phenolic groups, respectively, whereas the higher
energy band at 215 and 217 nm may be correlated to the
ni—>7t* transitions. Such bands are shifted in the UV-Vis spectra
of complexes 1 and 2 relative to the free ligands, and this fact
indicates the coordination of the latter to the manganese ions.
Moreover, the broad bands at lowest energies of 300-450 nm
are due to ligand-to-metal charge transfer (LMCT) transitions.

(e}
H H NH H
HzN/\/ SN YN NSNS 2 +
H H
1 mmoj OH
4 mmoj
CH§OH
70 C'10h

HO R
/\/
H,LL: R~H

H,L% R~ OCH,

Scheme 1. Synthetic pathway and structure of the ligands HsL! and HyL2.

X-ray structures of complexes 1 and 2

Single-crystal X-ray studies show that both 1 and 2 are very
closely-related trinuclear neutral complexes in which one
Schiff base ligand, two bridging methoxy groups, and two

This journal is © The Royal Society of Chemistry 20xx
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terminal azide anions are involved in coordination to three
manganese centers arranged in angular fashion (Fig. 1). The X-
ray diffraction results confirm the proposed structure for the
HiL! and H4L? ligands as they evidence that the external
primary amine functionalities of the hexa-amine precursor
have undergone Schiff base condensation, while the four
central secondary amines have reacted with two aldehyde
molecules to form two imidazolidine rings. In both complexes,
the Schiff bases behave as tetra-negative decadentate ligands
by supplying three N,O,-donor compartments defined by four
phenolate oxygen, two azomethine nitrogen and four tertiary
nitrogen atoms to coordinate the metal ions. The Schiff bases
not only chelate the three manganese atoms, but also act as
bridging ligands that connect neighboring metal centers
through the oxygen atoms of the two central phenolate groups
and the four nitrogen atoms of the two imidazolidine rings.

Fig. 1. ORTEP views (50% displacement ellipsoids) of the molecular structures of
complexes 1 (top) and 2 (bottom) with atom labeling. Hydrogen atoms not involved in
hydrogen-bonding interactions (dotted sticks) are omitted for clarity. The two positions
over which the crystallization methanol molecule in 1 is disordered are represented in
different colors for a better visualization, whereas the peripheral methanol molecule in
2 is not depicted. Symmetry code: i) -x+2, y, —=z+1/2.

This journal is © The Royal Society of Chemistry 20xx

Compound 1 crystallizes in the monoclinic C2/c space. grouR
with the tri-manganese complex placedPeh 18- 2P Poatian
axis parallel to the crystallographic b axis that passes through
the central metal atom (Mn2) and the middle of the C19-C19'
bond bridging the imidazolidine rings (Fig. S7 in the ESIt), and
hence, the two outer manganese ions are crystallographically
equivalent (Mnl and Mnli). The methanol molecule of
crystallization is located in the cleft defined by the two
external phenolate branches and closely interacts with the
phenolate oxygen atom O1' through hydrogen bonding (O1S:--
01 = 2.807(4) A, <015-H15-01i> = 159(8)°). Since the carbon
atom of this methanol of crystallization also lies on the 2-fold
rotation axis, the solvent molecule results disordered over two
half-occupied positions. In contrast, compound 2 crystallizes in
the monoclinic P2:/n space group with the whole complex in
general positions, that is, both the central (Mn2) and outer
(Mn1 and Mn3) manganese centers are crystallographically
independent. In this case, the steric hindrance imposed by the
methoxy groups occupying ortho-positions in the phenolate
rings hampers any solvent of crystallization from occupying the
cleft in between the external phenolate branches as in
compound 1. Thus, the methanol molecule occupies a
peripheral position and establishes a somewhat weaker
hydrogen-bonding interaction with the outermost N atom of
one of the terminal azide ligands instead of with a phenolate
oxygen atom (01S--N3Ti = 2.882(4) A, <O15-H1S-N3Tii> =
154(4)°; ii = -x+3/2, y+1/2, =z+3/2).

Selected bond lengths and intermetallic parameters for
complexes 1 and 2 are listed in Table 1, whereas bond angles
are compiled in Table S1 in the ESIT. In both cases, the three
manganese centers are six-coordinated in distorted octahedral
geometry, and the central Mn2 ion is linked by two p,-bridging
oxygen atoms of one internal phenoxido group and one
exogenous methoxido ligand to each of the two outer
manganese atoms. The resulting corner-sharing, subtly bended
Mn;0; metallacycles display Mn2*Mnouer distances that
range from 3.1056(4) in 1 to 3.1403(4) and 3.1438(4) A in 2,
being the Mnouter"MnNn2"*Mnoyter angle slightly wider in 2 than
in 1 (134.909(12) vs. 132.119(19)°) due to the presence of
bulky methoxy substituents on the external phenolate rings.
The Mn—O—-Mn bond angles are in the 101.66(7)-104.35(6)°
and 92.06(5)-95.88(6)° ranges for those involving the bridging
methoxido (O1B and 02B) and phenoxido (02 and O3) groups,
respectively. The former Mn—Oome—Mn angles are about 2°
wider in 2 than in 1, whereas the reverse trend is observed for

4
the latter Mn—Ooph—Mn angles. The central Mn2 and the outer

manganese ions can be unequivocally assigned as Mn(ll) and
Mn(lll), respectively, on the basis of the bond lengths around
these metal centers and the sum of eight negative charges
provided by the ligands (four negative charges from the (L1)*
or (L1)* Schiff bases, two negative charges from two terminal
azide anions, and two negative charges from two exogenous
methoxido ligands). The oxidation states determined for the
Mn ions are also confirmed by bond valence sum calculations,
which are summarized in Tables S2 and S3 in the ESIt.
Therefore, both complexes are mixed-valence Mn(l11)—(p2-0)—
Mn(I1)=(p2-0),—Mn(l11) species with angular geometry.

J. Name., 2013, 00, 1-3 | 3
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Table 1. Selected bond lengths, intermetallic distances (A), and intermetallic angles (°) for complexes 1 and 2 DOI: 10 1039/C9DTO1652.]

Complex 1 Complex 2
100 K 100 K 293 K
Bond Lengths

Mn1—O01B 1.8748(16) Mn1—01B 1.8695(14) 1.8671(19)

Mn1—N1 2.0067(18) Mn1—01 1.8952(14) 1.892(2)

Mn1—01 2.0322(18) Mn1—N1 1.9829(17) 1.980(2)

Mn1—N1T 2.043(2) Mn1—N2 2.1642(16) 2.170(2)
Mn1—02 2.0460(15) Mn1—02 2.2118(13) 2.2184(18)

Mn1—N2 2.3156(18) Mn1—N1T 2.2286(18) 2.216(3)
Mn2—01B 2.1259(16) Mn2—01B 2.1021(13) 2.0987(18)
Mn2—01B! 2.1259(16) Mn2—02B 2.1174(13) 2.1254(19)
Mn2—02 2.1361(14) Mn2—02 2.1512(14) 2.1424(19)
Mn2—02! 2.1361(14) Mn2—03 2.1527(13) 2.1533(19)

Mn2—N3 2.3419(18) Mn2—N4 2.3247(15) 2.335(2)

Mn2—N3i 2.3419(18) Mn2—N3 2.3429(15) 2.369(2)
Mn3—02B 1.8762(14) 1.8706(19)

Mn3—04 1.8998(14) 1.900(2)

Mn3—N6 1.9968(17) 1.992(2)

Mn3—03 2.1519(13) 2.1500(19)

Mn3—N5 2.1966(15) 2.206(2)

Mn3—N4T 2.2363(17) 2.239(3)

Intermetallic Distances and Angles

Mn1--Mn2 3.1056(4) Mn1--Mn2 3.1403(4) 3.1498(6)
Mn2---Mn3 3.1438(4) 3.1518(6)
Mn1i-.-Mn2..-Mn1 132.119(19) Mn3---Mn2---Mn1 134.909(12) 135.671(17)

Symmetry code: i) -x+2, y, -z+1/2.

related pair of bridging methoxy/phenoxy oxygen atoms. Thus,
the connectivity between the outer Mn(lll) and central Mn(ll)
ions in complex 1 would be of the type equatorial-equatorial
through the bridging methoxido ligand and equatorial-axial
through the bridging phenoxido group (Fig. 2).

In the case of 2, the longest bond for both crystallographically
independent Mn(lll) centers is that involving the nitrogen
atom from the terminal azide ligand (Mn1-N1T and Mn3—N4T)
instead of the imidazolidine group. Therefore, the direction
along which the Z-out Jahn-Teller distortion takes place is
modified relative to complex 1, in such a way that the
equatorial planes of the Mn(lll) centers in 2 would be defined
by the pair of azomethine/imidazolidine nitrogen atoms and
the oxygen atoms from the bridging methoxido ligand and the
external phenoxido group, while the axial coordination sites
would be occupied by the azide ligand and the trans-related
bridging phenolate group. This change in the direction of the
Jahn-Teller distortion is evidenced upon comparison of the
short Mn(l11)—Nazige and bridging Mn(l11)—Ocgpn bond lengths in

The central Mn(ll) ion displays in both complexes a distorted
octahedral MnO4N; coordination environment defined by two
phenolate oxygen atoms at the axial positions and an
equatorial plane formed by two oxygen atoms from the
bridging methoxido ligands and two inner nitrogen atoms
provided by the imidazolidine rings. In this equatorial plane,
two oxygen atoms, as well as two nitrogen atoms, are located
at cis-related positions with respect to each other. The Mn-O
and Mn—-N bond lengths around Mn2 are close to those
observed for other Mn(ll) complexes reported in literature.?®
The peripheral Mn(lll) ions show distorted octahedral MnO3N3
environments with the coordination sites occupied by two
oxygen atoms from one external (01, O4) and one bridging
(02, 03) phenolate groups, another oxygen atom from a
bridging exogenous methoxido ligand (O1B, O2B), one
azomethine nitrogen atom (N1, N6), and another two nitrogen
atoms from one imidazolidine ring (N2, N5) and one terminal
azide ligand (N1T, N4T).

Close inspection of the bond lengths around these outer metal

centers reveals significant differences in the orientation of
their coordination polyhedra. For complex 1, the Mn1-N2
bond (2.3156(18) A) is significantly longer than the remaining
Mn—N and Mn—0 bonds (equal or shorter than 2.0460(15) A),
and therefore, this nitrogen atom of the imidazolidine ring
together with the trans-related oxygen atom of the external
phenolate group would occupy the axial positions according to
the Z-out Jahn-Teller effect that is usually found in most
octahedral Mn(lll) centers with high spin d* configuration.?0
This fact would result in an equatorial plane formed by the cis-
related pair of azomethine/azide nitrogen atoms and the cis-

4| J. Name., 2012, 00, 1-3

complex 1 (2.043(2) and 2.0460(15) A) with those lengthened
in 2 (2.2286(18) and 2.2118(13) A for Mn1, 2.2363(17) and
2.1519(13) A for Mn3). This change induces also the slightly
longer Mn2""Mnouter distances observed in complex 2 relative
to 1 due to the Jahn-Teller elongation taking place along the
phenolate bridging groups. As a consequence, the connectivity
between the outer Mn(lll) and central Mn(ll) ions is also
partially modified: while the equatorial-equatorial linkage
through the bridging methoxido ligands is maintained, the
connection through the bridging phenoxido groups goes from
equatorial-axial in 1 to the axial-axial type observed for

This journal is © The Royal Society of Chemistry 20xx
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complex 2 (Fig. 2). This fact can be attributed to the steric
effects associated with the methoxy groups occupying ortho-
positions in the phenolate rings of complex 2. The —OCHs
substituents of the external phenolate branches display the
usual nearly coplanar arrangement, but those on the central
phenolate groups are bended towards the external phenolates
forming angles of ca. 35° with the aromatic rings to which they
are bonded, in such a way that the Mn(Il1)—=(p2-O)>—Mn(I1)—(p2-
0),-Mn(lll) backbone of 2 undergoes slight distortions to
accommodate such central —OCHs functionalities (elongation
along the Nazige—Mn(I11)—Ogpn axes and opening of the Mn(lll)—
Oome—Mn(Il) angles). It is also worth noting the fact that the
crystallization methanol molecule forms O—H::Ogpn or O—
H--Nazide hydrogen bonds with ligands coordinated to axial
positions of the Mn(lll) ions in both 1 and 2. Such hydrogen
bonding interactions might also be an effective parameter in
changing the direction of the Jahn-Teller distortion in these
complexes.

Fig. 2. Detail of the coordination environments around the manganese centers
highlighting the different relative orientations of equatorial planes (translucent violet
rectangles) and axial directions (violet sticks) found in the structures of complexes 1
(top) and 2 (bottom).

Magnetic properties

Fig. 3a shows the thermal evolution of the magnetic molar
susceptibility (xm) and the ymT product for complexes 1 and 2
in the 2—-300 K range. In both cases, the ym curve undergoes a
continuous increase as the temperature decreases, reaching
values up to 3.06 cm3-mol-! for 1 and 0.95 cm3-mol-! for 2 at 2
K. The susceptibility data are well described by the Curie-Weiss
law in the 30-250 K range (insets in Fig. 3a). The calculated
Curie constants (C) and Weiss temperatures (6) are as follows:
C = 10.45 cm3-K‘mol? and 8 = -1.1 K for 1, and C = 10.65
cm3-K-mol? and 8 = —8.6 K for 2. These negative values of 6

This journal is © The Royal Society of Chemistry 20xx

suggest the presence of dominant antiferromagnetic. JAF)
interactions in both complexes, and DEhis0 BE8ErIRTIOWSA8
consistent with the overall shape of the ymT vs T curve.

At room temperature, the experimental value of the ymT
product is nearly the same for both complexes, 10.35 and
10.19 cm3-K-mol for 1 and 2, respectively. These values are in
good agreement with that of 10.37 cm3-K-mol! expected for a
Mn";Mn'' system made of magnetically isolated high-spin ions
with g = 2.00 when considering Mn'"! (S = 2) and Mn" (S = 5/2)
spin-only contributions of 3.00 and 4.37 cm3-K:mol?,
respectively. For complex 1, the xmT vs T curve remains nearly
constant upon cooling to temperatures around 70 K, below
which it decreases smoothly down to ca. 20 K and drops at
lower temperatures to reach a value of 6.11 cm3-K-mol?! at 2K.
In the case of 2, this decrease of the ymT vs T curve starts
taking place at higher temperatures (ca. 150 K) and shows a
more gradual nature. The final drop below ca. 50 K results
significantly more pronounced, in such a way that a much
lower ymT value of only 1.94 cm3:-K-mol! is obtained at 2K.
Both final ymT values are above 1.87 cm3-K-mol?, which would
correspond to a magnetically isolated Mn"—Mn'"—Mn'!!' trimer
with S = 3/2 ground state (g = 2.00). This behavior further
supports the consideration of weak intratrimeric AF coupling
accompanied with negligible intertrimeric interactions
operating in both systems, and moreover, it also indicates that
the magnetic exchange in 2 must be substantially stronger
than that displayed by 1.

It is worth noting at this point that a subtle anomaly consisting
in a slight increase of ymT as the temperature lowers is
observed for both ymT vs T curves at high temperatures (T >
250 K). This anomalous behavior is best defined for complex 2
and must be associated with a weakening of the AF coupling,
which usually originates from changes in the bonding scheme
around the metal centers in response to the thermal stimulus.
To explore whether any crystalline phase transition or other
structural modifications take place in the 250-300 K range, we
performed an additional single-crystal X-ray diffraction
measurement of 2 at room temperature. As shown in the
Experimental Section (Table 3), both the cell symmetry and cell
parameters determined at 100 K are retained for the room-
temperature measurement, hence the occurrence of a phase
transition can be ruled out. The geometric parameters around
the manganese centers are also preserved nearly intact with
negligible changes of only ca. 0.01 A in the bond lengths or
interatomic distances and ca. 1° in the bond angles as the most
significant variations (Table 1 and Table S1 in the ESIT). Thus,
this high-temperature anomaly in the ymT vs T curves does not
appear to associate with any structural feature, but its origin
remains unclear to our knowledge.

The magnetic data have been first fitted using the isotropic
spin exchange coupling model for trinuclear complexes (Model
1, illustrated with Scheme S1 in the ESIt). The Hamiltonian
corresponding to this model can be expressed as H = —2(J12515>
+ 35,53 + J1351S3) where J; are the exchange coupling
constants between the manganese ions i and j, and S;
represent the corresponding spin states.

J. Name., 2013, 00, 1-3 | 5

Page 6 of 14


https://doi.org/10.1039/c9dt01652j

Please o net adjust margins

ARTICLE Journal Name
View Article Online
(b) DOI: 10.1039/C9DT01652J
C10 10 " ‘
8
— 3?»{ =]
_ -5 4
[<} -y Z 104
— g | g ]
x E v g 'g 8
[ & = -
== E = ]
o B 28
£ x| g ]
0
R e R S
§0 100 150 200 250 2+ 0 1 2 3 a 5 6 7
Temperature (K) ] Magnetic Field (T)
0 | Lo T T T T 4
0 50 100 150 200 250 300
35
] _ameaeeses Soeses Y10 104 CeEsaSRRaReEeReeaeS
34
~ 257 2 g 9 7]
= 1 3 E
-] 1 ~ “B .1
M - g z
s IS (% o 5 I3
o EFGE 3 ] 4
£ 1,5+ § g 3 ]
3 1 Fo= S
Q e g ]
Es
14 ]
L 1
-2 2 -4 i
- B B e I B B [ S
2 100 150 200 250 300 0 7
Temperature (K) Magnetic Field (T)
0 segecassscoly)) 04— SIS — e
0 50 100 150 200 250 300 0 50 100 150 200 250 300

Temperature (K)

Temperature (K)

Fig. 3. (a) Thermal dependence of the magnetic molar susceptibility (xm, gray circles) and the x,, 7 product (red circles) of complexes 1 and 2, and best fit obtained from Model 1
(solid blue line); (b) Best fit of the X, T vs T curves (red circles, static field of 0.1 T) obtained from Model 2 (solid blue line). Insets: (a) thermal dependence of 1/x., (pink circles) and
best fit to the Curie-Weiss expression (solid blue line); (b) field-dependent magnetization curves at 2 (black circles) and 10 K (hollow circles) and best fit obtained from Model 2

(solid blue line).

In our case, we have made the following considerations: (1) in
spite of the angular nature of the title complexes, the through-
space interaction between the two outermost Mn(lll) ions is
expected to be nonexistent due to the long intermetallic
distances (Mn1--Mn1i = 5.6768(5) A for 1, Mn1--Mn3 =
5.8038(4) A for 2), and therefore, the third term in the
Hamiltonian can be neglected (J13 = 0); (2) the two outermost
Mn(lll) ions in 1 are crystallographically equivalent due to the
complex being located on a 2-fold rotation axis, and therefore,
J12 must be equal to J,3 in this system; (3) although not related
by any symmetry element, the two outermost Mn(lll) ions in 2
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display nearly equivalent coordination environments and
connectivity towards the central Mn(ll) atom in terms of bond
lengths/angles, and therefore, we can assume similar
exchange interactions between these ions (J12 = J23). These
considerations simplify the Hamiltonian to H = —2J(515; + 5,S3)
for both complexes 1 and 2. An analytical expression of the
energy levels as a function of J for all of the spin states of the
trimers can be obtained by applying the Kambe method.?! This
expression is E; = =J[St(St + 1) — S*(S* + 1) — S3(S2 + 1)], where
S$* =851+ Ssand St =S* + S,, and can be related with ym through
the van Vleck equation. This fact leads to a second expression,
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XmT = [Ng?us?k*][Zaiexp(—Ei/kT)][Zbjexp(—Ei/kT)I"* (Equation 1),
where N is the Avogadro’s number, ug is the Bohr magneton, k
is the Boltzmann constant, and g accounts for the average
Landé factor. The values of the coefficients a; and b;, as well as
those of the energy E; as a function of J, are listed in Table S4 in
the ESIT for all of the spin states of a Mn!'-Mn!—Mn'!"
trinuclear complex. This procedure has been previously
developed by Coronado and coworkers and satisfactorily
applied to describe the magnetic properties of a large series of
oxalate-bridged M"—M'"—-M"'" trinuclear complexes with M'! =
Cr, Fe and M'' = Mn, Fe, Ni, Cu.22

As shown in Fig. 3a, the experimental ymT vs T curves are very
well reproduced by Model 1 in the whole temperature range
with an overall weak AF exchange. The values of the exchange
coupling constant and Landé factor afforded by the best fit of
Equation 1 to the magnetic data are listed in Table 2. These
values fully support our previous consideration of the AF
coupling in complex 2 being much stronger than that operating
in 1 (by nearly one order of magnitude). Moreover, they also
compare well with the results obtained for other alkoxo-,
phenoxo- and/or carboxylate-bridged Mn'"'—-Mn'"—Mn'" mixed-
valence complexes in the literature,?® which all show weak
magnetic coupling of either ferromagnetic (F) or AF character
(-7.0<J<3.9cm™).

Table 2. Best fit results of the magnetic data of complexes 1 and 2.

Complex 1 Complex 2
Model 1 Model 2 Model 1 Model 2
J(cm™) -0.12 -0.10 -0.74 -0.72
g 2.01 2.007 2.02 2.018
D (cm™) - -2.3 - -10.2
Ra 4.8x10™ 0.122 6.4x10™ 0.028

2 For Model 2, the total residual is calculated as the product of the individual sum
of squares errors for each data set (xm and M), for the different error scales of the
individual data sets not obscuring any features.

Despite having proven its validity for analyzing M"—M!—M!
trinuclear complexes,?2 Model 1 might be considered as
oversimplified for treating the magnetic data of 1 and 2.
Therefore, we decided to collect additional magnetization (M)
data to perform a simultaneous fit of w7 vs T and M vs H
curves that could confirm the results afforded by Model 1, as
well as evaluate any potential influence of the zero-field
splitting (ZFS) of Mn(lll) ions on the magnetic behavior of 1 and
2. For the largest magnetic field applied (7 T), the M values do
not reach that expected for the saturation of a system
consisting of two Mn(lll) and one Mn(ll) isolated ions (ca. 13
UN;g) for any of the two complexes at any of the temperatures
analyzed. Moreover, the M values corresponding to complex 2
are in all cases substantially lower than those afforded by 1
(Fig. 4). The linear variation of M observed for the highest
values of the applied magnetic field indicates that the title
complexes do not show well-isolated ground states, not even
at the lowest temperature of 2 K. The clear separation
displayed by the isofield M vs H/T curves, which is noticeably
more pronounced in the case of 2, confirms this observation.
This behavior could be due to the influence of the magnetic
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exchange interactions, but taking into account the weaknessof
the overall AF coupling and the preseR€&d GFLVHIAPTAEEMS

involving significant Jahn-Teller distortion, it most likely
originates mainly from a ZFS effect of the latter ions.
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Fig. 4. Field and temperature-dependent magnetization curves for complexes 1 (top)
and 2 (bottom) measured at applied fields in the 0-7.0 T range and at temperatures in
the 2-20 K range.

The simultaneous fit of xmT vs T and M vs H curves at two
different temperatures (2 and 10 K) has been carried out
through the Hamiltonian H = —2J(5:1S2 + $353) + 2Dmna)S72,
where D accounts for the ZFS value of the Mn(lll) ions (Model
2). The use of this Hamiltonian involves the following
assumptions to avoid over-parametrization of the magnetic fit:
(1) the parameter D is the same for the two Mn(lll) ions in
each complex (such ions are crystallographically equivalent for
1 and display virtually identical coordination environments for
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2) and negligible for the Mn(ll) centers; (2) the parameter g is
isotropic and common to all manganese atoms of both
complexes. The magnetic data have been treated with the
program PHI,2* which afforded the values of the J, g, and D
parameters that are displayed in Table 2 as the best fit results.
The results obtained from applying Model 2 reproduce
satisfactorily the evolution of ym and M with the temperature
and the applied magnetic field, respectively (Fig. 3b). The
values of the parameters J and g are consistent with those
obtained from Equation 1. The absolute value of the
parameter D results reasonable for complex 1, but somewhat
too high for 2 when compared to what reported in the
literature for Mn(lll) coordination systems.25 In complex 2, |D|
might be overestimated due to J and D being strongly
correlated, but can be lowered to more usual values slightly
below 3 cm™ without significant impact on J, nor in the
agreement factor R. For example, a value of D = —=3.00 cm™?
would slightly strengthen J to —0.75 cm™ and the fit to the
experimental magnetic data would still be acceptable with a R
factor of 0.145. This value is worse than that of the fit depicted
in Fig. 3b, but still comparable to the R factor listed in Table 2
for complex 1. The parameter J is mainly defined by the shape
of the ymT vs T curve, so that the decrease of the latter upon
cooling can only be reproduced by using absolute J values
higher than 0.50 cm™ in the case of 2. These results confirm
our previous observation of the AF coupling in complex 2 being
much stronger than that operating in 1. Moreover, they also
indicate that the ZFS of the Mn(lll) ions follows an analogous
trend, being significantly larger for those in complex 2.

The large number of singly occupied orbitals, the occurrence of
interactions through different o and m exchange pathways, and
the variety of bridges found in the few examples of mixed-
valence Mn"-Mn'"-Mn"" complexes available has yet made
impossible to establish clear magnetostructural correlations
for these systems. Nevertheless, Kou and coworkers have
pointed out on the basis of experimental results that the AF
exchange should tend to weaken as the M—O(alkoxo)-M and
M-O(phenoxo)—M bridging angles widen, in such a way that
they tentatively conclude that M—O(alkoxo)-M angles larger
than 102° should result in F coupling.23¢ In our case, the M—
O(alkoxo)-M angle for 1 is nearly 102° (<Mn1-01B-Mn2> =
101.66(7)°), which would be consistent with the very weak AF
interaction observed for this complex. The introduction of —
OMe substituents in the phenolate groups of the Schiff base
ligand of 2 leads to a slight widening of the M—O(alkoxo)—M
angles by ca. 2° (<Mn1-01B—Mn2> = 104.35(6)° and <Mn2—
02B—-Mn3> = 103.69(6)°) and to a subtle lengthening of the
Mn!l...Mn"" distances (Table 1). This is accompanied by a
significant shift of the methyl groups of the bridging
methoxides out of the mean plane of the corresponding
Mn,0, metallacycles, which has been demonstrated to lower
the overlap between the orbitals of the paramagnetic centers
and those of the bridge?® (r = 10.89(12)° for 1 versus t =
37.95(10) and 34.81(10)° for 2, being t the angle formed
between the C—O bond of the bridging methoxide and the
mean plane of the Mn,0, metallacycle). All of these features
suggest that the magnetic interaction through the equatorial-
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equatorial M—0O(alkoxo)-M exchange pathway shguld, weaken
and most likely become of F nature wheR@oifig ¥rainoedmphex
1 to complex 2. However, a significant strengthening of the
overall AF interaction is experimentally observed instead. The
fact that the M—-O(phenoxo)-M angles become narrower by
less than 4° when going from complex 1 (<Mn1-02—Mn2> =
95.88(6)°) to complex 2 (<Mnl1l-02-Mn2> = 92.06(5)° and
<Mn2-03-Mn3 = 93.83(5)°) could well counteract the
weakening effect through the O(alkoxo) bridge by
strengthening the AF coupling through this pathway. However,
this contribution does not appear sufficient for reinforcing the
overall AF interaction by one order of magnitude as observed
for 2, and therefore, this reinforcement should mainly be
attributed to the change of the nature of the M—O(phenoxo)—
M exchange pathway from an equatorial-axial linkage to an
axial-axial one as a result of the structural distortions
introduced by the —OMe substituents.

Fig. 5. (a) Surface plot of the HOMO for complex 1, which contains the three d,2
atomic orbitals of the Mn atoms and defines the z axis for each ion; (b) Surface
plot of the d,2 centered molecular orbital of Mn2 for complex 2. Hydrogen atoms
are omitted for clarity.

DFT Calculations

In order to obtain the relative orientation of the molecular
orbitals of the Mn(ll) and Mn(lll) ions, DFT calculations were
carried out on the experimental X-ray structures of 1 and 2.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5a shows the Highest Occupied Molecular Orbital (HOMO)
of complex 1, which contains the d,2 orbitals of the three Mn
atoms. The Z axis for the outermost, crystallographically
equivalent Mn(lll) ions (Mnl and Mn1i) is given by the
orientation of the lobules of the d,2 orbitals, which point
towards the imidazolidine N2 and the phenoxido O1 atoms,
whereas the orientation of the toroid defines the XY plane
containing the azide N1T, bridging methoxido O1B, bridging
phenoxido 02 and azomethine N1 atoms (omitted from the
HOMO representation for clarity, see Fig. 2 for the atom
labeling). At the same time, O2 and the crystallographically
equivalent O2' are the atoms filling the Z-axial positions for the
central Mn(ll) ion (Mn2). Therefore, the surface plot
demonstrates that the bridging phenoxido 02 atom connects
the axial position of Mn2 with an equatorial position of Mn1,
while the bridging methoxido O1B connects in turn equatorial
positions of both ions. Similarly, the calculations performed for
complex 2 also results in phenoxido bridging oxygen atoms (02
and 03) occupying the Z-axial positions of the central Mn2 ion
(Fig. 5b). Moreover, and according to the surface plots of the
d,2-centered molecular orbitals of Mn1 and Mn3 displayed in
Figs. S8 and S9 in the ESIt, the coordination environments of
these two Mn(lll) centers show the same relative orientation
to that schematized in Fig. 2. Therefore, such surface plots
confirm the fact that the bridging methoxido and phenoxido
oxygen atoms lead to equatorial-equatorial and axial-axial
connections, respectively, as derived from the analysis of the
structural parameters.

Conclusions

Two new trinuclear mixed valence Mn(lll)-Mn(Il)-Mn(111)
angular complexes with general formula [Mns(L)(p-
OCH3)2(Ns)2]-CH3OH have been synthesized and characterized
by spectroscopic methods and single-crystal X-ray analysis. The
complexes have been prepared by using two new
compartmental NgOs-donor ligands (L) that are obtained from
Schiff base condensation of pentaethylenehexamine with 2-
hydroxybenzaldehyde (complex 1) or  2-hydroxy-3-
methoxybenzaldehye (complex 2). Structural studies indicate
that the coordination environment of metal ions is analogous
in both complexes, but for a change in the direction of the
Jahn-Teller distortion around the external Mn(lll) ions when
going from 1 to 2 that is most likely induced by the presence of
bulky methoxy substituents on the phenyl rings of the ligand L
in the latter complex. The analysis of the magnetic behavior in
the range of 2-300 K indicates the presence of
antiferromagnetic intramolecular interactions between metal
ions in both complexes. The magnetic coupling in 2 proved to
be nearly one order of magnitude stronger than that found in
1 despite the longer metal---metal distances, which has been
attributed to the change in the orientation of the Jahn-Teller
distortion modifying the magnetic exchange pathway through
the phenoxido bridges from the equatorial-axial connection
type observed in 1 to the axial-axial linkages shown by 2.

This journal is © The Royal Society of Chemistry 20xx
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Experimental

Materials and instrumentations

Manganese(ll) acetate tetrahydrate, 2-hydroxybenzaldehyde,
2-hydroxy-3-methoxybenzaldehyde and pentaethylene-
hexamine were purchased from Aldrich and used as received.
Solvents of the highest commercially available grade were
used without further purification. The FT-IR spectra were
recorded as KBr disks on a Bruker TENSOR 27 FT-IR
spectrophotometer. The UV—Vis spectra were
recorded on a thermo-spectronic Helios Alpha
spectrophotometer between 200 and 800 nm. The elemental
analyses (carbon, hydrogen and nitrogen) were obtained from
a Carlo ERBA Model EA 1108 analyzer. The manganese content
of the complexes was determined by atomic absorption
analysis on a Varian Spectra AA-220 equipment. The 1H— and
13C-NMR spectra of the ligands in CDClz solution were
measured on a Bruker Avance spectrometer operating at 250
and 62.9 MHz, respectively, and the chemical shifts (&) are
indicated in ppm relative to tetramethylsilane (TMS).

solution

Synthesis of 2,2'-{ethane-1,2-diylbis[3-(2-{[(1E)-(2-
hydroxyphenyl)methylene]lamino}ethyl)imidazolidine-1,2-
diyl]}diphenol (H,lY)

The ligand H4l! was prepared by refluxing a mixture of 2-
hydroxybenzaldehyde (1.27 ml, 12.00 mmol) and
pentaethylenehexamine (0.73 ml, 3.00 mmol) in methanol (20
ml). The reaction mixture was heated to reflux for 10 h and the
resulting yellow solid product was filtered off, washed
successively with few amounts of cold ethanol and ether, and
finally dried in air. Yield: 80.1% based on 2-
hydroxybenzaldehyde (1.56 g). M.p. 148-151 °C. Anal. Calc. for
C3sHaaNgOs (MW = 648.79 g mol1): C, 70.35; H, 6.84; N,
12.95%; Found: C, 70.29; H, 6.87; N, 12.99%. FT-IR (KBr, cm):
3427 (w, br), 2930 (m), 2815 (m), 1632 (vs), 1583 (m), 1495
(m), 1460 (m), 1414 (w), 1378 (w), 1340 (w), 1279 (s), 1263
(m), 1279 (w), 1152 (m), 1119 (w), 1031 (m), 972 (w), 889 (w),
848 (w), 757 (vs), 741 (m), 662 (w), 642 (w), 565 (w), 554 (w),
460 (w). TH-NMR (250 MHz, CDCls, 25 °C, TMS): 6 = 2.02-2.24,
2.53-2.61, 2.71-2.74, 2.86-2.90, 3.71-3.41, 3.54-3.72 (all m,
20Haiiphatic), 5.26 (s, 2H), 6.77-7.26 (m, 14Haromatic), 8.21 (s, 2H,
2Hazomethine), 10.65 (broad, 2H, OH), 13.23 (broad, 2H, OH)
ppm. 13C—NMR (62.90 MHz, CDCls, 25 °C, TMS): § = 165.9,
161.1, 158.4, 132.2, 131.4, 130.9, 130.8, 130.1, 121.1, 120.8,
118.7, 118.5, 116.9, 89.1, 58.3, 57.8, 55.5, 52.8, 50.9, 49.9,
49.8, 49.54, 49.2 ppm. UV-Vis (CH3OH, ¢ = 2.5x10° M, Amax
[nm] with & [M1 cm™1]): 215 (49200), 255 (21900), 316 (6200).

Synthesis of 6,6'-((E)-3,3'-(ethane-1,2-diyl)bis(1-(2-((E)-(2-hydroxy-
3-methoxybenzylidene)amino)ethyl)imidazolidine-3,2-diyl))bis(2-
methoxyphenol) (HsL2)

The ligand H4L2 was prepared following a procedure similar to
that used for H4l!, except for the fact that 2-hydroxy-3-
methoxybenzaldehyde (1.83 g, 12.00 mmol) was used instead
of 2-hydroxybenzaldehyde. H4L2 was obtained as a yellow
viscose oil, which was washed several times with n-hexane and
dichloromethane. The final product was obtained as a yellow
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powder after rotary evaporation of the remaining materials.
Yield: 75% based on 2-hydroxy-3-methoxybenzaldehyde (1.73
g). Anal. Calc. for C43Hs2NgOg (MW = 768.91 g mol1): C, 65.61;
H, 6.82; N, 10.93%; Found: C, 65.52; H, 6.87; N, 10.99%. FT-IR
(KBr, cm1): 3450 (w, br), 2925 (m), 2851 (m), 2818 (m), 1662
(w), 1632 (vs), 1583 (m), 1489 (m), 1460 (m), 1414 (m), 1383
(w), 1375 (w), 1341 (w), 1279 (s), 1263 (m), 1031 (m), 1151
(m), 1117 (w), 1032 (w), 1010 (w), 972 (w), 882 (w), 851 (w),
756 (vs), 737 (m), 668 (w), 642 (w), 556 (w), 454 (w). TH-NMR
(250 MHz, CDCls, 25 °C, TMS): 6 = 2.38-2.58, 3.37-3.57 (all m,
20Haiiphatic), 3.86 (s, 12H, 40CHs) 5.61 (s, 2H), 6.64-7.34 (m,
12Haromatic), 8.23 (S, 2Hazomethine), 11.09 (broad, 2H, OH), 13.75
(broad, 2H, OH) ppm. 13C-NMR (62.90 MHz, CDCl;, 25 °C,
TMS): 6 = 166.1, 151.9,148.1, 124.45, 123.0, 121.2, 119.71,
118.1, 117.81, 13.8, 112.3, 111.4, 102.1, 89.34, 58.2, 56.0,
53.1, 52.7, 51.1, 49.7, 47.546.0 ppm. UV-Vis (CH30H, ¢ =
2.5x105 M, Amax [nmM] with & [M cm]): 217 (53000), 265
(19000), 420 (4900).

Synthesis of the complex [Mn3(L)(p-OCH3)»(Ns).]-CH3OH (1)

The ligand Hy4l! (0.649 g, 1.000 mmol), Mn(OAc), 4H,0 (0.980
g, 4.000 mmol) and NaNs (0.260 g, 4.000 mmol) were refluxed
in methanol (30 ml) for 6 h under air atmosphere. The reaction
mixture was left to cool down to room temperature and
filtered to remove any undissolved residue. The filtrate was
kept in an open reaction tube at ambient temperature and
dark red crystals were obtained by slow evaporation after a
few days. The crystals were separated from the mother liquors
and washed with methanol. Yield: 63.48% based on Hl?!
(0.627 g). Anal. Calc. for C41Hs50Mn3N1207 (MW = 987.75 g mol-
1): C, 49.86; H, 5.10; N, 17.02; Mn, 16.69%; Found: C, 49.78; H,
5.08; N, 17.11; Mn, 16.61%. FT-IR (KBr, cm): 3421 (w, br),
2953 (w), 2922 (m), 2853 (m), 2813 (w), 2040 (vs), 1615 (vs),
1597 (m), 1567 (w), 1535 (w), 1525 (w), 1509 (w), 1482 (s),
1451 (m), 1442 (m), 1400 (w), 1385 (w), 1335 (w), 1311 (w),
1289 (m), 1200 (w), 1149 (w), 1095 (w), 1046 (m), 1032 (m),
995 (w), 964 (w), 928 (w), 907 (w), 894 (w), 855 (w), 796 (w),
761 (w), 745 (m), 669 (w), 638 (w), 610 (w), 583 (m), 522 (m),
504 (m), 490 (w), 469 (w),460 (w), 418 (w). UV-Vis (CHsOH, c =
2.5x10° M, Amax [nm] with & [M1 cm]): 234 (75500),
276(42600), 405 nm (7160).

Synthesis of the complex [Mn3(L2)(p-OCHs)»(Ns).]*CH3OH (2)

Complex 2 was synthesized by reacting HsL2 (0.769 g, 1.000
mmol), Mn(OAc), 4H,0 (0.980 g, 4.000 mmol) and NaNj3 (0.260
g, 4.000 mmol) under the same conditions reported for
complex 1. Dark brown crystals were obtained upon slow
solvent evaporation for one week, separated from the mother
liquors and washed with cold methanol. Yield: 71.49% based
on H4|_2 (0792 g) Anal. Calc. for C45H53Mn3N12011 (MW =
1107.85 g mol™): C, 48.79; H, 5.28; N, 15.17; Mn, 14.88%;
Found: C, 48.72; H, 5.23; N, 15.26; Mn, 14.93%. FT-IR (KBr, cm~
1): 3438 (m, br), 2998 (w), 2922 (m), 2856 (w), 2813 (w), 2033
(vs), 1614 (s),1546 (m), 1483 (m), 1466 (m), 1448 (m), 1408
(w), 1390 (w), 1336 (w), 1313 (m), 1280 (s), 1243 (m), 1218
(w), 1194 (w), 1171 (w), 1134 (w), 1094 (w), 1077 (m), 1056
(m), 1031 (m), 1000 (w), 987 (w), 972 (w), 951 (w), 915 (w),
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896 (m), 795 (w), 765 (m), 741 (m), 621 (w), 615 (W), 589W),
566 (w), 545 (w), 528 (m), 434 (w). UV-ViDPCHIOMIE2RT9%aES
M, Amax [nmM] with & [M cm]): 207 (56800), 234 (26000), 290
(11200), 328 nm (7450).

Magnetic studies

The magnetic measurements were performed on a Quantum
Design MPMS3 Superconducting Quantum Interference Device
(SQUID) magnetometer. The magnetic susceptibility data were
collected between 2 and 300 K with an applied field of 0.1 T.
The experimental susceptibilities were corrected for the
diamagnetism of the constituent atoms by using Pascal tables.
The magnetization measurements were performed at different
temperatures between 2 and 20 K and the data were collected
under applied magnetic fields ranging from0to 7 T.

X-ray crystallography

A summary of the crystal data and refinement details for
complexes 1 and 2 is given in Table 3. The intensity data
collection was performed on an Agilent Technologies
SuperNova diffractometer equipped with mirror-
monochromated Cu K« radiation (A = 1.54184 A) and Atlas CCD
detector. The measurements were carried out using the o-
scan method at a temperature of 100(2) K controlled with an
Oxford Cryosystems open-flow nitrogen cryostat. An additional
data collection at 293(2) K was also carried out for complex 2,
but the SuperNova diffractometer was equipped with Mo K«
radiation (A = 0.71073 A) and Eos CCD detector in this case.
The data collections, unit cell refinements, data reductions,
and corrections for Lorentz and polarization effects were
performed with the CrysAlisPo software package.?’” This
software was also used to apply routine multi-scan absorption
corrections to the data. The structures were solved by direct
methods using OLEX2,28 and refined by full-matrix least
squares on F2 with SHELXL-97.2° The refinement included
anisotropic thermal parameters for all non-H atoms. All H-
atoms were found in difference Fourier maps. In the final
refinement cycles, the C-bonded H atoms were repositioned to
their calculated positions and refined using a riding model with
C—H bond lengths restrained to the standard values of 0.95 A
(aromatic C—H), 0.98 A (methylic C-H), 0.99 A (methylenic C—H)
or 1.00 A (methinic C—H). The thermal parameters were Uiso(H)
= 1.2U¢4(C) for all hydrogen atoms except for those belonging
to the methyl groups, for which thermal parameters of Uiso(H)
= 1.5U¢q(C) were used. The O-bonded H atoms were refined
with the O-H bond length restrained to 0.84(2) A and a
thermal parameter of Uiso(H) = 1.5Ueq(O) in all cases but for
that in the room-temperature structure of 2, which was placed
in a calculated position and treated with a standard riding
model (O-H = 0.82 A, Uio(H) = 1.5Uc4(0)) involving the
refinement of the torsion angle from electron density. CCDC
1908371 (1), 1908372 (2 at 100 K), and 1908373 (2 at 293 K)
contain the supplementary crystallographic for this article.
These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/structures.
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Table 3. Crystallographic data and refinement details for compounds 1 and 2

View Article Online
DOI: 101039/CODT01652]

Complex 1 Complex 2
Formula Ca1HsoMn3N1207 CasHssMn3N12011
M:/g mol 987.75 1107.85

block, dark red
0.17 x0.12 x0.11

Crystal shape, color
Crystal size/mm3

T/K 100(2)
A/A 1.54184 (Cu Ko
Device SuperNova
Atlas CCD
Crystal system Monoclinic
Space group C2/c
a/A 14.5962(4)
b/A 17.2040(4)
c/A 17.6348(5)
8/° 109.876(3)
V/A3 4164.53(19)
z 4
Deaic/g cm™ 1.575
u/mm-t 7.849
F(000) 2044
Jrange/° 4.1-71.0
h,k,1 -17->17,
-17->21,
-21->21
Rint 0.054
R(F)obs 0.036
Rw(F?)an 0.096
S 1.029
Abs. correction multi-scan
Hydrogen refinement mixed
Measured reflect. 16569
Independent reflec. 4013
Reflect. with /> 20(/) 3567
Parameters 299
Restraints 1

plate, brown

0.37x0.11x0.05 0.52x0.21x0.11

100(2) 293(2)
1.54184(Cu Ka) 0.71073(Mo Ka)
SuperNova SuperNova
Atlas CCD Eos CCD
Monoclinic Monoclinic
P21/n P21/n
13.06284(12) 13.1976(3)
27.2891(3) 27.4846(6)
13.51506(11) 13.6058(3)

92.8012(8) 93.0647(18)
4812.00(8) 4928.19(18)
4 4
1.529 1.493
6.925 0.828
2300 2300
3.2-71.0 2.7-25.2
-16->14, -12->15,
-31->33, -32->32,
-16->16 -16->16
0.043 0.039
0.032 0.043
0.079 0.100
1.034 1.087
multi-scan multi-scan
mixed constr
44120 38440
9291 8915
8291 7321
650 648
1 0

DFT Calculations

Spin-unrestricted DFT calculations were performed at the
B3LYP level by means of the Gaussian 09 code3° with a triple-Z
Gaussian basis set for the Mn atoms; 631-g for C, N and O; and
321-g for the H atoms. Single-point energy calculations
without any optimization were performed by using the atomic
positions taken from the CIF files of compounds 1 and 2. The
surface plots of the molecular orbitals were obtained with the
Gauss View 5.0 visor. Hydrogen atoms have been omitted in
the pictures for a better visualization.
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