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A Mixed-Valence [Mn"Mn""Mn""] Complex of a Linear Phenol-bis(pyrazole)
Ligand with an § = 3 Spin Ground State
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A novel ligand featuring one phenol and two pyrazole groups
in a linear fashion was prepared. This donor facilitates the
assembly of a mixed-valence chain of Mn ions in the
[Mn"Mn""Mn"] sequence, with formula [Mn;(Hpbpz),(OAc);-
(MeOH)3] (1). Complex 1 exhibits dominant antiferromag-
netic coupling between adjacent pairs of Mn ions. A fit of

the magnetic susceptibility data using the Hamiltonian H =
—2J1(S1S2 + S283) — 2J,5(S1S3) yields coupling constants of J;
= -3.14cm™ and J, = -0.39 cm™!, which leads to a spin
ground state of St = 3.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

The rational design and preparation of coordination
metal clusters is an important research area in magneto-
chemistry as remarkable metal-metal interactions may be
obtained through the formation of such assemblies.l'?! The
generation of polynuclear complexes may be achieved by
the appropriate choice of ligand(s), which should favour
close contact between metal ions and therefore produce po-
tentially interesting physical properties.’l In that context,
the use of bridging ligands is paramount to produce cluster
coordination compounds.”! Among the various bridging li-
gands used to create polynuclear complexes, the pyrazolate
moiety has allowed the preparation of outstanding com-
pounds.>71 The simple phenolate unit may also act as a
bridging ligand to generate clusters with unusual magnetic
properties.®! Therefore, the inclusion of phenol and pyr-
azole rings within a single ligand molecule may lead to a
bridging system able to assist in the self-assembly of novel
polynuclear aggregates. Successful examples of such an
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application of mixed pyrazole/phenol ligands to synthesize
cluster compounds have been recently reported.12

In the course of our investigations aimed at preparing
polynuclear metal complexes with attractive magnetic prop-
erties, a series of phenol-bis(B-diketonate) ligands were cre-
ated and their coordination chemistry studied.!'3!3! For in-
stance, the bridging bis(p-diketone) ligand 2-hydroxy-5-
methyl-1,3-bis(3-o0x0-3-phenylpropionyl)benzene  (Hsptk)
was successfully used to generate metal clusters of various
nuclearities.'®!7! It is well known that the pyrazole ring can
be obtained by reaction of a B-diketone with hydrazine.['®]
This reaction has now been exploited for the formation of
a novel group of poly(pyrazole) ligands, from the available
poly(B-diketone) analogues, as a new entry into original co-
ordination clusters. Indeed, the reaction of Hsptk with hy-
drazine yields the potentially pentadentate (upon deproton-
ation of the pyrazole N-H groups and the phenolic func-
tion) ligand 4-methyl-2,6-bis(5-phenylpyrazol-3-yl)phenol
(Hspbpz, Scheme 1, see Exp. Sect.). A close derivative of
this ligand, with methyl groups instead of phenyl groups,
has previously been used in coordination chemistry.!]
We report here the synthesis and structure of a mixed-val-
ence trinuclear Mn"Mn™Mn!"" coordination compound
prepared with H;pbpz, together with its magnetic proper-
ties.

Scheme 1. Hspbpz.
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Results and Discussion

Synthesis and Molecular Structure

The reaction of Mn(OAc),*4H,O with Hs;pbpz (3:2 mo-
lar ratio) in methanol at room temperature produced upon
slow concentration brown block-shaped crystals, suitable
for synchrotron X-ray crystallography.

The identity of the product was established as
[Mns(Hpbpz),(OAc);(MeOH);](MeOH) (1-MeOH), and its
structure is depicted in Figure 1 (and Figure S1). Selected
bond lengths and angles of 1 are given in Table 1. This com-
plex consists of a chain-like arrangement of three manga-
nese ions held together by two doubly deprotonated
Hpbpz?~ ligands acting as tetradentate N3O donors. The
ligand bridges one outer Mn ion with the central Mn atom
through a phenoxide bridge, and the latter metal atom with
the third metal atom via a deprotonated pyrazolate moiety
(an N-N bridge). The other pyrazole group remains neutral
and participates in the chelation of one of the external
metal atoms through the inner nitrogen atom. Thus, as an-
ticipated, the phenol-bis(pyrazole) ligand promotes the for-
mation of a metal cluster. Additional negative charges are
provided by three acetate anions; one acting as a us-bridge
of the three metal atoms, the other two being terminal li-
gands of the outer metal atoms. In fact, the former acetate
is disordered over two positions (which are crystallographi-
cally equivalent) with occupancy factors of 0.5 (Figure 2).
Hexacoordination of the Mn ions is completed by three
MeOH molecules, one on each metal atom. The latter are
in the oxidation state +2 (Mnl and Mn3) and +3 (Mn2).
This assignment is consistent with the valence-bond sum
analysis®®”! and the magnetic behaviour of the compound
(see below). This implies that part of the metal atoms ex-
perience aerial oxidation driving the formation of a stable
mixed-valence compound. A few chain-type trinuclear clus-
ters of mixed manganese ions +2/+3 exist. However, most
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of them are of the [Mn-Mn!"-Mn!"] type,?!-?2 while
those with [Mn!"-Mn"'-Mn""],[2*24 such as complex 1 are
scarcer.

Table 1. Selected bond lengths [A] and angles [°] for [Mn;(Hpbpz),-
(OAc);(MeOH);] (1).

Mnl-02 2.3173) Mnl1-010 2.234(4)
Mnl-03 2.164(3) Mnl-N1 2.302(3)
Mnl-05 2.258(3) Mnl-N7 2.254(3)
Mnl-O12 2.257(5)

NI-Mnl-N7  98.33(10) 05Mnl-N7  85.81(10)
05-Mnl-0O10  92.50(15) 010-Mnl-N1  80.00(15)
05Mnl-012  77.35(17) 012-Mnl-N1  96.96(17)
02-Mnl-03  172.05(10)

Mn2-Ol1 1.974(3) Mn2-010 2.382(5)
Mn2-02 1.963(3) Mn2-N2 2.012(3)
Mn2-06 2.286(3) Mn2-N6 2.004(4)
Mn2-013 2.297(5)

01-Mn2-06  91.52(13) 02-Mn2-06  91.61(10)
02-Mn2-010  74.22(13) 01-Mn2-010  102.74(15)
02-Mn2-O13  105.40(14) 01-Mn2-013  71.56(16)
N2 Mn2 N6 178.86(14)

Mn3-O1 2.3193) Mn3-O11 2.365(5)
Mn3-07 2.188(3) Mn3-N3 2.259(4)
Mn3-09 2.247(3) Mn3-N5 2.309(4)
01-Mn3-O11  93.95(14) 07-Mn3-O11  85.64(14)
07-Mn3-N3  104.50(11) O1-Mn3-N3  78.80(12)
01-Mn3-013  67.77(16) 07-Mn3-013  108.77(15)
Mnl-02-Mn2  104.71(11) Mnl-O10-Mn2  96.64(18)
Mn2-O1-Mn3  105.54(14) Mn2-0O13-Mn3  99.8(2)
Mnl-+Mn2 3.395(2) Mn2-+-Mn3 3.425(2)
Mn1-+Mn3 5.931(2) Mnl-Mn2-Mn3 120.82(3)

The three metal ions are in distorted octahedral environ-
ments with N,O4 donor sets. The distortion is most likely
due to the steric constraints imposed by the rigidity of the
Hpbpz>~ ligands and the presence of the ps-acetato group.
Tons Mn1l and Mn3 exhibit the same coordination geometry
consisting of two almost identical disordered forms with
50% occupancy (Figure 2). Both environments are formed
by two N atoms from monodentate and bidentate pyrazole
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Figure 1. Representation of the crystal structure of [Mn3;(Hpbpz)>(OAc);(MeOH);] (1). Only the hydrogen atoms involved in hydrogen-
bonding interactions are shown. The lattice methanol molecule is omitted for clarity. Only one of the disordered bridging acetate ligands

is shown.
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Figure 2. Illustration of the two crystallographic positions (each
with an occupancy factor of 0.5) adopted by the acetate anion
bridging the atoms Mnl, Mn2 and Mn3.

rings, respectively, two O atoms from a bridging phenolato
and a ps-acetato ligand, and two O atoms from mono-
dentate acetato and methanol ligands, respectively. The cen-
tral Mn2 atom is in a Jahn-Teller elongated octahedral en-
vironment, whose basal plane is constituted of two biden-
tate pyrazolato N atoms and two phenolato O atoms, with
axial positions occupied by a methanol molecule and an O
atom from the ps-acetato ligand (in two equivalent disor-
dered positions; O10 and O13, Figure 2). Within this as-
sembly, the adjacent Mn-+Mn distances are 3.395(2) A
(Mn1-Mn2) and 3.425(2) A (Mn2-Mn3), respectively, and
the Mnl-Mn3-Mn2 angle is 120.82(3)°. The Mn-N and
Mn-O bond lengths for the three metal centres (Table 1)
are within the ranges previously observed for this type of
coordination environment.!>’!

Compound 1 shows strong intramolecular hydrogen-
bonding interactions between the pyrazole N-H groups and
the monodentate acetate ions [N4-H4A--O8 2.785(5) A,
N4-H4A-08 154° and N8-HS8B--04 2.773(4) A, N§-
H8B-04 155°; see Figure 1 for atom numbering]. In ad-
dition, the acetate atoms O4 and O8 are involved in strong
intermolecular hydrogen bonds with coordinated methanol
molecules [O5" and 091, respectively; symmetry codes: (i)
-x, -y + 2, -z + 1; (ii) —x, -y + 2, —z] from neighbouring
trinuclear units [O4-+H5B-05' 2.711(4) A, O4-H5B-05!
171° and O8-+H9AI-09i 2.721(4) A, O8-HIA-09' 170°]
generating a one-dimensional supramolecular chain. Fi-
nally, the lattice methanol molecule (O1S) is hydrogen-
bonded to the methanol molecule (O6) coordinated to Mn2
[06-H6A--O1S 2.741(5) A, O6-H6A-O18S 175°].

Magnetic Properties

Bulk magnetization data were collected from a powdered
microcrystalline sample of 1, under a constant magnetic
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field of 3 kG in the 2-300 K temperature range. A y,,T vs.
T plot is shown in Figure 3. The product y,,7" at 300 K is
12.10 cm®*Kmol ! (the expected value for an uncoupled,
high-spin, Mn!,Mn"!' system with g = 2 is
11.75cm?Kmol™") and decreases with cooling to
3.48 cm3Kmol ! at 2 K, showing a small step near 12 K
at 5cm?Kmol!. This behaviour clearly suggests that the
coupling in 1 is dominated by antiferromagnetic interac-
tions between the Mn' (S = 5/2) and Mn'"" (S = 2) ions
leading to a total spin ground state St = 3. The decrease
after the small step is attributed to zero field splitting (ZFS)
of the ground state, or to antiferromagnetic interactions.
The coupling within complex 1 is well described by the
Heisenberg spin Hamiltonian H = -2J,(S1S, + S583) —
2J5(S1S3), by using the scheme shown in Figure 3, where S
= S3 = 5/2 and S, = 2. This Hamiltonian may be trans-
formed into H = —J (St — Sa2 — S5%) — Jo(Sa% — S12 — S3?)
by using the Kambe vector coupling approach!?®! and the
definitions S, = S; + S5 and St = So + S,. The solutions
to this Hamiltonian are E(St,S4) = —J1[ST(St + 1) — SA(Sa
+ 1)] — Jo[SA(Sa + 1)], where the constant terms have been
eliminated. With these solutions, an expression of y,, =
f(T) may be obtained, based on the Van Vleck equation,
which was fitted to the experimental data. In this fit, the
ZFS and/or intermolecular interactions where modelled by
using a Curie—Weiss temperature term ¢, whereas a
temperature-independent ~ paramagnetism  (TIP)  of
600 X 10°° cm? K mol~! was included. A very good fit (Fig-
ure 3, solid line) resulted for the following parameters: J; =
314cm™, J, =-0.39cm™!, g=2.10and 0 = 2.1 K. These
results lead to an S = 3 ground state with an S = 2 excited
state lying 8.7 cm™' above in energy. The value of g is
slightly higher than expected for Mn systems, although this
parameter commonly experiences errors when determined
through bulk magnetic data. On the other hand, it needs to
be kept in mind that the parameter 0 includes two effects,
therefore, no precise physical meaning can be ascribed to
it.271 It should be pointed out that an St = 3 ground state
may be achieved for a large collection of (J;;J,) values; in
fact, with the model used, these two parameters are highly
correlated in the curves that fit well with the data. This can
be observed in the error surface of the fit of y,,T to the

-
>~

=
o N

amT (cm®Kmol™)

L ! L L L L

0 50 100 150 200 250

T(K)

Figure 3. ypT vs. T plot per mol of [Mn;(Hpbpz),(OAc)s-
(MeOH);] (1). The solid line is the best fit to the experimental data.
The inset shows the spin coupling scheme.

N B (o)) [e ]
©amy,

3873

www.eurjic.org



FULL PAPER

G. Aromi, J. Reedijk et al.

experimental data (Figure 4) where the root-mean-square
error (see Supporting Information)?®! is represented as a
function of J; and J,, with g and @ fixed at 2.10 and -2.1 K,
respectively. In this contour, a deep “valley” of smallest er-
ror is observed, illustrating the correlation existing between
both coupling constants in this region. Despite this corre-
lation, a minimum of error occurs for the values provided
by the fitting procedure, as can be observed clearly in Fig-
ure 4. In this Figure, only a limited area of the [J;J5] space
is represented. Nevertheless, a larger area was explored that
did not provide any other error minimum.

Figure 4. Contour projection (dashed lines) of the fit error of the
xmT vs. T plot of 1, as a function of J; and J,, calculated for g
and 0 constant at 2.10 and -2.1 K, respectively.

In the linear mixed-valence [Mn"-Mn""-Mn"] chain
complexes previously reported, the magnetic behaviour is
dominated by the coupling between Mn™n!! pairs. Thus,
when this coupling is ferromagnetict?#2°-3! the ground state
is St = 7, while for the case where the interaction is antifer-
romagnetic,’3% the ground state is St = 3. Only in one
exception is this coupling constant and that between the
external metal atoms comparable and negative.?3 In this
case, the nature of the ground state remains ambiguous,
postulated to lic between St = 1 and 3.

The nature of the ground state of complex 1 was studied
by means of isofield reduced magnetization measurements.
Plots of M/Nug vs. H/T are represented in Figure 5. The
curves at different fields do not superimpose, indicating the
presence of a zero field splitting (ZFS).
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Figure 5. Variable-temperature isofield M/Nug vs. HIT plots for
complex 1 at the indicated constant magnetic fields. The solid lines
are guides to the eye.
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For the largest magnetic field employed (5 T) the satura-
tion tends to occur near 5.3 units, significantly below the
expected value for St = 3 (M/Nug = 6 if g = 2.0). Attempts
to simulate these data were conducted through a full diago-
nalization numerical procedure by using the Hamiltonian
H = gfStB + D[S1.”> — S(S + 1)/3] + E(St,* — S1,%), under
the assumption that only the ground state is populated (D
and FE are the ZFS parameters and St; are the components
of the total spin operator). These did not produce any ac-
ceptable fit or set of satisfactory parameters, which was at-
tributed to the fact that likely, under the conditions of the
measurements, some excited states are partially occupied.
This is consistent with the low saturation values exhibited
by the reduced magnetization plots, and prevents us from
using this method to estimate the magnitude of the ZFS
parameters of the ground state. Nevertheless, the possibility
for slow relaxation of the magnetization of complex 1 re-
sulting from a magnetoanisotropy energy barrier exists.
This behaviour was probed by means of AC susceptibility
measurements at various frequencies (see Exp. Sect.), which
revealed very weak frequency-dependent signals for the out-
of-phase component of the susceptibility beginning to
emerge below 3 K (see Figure S4). Such observation could
be attributed to the manifestation of superparamagnetic-
like behaviour in complex 1; however, this has to be con-
firmed through investigations at lower temperature.

Conclusions

Incorporation of two pyrazole moieties separated by a
phenol group into a ligand serves to promote the assembly
of a chain [Mnj] cluster, following the reaction of this li-
gand with Mn(OAc),. The new cluster is one of the few
mixed-valence triads reported with an [Mn"™-Mn""-Mn"]
sequence, and its topology is enforced by the structure of
the multinucleating ligand. This molecule exhibits an St =
3 ground state resulting from dominant antiferromagnetic
interactions between adjacent metal atoms, which appears
to experience slow relaxation of its magnetization below
3 K. The potential of ligand Hs;pbpz for the assembly of
novel magnetic coordination clusters is now being explored.

Experimental Section

Ligand Hspbpz: H;ptkB* (0.50 g, 1.25 mmol) was dissolved in
MeOH (50 mL). Hydrazine monohydrate (1mL, 1.03g,
20.6 mmol) was added to this solution, and the reaction mixture
was refluxed for 1 h. The resulting light-yellow precipitate was iso-
lated by filtration. The solid was washed with MeOH (3 X 20 mL)
and dried at 50 °C under reduced pressure for 12 h. Yield of pure
H;pbpz: 0.43 g (87%). C55sH,0N4O (392.45): caled. C 76.51, H 5.14,
N 14.28; found C 76.55, H 5.28, N 14.27. ES(+)-MS: m/z = 392.83
[M + H]*. IR (neat solid): ¥ = 3416, 2858, 1616, 1558, 1471, 1366,
1274, 1238, 1171, 1074, 1022, 994, 966, 852, 800, 762, 744, 691,
636, 548, 513 cm™!. '"H NMR (300 MHz, [D¢]DMSO): 6 = 2.34 (s,
3 H), 7.21 (s, 2 H) 7.25-7.55 (m, 6 H), 7.64 (s, 2 H), 7.85 (d, 4 H),
11.60 (s, 1 H), 11.87 (s, 2 H) ppm.
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Complex 1: H;pbpz (20.0 mg, 0.05 mmol) was suspended in MeOH
(5mL). Next, a solution of manganese(Il) acetate tetrahydrate
(18.7 mg, 0.08 mmol) in MeOH (5 mL) was added to the ligand
solution. The resulting reaction mixture was refluxed for 30 min.
The orange-brown solution was filtered, and the filtrate was left
unperturbed for the slow evaporation of the solvent. After 24 h,
brown block-shaped crystals were collected and air-dried (yield:
24.4 mg, 77%, based on Mn). Air exposure led to absorption of
one molecule of water. CqoHgMn3;NgO[»,+H-,O (1250.99+18.02):
caled. C 56.79, H 5.00, N 8.83; found C 57.15, H 5.12, N 9.03. IR
(neat solid): ¥ = 3309, 3054, 2921, 2831, 1538, 1532, 1472, 1447,
1423, 1394, 1263, 1202, 1178, 1142, 1017, 860, 822, 758, 752, 692,
648, 556, 493, 466, 452 cm™!.

X-ray Crystallographic Analysis: Crystallographic data and refine-
ment details are given in Table 2. Intensity data were collected by
using synchrotron radiation (4 = 0.8129 A) at the Daresbury sta-
tion 16.2smx. The structure was solved with direct methods and
refined over F> with the SHELXTL package.l* The bridging ace-
tate moiety was disordered over two adjacent positions, and its dis-
tances were restrained to be similar. All hydrogen atoms were found
in difference Fourier maps and were placed geometrically on their
riding atom. Some residual electron density peaks remained, proba-
bly corresponding to partial lattice methanol molecules, which
could not be modelled satisfactorily. The corresponding areas were
analyzed and taken into account with PLATON/SQUEEZE!?],
which recovered 78 electrons per cell in a large void of 851 A3, The
combination of these two numbers would account reasonably for
about four diffuse methanol molecules. CCDC-689915 contains the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Table 2. Crystallographic data for complex [Mns;(Hpbpz),(OAc)s-
(MeOH);](MeOH) (1-MeOH).

Empirical formula Cs9Hs7Mn;NgO;-CH,O

Formula mass 1250.99

Space group P1

a[A] 12.0763(11)

b[A] 13.305(5)

¢ [A] 24.398(8)

al] 79.281(15)

B0 87.803(15)

7 [°] 75.698(11)

v [AY 3732.3(19)

z 2

Temperature [K] 150(2)

J[A] 0.8129

Dcalcd. [mgm 3] 1.113

u [mm!] 0.793

Final R indices [/ > 2o(])] R; = 0.0566
WR, = 0.1537

Final R indices (all data) R, =0.0788
wR, = 0.1658

G.OF 1.046

Physical Measurements: Variable-temperature magnetic suscep-
tibility data were obtained with a Quantum Design MPMS5
SQUID magnetometer. Pascal’s constants were utilized to estimate
diamagnetic corrections to the molar paramagnetic susceptibility.
The AC magnetic susceptibility measurements were conducted with
an alternating field of 3 Oe, above 1.8 K at frequencies ranging
from 123 to 1488 Hz. The powdered sample used was analyzed and
revealed substitution of MeOH molecules by H,O. Anal. calcd.
(found) for 1(-3MeOH+2.5H,0) (1167.88): C 57.59 (57.67), H 4.32
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(4.19), N 9.59 (9.50). Elemental analyses were performed in-house
with a Perkin—Elmer Series II CHNS/O Analyzer 2400, at the
Servei de Microanalisi of CSIC, Barcelona, Spain, or at Leiden
University with a Perkin—Elmer 2400 series. IR spectra (4000—
300 cm ! range) were recorded with a Bruker 330V IR spectropho-
tometer equipped with a Golden Gate Diamond. 'H NMR spectra
were recorded with a Bruker DPX 300 (300 MHz) instrument.
Chemical shifts are reported in ¢ (parts per million) relative to an
internal standard of tetramethylsilane. ESI mass analyses were car-
ried out with a Voyager Elite from PerSeptive Biosystems.

Supporting Information (see footnote on the first page of this arti-
cle): ORTEP representation of Complex 1, equation used for calcu-
lation of the error of the fitting of magnetic data, fit and surface
error of the susceptibility of complex 1 for # = 0, and plots of y,,"’
vs. T from AC measurements.
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