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Anion coordination selective [Mn3] and [Mn4]
assemblies: synthesis, structural diversity,
magnetic properties and catechol oxidase activity†‡

Moumita Pait,a Michael Shatrukb and Debashis Ray*a

Syntheses, crystal structures, magnetic properties and catechol oxidation behavior are presented for [Mn3]

and [Mn4] aggregates, [MnIII2 MnII(O2CMe)4(dmp)2(H2O)2]·2H2O (1·2H2O), [MnIII2 MnII(O2CCH2Cl)4-

(dmp)2(H2O)2]·H2O·MeOH (2·H2O·MeOH), [MnIII4 (µ3-O)(dmp)4(µ-DMSO)(N3)(DMSO)(H2O)]ClO4·DMSO

(3·ClO4·DMSO), and [MnIII4 (µ3-O)(dmp)4(µ-DMSO)(ClO4)(DMSO)(H2O)]ClO4·DMSO (4·ClO4·DMSO), deve-

loped with single type ligand H2dmp, 2-[(2-hydroxy-1,1-dimethyl-ethylimino)-methyl]-phenol. The suc-

cessful isolation of 1–4 resulted from a systematic exploration of the effect of MnII salts, added

carboxylates, Mn/H2dmp ratio, presence of azide, and other reaction conditions. The cores of 1 and 2 are

similar and consist of a linear MnIIIMnIIMnIII unit in a carboxylate and H2dmp environment, revealing a

central MnII ion in a different environment and terminal MnIII ions available for the introduction of struc-

tural and magnetic anisotropy to the system. The cores of 3 and 4 are also similar and consist of a dis-

torted incomplete-adamantane type Mn4 coordination assembly in a carboxylate-free environment built

on a triangular [MnIII3 (µ3-O)] unit. The magnetic behavior of complexes 1–3 is dominated by antiferro-

magnetic exchange coupling that results in ground state spin values of S = 3/2 for 1 and 2 and S = 0 for 3.

In solution, all four complexes 1–4 show catechol oxidation activity towards 3,5-DTBC. The catalytic

activity for the oxidation of 3,5-DTBC in air followed the order 4 < 3 < 1 < 2.

Introduction

Multinuclear manganese complexes exhibit a variety of aesthe-
tically pleasing structures that span a range of oxidation states
(MnII, MnIII, and MnIV).1–3 These molecular edifices continue
to attract synthetic coordination chemists due to their function
as enzymes mimics, magnetically coupled clusters, and oxi-
dation catalysts.4,5 Four manganese centers have been identi-
fied in the oxygen-evolving center (OEC) in the photosystem II
of plants and cyanobacteria.6–8 The synthetically controlled
aggregation of manganese ions can be tuned to obtain ferro-
magnetically coupled clusters with large spin ground
states.9–11 Introduction of MnIII ions in such clusters provides
the source of significant magnetic anisotropy and can be
employed for the design and preparation of single-molecule
magnets.12 Multinuclear complexes containing several Mn

centers in close proximity have been utilized as a new gene-
ration of large-spin molecules with a promise to show SMM be-
havior, catalytic activity and catechol oxidation.13 Catechol
oxidase is a copper containing type 3 active-site protein that
catalyzes the oxidation of a range of o-diphenols (catechols) to
o-quinones. Although catechol oxidases have copper at the
active site, investigations have also been shown that some
Mn(II/III/IV), Ni(II) and Co(II/III) complexes can also promote
such activity.14

Thus, there continues to be a need to develop and standar-
dize newer methodologies and synthetic strategies for the con-
trolled assembly of multinuclear manganese complexes with
interesting magnetic, physical and catalytic properties.
Recently, [Mn12] clusters have been scrutinized as efficient oxi-
dation catalysts.15 In recent time, the role of the primary
ligand system, nature and number of co-ligands and presence
of coordinating solvents in the assembly processes has been
the topic of contemporary interest. Alcohol-arm bearing triden-
tate ligands coordinated to a metal ion have the propensity to
bind to adjacent metal ions through bridges from their alkox-
ido groups in the deprotonated form. Among the supporting
co-ligands, carboxylate and hydroxide groups are versatile for
extending the bridge structure at the vacant coordination sites
around the metal ion. In trying to isolate and study new forms
of such coordination clusters, we have been exploring manga-
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nese carboxylate and hydroxide aggregates through the use of
a ONO-donor tridentate chelate 2-[(2-hydroxy-1,1-dimethyl-
ethylimino)-methyl]-phenol (H2dmp) (Chart 1). This ligand
was used earlier to provide [Ni3] and [Cu4] complexes as
reported by Dey et al.16 Herein, we present two types of [Mn3]
and [Mn4] complexes assembled by the coordination of ligand-
bound mononuclear Mn building units via small ancillary
groups.

Several reaction systems have been explored, involving car-
boxylate, azide and carbonate ions and crystallization solvent,
DMSO. Carboxylate groups and water molecules function as
auxillary bridging and terminal monodenate ligands, respect-
ively, in mixed-valent [Mn3] complexes, [MnIII

2 MnII(O2CR)4(dm-
p)2(H2O)2] (R = Me, 1 and CH2Cl, 2). In the other two
complexes, the µ3-oxido participates in the formation of a
[Mn3(μ-O)] unit and support from the DMSO ligand resulted in
adamantane-like [Mn4] complexes, [MnIII

4 (µ3-O)(dmp)4-
(µ-DMSO)(X)(DMSO)(H2O)]ClO4 (X = N3

−, 3 and ClO4
−, 4) in a

mixed coordination environment. All four complexes have
been isolated and crystallographically characterized. Their
solid state magnetic properties and solution phase catalytic
activities have also been examined.

Experimental section
Materials

The solvents and chemicals used were obtained from SRL,
India, Sigma-Aldrich and Loba Chemie Laboratory Reagents &
Fine Chemicals, India. Mn(ClO4)2·6H2O was freshly prepared
by treating manganese carbonate (11.4 g, 0.1 mol) with
12.03 mL of perchloric acid (1 : 2) and crystallized after concen-
tration on a water bath. Sodium chloroacetate was prepared by
treating chloroacetic acid (14.1 g, 0.15 mol) with solid sodium
hydroxide (6.0 g, 0.15 mol) followed by concentration and crys-
tallization on a water bath. All other chemicals and solvents
were reagent grade and used as received without further
purification.

Caution!! Although no such behavior was observed during
the present study, azides and perchlorate salts, involving
organic ligands, are potentially explosive; such compounds
should be synthesized and used in small quantities, and
treated with utmost care at all times.

Syntheses. H2dmp ligand

2-[(2-Hydroxy-1,1-dimethyl-ethylimino)-methyl]-phenol used in
the present study was prepared from a single-step conden-

sation of salicylaldehyde (1.0 mL, 10 mmol) with 2-amino-2-
methyl-1-propanol (0.952 g, 10 mmol) in MeOH (25 mL) under
reflux for 1 h. The product was obtained as a yellow solid by
triturating with hexane and further recrystallized from MeOH
as reported earlier.16

[MnIII
2 MnII(O2CMe)4(dmp)2(H2O)2]·2H2O (1·2H2O). To a

stirred yellow MeOH solution (10 mL) of H2dmp (0.19 g,
1.0 mmol), a MeOH solution (10 mL) of Mn(ClO4)2·6H2O
(0.54 g, 1.5 mmol) was added slowly followed by dropwise
addition of NEt3 (0.27 mL, 2.0 mmol) with stirring at room
temperature in air. The orange solution formed initially
changed to brown after complete addition of NEt3. The result-
ing brown solution was stirred for ca. 15 min, and a solution
of NaOAc (2 mL, 0.16 g, 2.0 mmol) was added dropwise to the
mixture. The solution immediately turned reddish brown and
was stirred for another 2 h. The brown solution formed was
then filtered and the filtrate was layered with an equal volume
of CH2Cl2. Brown single crystals of 1·2H2O suitable for X-ray
diffraction were obtained after 7 days. The yield of the crystal-
line compound based on total Mn was 0.294 g (66%). Anal.
Calc. for C30H50Mn3N2O18 (891.54 g mol−1): C, 40.42; H, 5.65;
Mn, N, 3.14. Found: C, 40.05; H, 5.89; N, 3.08. Molar conduc-
tance, ΛM (MeOH solution): 28.5 S m2 mol−1. Selected FT-IR
bands: (KBr, cm−1) 3369 (br), 1588 (vs) and 1411 (vs). UV-vis
spectra [λmax, nm (ε, M−1 cm−1)]: (MeCN solution) 382 (5150),
233 (42 625).

Alternative method for the preparation of 1

To a yellow MeOH solution (10 mL) of H2dmp (0.19 g,
1.0 mmol), a MeOH solution (10 mL) of Mn(OAc)2·4H2O
(0.18 g, 1.5 mmol) was added slowly followed by dropwise
addition of NEt3 (0.27 mL, 2.0 mmol) with stirring at room
temperature in air. The stirring of the red-brown solution was
continued for 2 h. The brown solution formed was then fil-
tered and the filtrate was layered with CH2Cl2. Brown single
crystals suitable for X-ray diffraction were obtained after
5 days.

[MnIII
2 MnII(O2CCH2Cl)4(dmp)2(H2O)2]·H2O·MeOH. (2·H2O·

MeOH). Compound 2 was obtained following a method
similar to that described above for 1 using NaO2CH2Cl (0.46 g,
2.0 mmol) in place of NaOAc. After about one week, brown
needle shaped crystals, suitable for X-ray study, were obtained.
Yield of the crystalline compound based on total Mn was
0.308 g, 59%. Anal. Calc. for C32H48Cl4Mn3N2O18 (1055.34 g
mol−1): C, 36.42; H, 4.58; N, 2.65; found: C, 36.28; H, 4.45; N,
2.51. Molar conductance, ΛM (MeOH solution): 35 S m2 mol−1.
Selected FT-IR bands (KBr, cm−1): 3427 (br), 1618 (s), 1570 (m)
and 1385 (m). UV-vis spectra [λmax, nm (ε, M−1 cm−1)] (MeCN
solution): 385 (8480), 236 (48 910).

Alternative method of preparation of 2

The same procedure was employed as described for 1, except
for the use of Mn(O2CCH2Cl)2.4H2O (0.46 g, 1.5 mmol) in
place of Mn(OAc)2·4H2O. Dark-brown crystals were obtained
after 6 days.

Chart 1 Ligand used in this study and its binding mode in [Mn3] and
[Mn4] complexes.
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[MnIII
4 (µ3-O)(dmp)4(µ-DMSO)(N3)(DMSO)(H2O)]ClO4·DMSO

(3·ClO4·DMSO). To a stirred yellow MeOH solution (10 mL) of
H2dmp (0.19 g, 1.0 mmol), a MeOH solution (10 mL) of Mn-
(ClO4)2·6H2O (0.36 g, 1.0 mmol) was added slowly followed by
dropwise addition of NEt3 (0.27 mL, 2.0 mmol) with stirring at
room temperature in air. The orange solution formed initially
changed to brown after complete addition of NEt3. The result-
ing brown solution was stirred for ca. 15 min, and then an
aqueous solution of NaN3 (2 mL, 0.065 g, 1.0 mmol) was
added dropwise to the mixture resulting in the formation of a
dark brown solution after 1 h. The reaction mixture was evap-
orated in air to give a brown powder, which was isolated by fil-
tration, washed with cold MeOH and dried under vacuum over
P4O10. X-ray quality deep-brown crystals of 3 were obtained by
the vapor diffusion of Et2O into a DMSO solution (v/v 1 : 1) of
complex over 2 months. Yield: 0.085 g, 24% (based on Mn).
Anal. Calc. for C50H70ClMn4N7O17S3 (1392.52 g mol−1):
C, 43.13; H, 5.07; N, 7.04; found: C, 43.19; H, 5.25; N, 7.03.
Molar conductance, ΛM (MeOH solution): 102 S m2 mol−1.
Selected FT-IR bands (KBr, cm−1): 3409 (br), 2027 (s), 1616 (s),
1303 (s), 1093 (s), 1047 (m), 762 (m) and 664 (m). UV-vis
spectra [λmax, nm (ε, M−1 cm−1)] (MeCN solution): 390 (9622),
575 (1755), 256 (13 295).

[MnIII
4 (µ3-O)(dmp)4(µ-DMSO)(ClO4)(DMSO)(H2O)]ClO4·DMSO

(4·ClO4·DMSO). Solid Na2CO3 (0.21 g, 2.0 mmol) was added to
a stirred MeOH solution (10 mL) of the ligand (0.19 g,
1.0 mmol) and stirring was continued for 2 h. To this yellow
solution, a MeOH solution (10 mL) of Mn(ClO4)2·6H2O (0.36 g,
1.0 mmol) was added and the mixture was stirred for 1 h to
afford a dark brown solution. The solution was evaporated in
air to give a brown powder, which was isolated by filtration,
washed with cold MeOH and dried under vacuum over P4O10.
The powder was dissolved in DMSO and layered with Et2O (v/v
1 : 1). Dark-brown crystals suitable for X-ray diffraction were
obtained after 15 days. The yield of the crystalline material
based on total Mn was 18% (0.067 g). Anal. Calcd for
C50H70Cl2Mn4N4O21S3 (1449.94 g mol−1): C, 41.42; H, 4.87; N,
3.86; found: C, 41.29; H, 4.95; N, 3.39. Molar conductance, ΛM

(MeOH solution): 113 S m2 mol−1. Selected FTIR bands (KBr,
cm−1): 3368 (br), 1670 (s), 1203(s), 1130 (s) and 1046 (m). UV-
vis spectra [λmax, nm (ε, L mol−1 cm−1)] (MeCN solution): 389
(10 608), 575 (1755), 260 nm (13 970).

Physical measurements

Elemental analyses (CHN) were performed with a Perkin-Elmer
model 240C elemental analyzer. FT-IR spectra were obtained
on a Perkin-Elmer 883 spectrometer. The solution electrical
conductivity and electronic absorption spectra were obtained
using a Unitech type U131C digital conductivity meter with a
solute concentration of about 10−3 M and a Shimadzu UV 3100
UV-vis-NIR spectrophotometer, respectively.

Magnetic measurements were performed on microcrystal-
line samples of 1–4 using a Quantum Design SQUID magnet-
ometer MPMS-XL. DC magnetic susceptibility was measured
in an applied field of 0.1 T in the 1.8–300 K temperature
range. Isothermal dependences of magnetization were

measured at 1.8 K with the magnetic field varying from 0 to
7 T. The data were corrected for the diamagnetic contribution
from the sample holder and for the intrinsic diamagnetism of
the sample using tabulated constants.17

X-ray crystallography

Suitable single crystals of 1·H2O, 2·H2O·MeOH, 3·ClO4·DMSO
and 4·ClO4·DMSO were examined using a Bruker SMART
APEX-II CCD diffractometer equipped with a fine focus
1.75 kW sealed tube Mo-Kα radiation (λ) 0.71073 (Å). The data
were collected at 298 K, by scanning over the ω angle at a step
of 0.3° and a scan speed of 5 s per frame. The SMART software
was used for data acquisition. Data integration and reduction
were performed with the SAINT and XPREP software.18 Multi-
scan empirical absorption corrections were applied to the data
using the program SADABS.19 Structures were solved by direct
methods using SHELXS-9720a and refined with full-matrix least
squares on F2 using SHELXL-97.20b The locations of the heavi-
est atoms (Mn) were easily determined, and the O, N, and C
atoms were subsequently determined from the difference
Fourier maps. The non-H atoms were refined anisotropically
(except the S6 and O33b of DMSO molecule). The H atoms
were introduced in calculated positions and refined with fixed
geometry and riding thermal parameters with respect to their
carrier atoms. The high R1/wR2 = 0.0828/0.2539 for complex 4
is due to the presence of disordered DMSO molecules and the
quality of the data set used for structure solution. Despite
several attempts, we were not able to obtain better quality
crystals for the compound. A summary of the crystal data and
relevant refinement parameters are given in Table 1. CCDC
1007135 (1), 1007136 (2), 1007137 (3) and 1007138 (4) contain
the supplementary crystallographic data for this study.

Results and discussion
Syntheses

Two methods have been employed in this study to prepare
[Mn3] and [Mn4] aggregates using a common alcohol-arm
bearing ligand H2dmp (Scheme S1, ESI‡). The first one uses
the reaction with Mn(ClO4)2 in the presence of added carboxy-
lates and the second one employs Mn(ClO4)2 in the absence of
any carboxylate but with sodium azide and sodium carbonate.
In all the reactions, atmospheric oxygen was used for the
partial or complete oxidation of MnII to MnIII. Various syn-
thetic conditions and reaction systems had been explored with
other added ancillary groups before the following reproducible
synthetic procedures were established. Tridentate ONO donor
ligands are known to support the growth of multinuclear
assemblies.21 The reaction of Mn(ClO4)2 with H2dmp and
MeCO2Na in a 3 : 2 : 4 molar ratio in MeOH, with or without
added NEt3, led to the formation of compound 1. The use of
NEt3 followed by crystallization from MeOH–CH2Cl2 provided
1 in ∼66% yield. On the other hand, the reaction without NEt3
demanded longer stirring time (>6 h) to get the red–brown
solution, and the yield was considerably lower (∼20%). The
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same reaction using ClCH2CO2Na in place of MeCO2Na led to
compound 2 in 59% yield. The chemical reactions for the
generation of 1 and 2 are summarized in eqn (1) and (2)
below.

3Mn ClO4ð Þ2 �6H2Oþ 2H2dmpþ 4NaOAcþ 2NEt3 þ O2

���!MeOH ½Mn3ðdmpÞ2ðO2CMeÞ4ðH2OÞ2��2H2O

þ 2ðNHEt3ÞðClO4Þ þ 4NaClO4 þ 16H2O

ð1Þ

3MnðClO4Þ2 �6H2Oþ 2H2dmpþ 4NaO2CH2Clþ 2NEt3 þ O2

���!MeOH ½Mn3ðdmpÞ2ðO2CCH2ClÞ4ðH2OÞ2��H2O�MeOH

þ 2ðNHEt3ÞðClO4Þ þ 4NaClO4 þ 16H2O

ð2Þ

During the formation of 1 and 2 in the solution, most likely
the single phenoxido coordination initially forms the mono-
nuclear trivalent species [MnIII(dmp)(carboxylate)(H2O)2]. Sim-
ultaneously, if a [MnII(carboxylate)2] species is also formed in
the solution, two [MnIII(dmp)(carboxylate)(H2O)2] species can
trap it to yield 1 and 2 depending on the carboxylates used
(Schemes S2 and S3, ESI‡). Thus, the structure is composed of
two terminal mononuclear units of [MnIII(dmp)(RCOO)(H2O)]
connected by a central [MnII(RCOO)2] unit through the alkox-
ido oxygen atoms of the ligand and the oxygen atoms of car-
boxylate anions. We have tried another reaction using NaN3 in
place of sodium carboxylates in the previous reactions (1) and
(2). The reaction of Mn(ClO4)2, ligand, NaN3 and NEt3 in
2 : 2 : 2 : 1 molar ratio in MeOH in air produced a red–brown
powder in 62% yield. Several pure and mixed organic solvents

were employed to grow X-ray diffraction quality single crystals
of this red–brown product. Only a 1 : 1 DMSO–Et2O mixture
afforded brown single crystals of 3 in 24% yield after two
months, and X-ray analysis established it as [Mn4(µ3-O)-
(dmp)4(µ-DMSO)(N3)(DMSO)(H2O)]ClO4·DMSO. The presence
of the single anionic fragment within the tetranuclear aggre-
gate was further confirmed by an analogous reaction using
Na2CO3 in place of NaN3. The reaction of Mn(ClO4)2, H2dmp,
and Na2CO3 in a 2 : 2 : 1 molar ratio in MeOH initially afforded
the powder material, which on treatment with a 1 : 1 DMSO–
Et2O solvent mixture afforded [Mn4(µ3-O)(dmp)4(µ-DMSO)
(ClO4)(DMSO)(H2O)]·ClO4·DMSO (4) in 18% yield. The DMSO–
Et2O (1 : 1) solvent mixture is a unique one for the slow and
smooth recrystallization process. The reactions for the gene-
ration of 3 and 4 are summarized in eqn (3) and (4),
respectively.

4MnðClO4Þ2 �6H2Oþ 4dmpH2 þ 2NaN3 þ 4NEt3 þ 2O2

���!MeOH ½Brown powdered intermidiate�
������!DMSO�Et2O Mn4ðμ3‐OÞðdmpÞ4ðμ‐DMSOÞðN3ÞðDMSOÞðH2OÞ

� �

ClO4 �DMSOþ 4ðNHEt3ÞðClO4Þ þ NaClO4 þ 2HClO4 þ 27H2O

ð3Þ

4MnðClO4Þ2 �6H2Oþ 4dmpH2 þ 2Na2CO3 þ 2O2

���!MeOH
Brown powdered intermidiate½ �

������!DMSO�Et2O Mn4ðμ3‐OÞðdmpÞ4ðμ‐DMSOÞðClO4ÞðDMSOÞðH2OÞ
� �

ClO4 �DMSOþ 4ðNHEt3ÞðClO4Þ þ 2NaClO4 þ 2HClO4 þ 27H2O

ð4Þ

Table 1 Crystal structure parameters and refinement data for 1·H2O, 2·H2O·MeOH, 3·ClO4·DMSO and 4·ClO4·DMSOa

Parameters Complex 1 Complex 2 Complex 3 Complex 4

Formula C30H50Mn3N2O18 C32H48Cl4Mn3N2O18 C50H70ClMn4N7O17S3 C50H70Cl2Mn4N4O21S3
F.W. 891.54 1055.34 1392.52 1449.94
Crystal system Triclinic Monoclinic Monoclinic Monoclinic
Space group P1̄ P21/c P21/c P21/c
Crystal color Brown Brown Brown Brown
Crystal size/mm3 0.32 × 0.26 × 0.21 0.31 × 0.25 × 0.20 0.35 × 0.29 × 0.26 0.34 × 0.26 × 0.23
a/Å 9.875(2) 11.357(6) 11.9220(9) 11.6789(18)
b/Å 10.924(2) 10.602(5) 12.4025(9) 45.485(7)
c/Å 11.134(2) 18.852(9) 42.763(3) 16.2162(19)
α/° 95.459(6) 90.00 90.00 90.00
β/° 114.801(5) 106.516(16) 96.768(2) 131.030(7)
γ/° 111.466(5) 90.00 90.00 90.00
V/Å3 969.7(3) 2176.3(19) 6279.0(8) 6498.3(16)
Z 1 2 4 4
Dc/g cm−3 1.527 1.610 1.473 1.482
μ (mm−1) 1.037 1.176 0.998 1.010
F(000) 463 1082 2880 2992
T/K 298(2) 298(2) 298(2) 298(2)
Total reflns 13 150 23 774 79 807 62 705
R(int) 0.0347 0.1447 0.1150 0.0927
Unique reflns 4739 4983 12 849 11 634
Observed reflns 3236 3280 6961 7070
Parameters 269 289 739 761
R1; wR2 (I > 2σ(I)) 0.0395, 0.1032 0.0788, 0.2346 0.0755, 0.2351 0.0828, 0.2539
GOF (F2) 1.047 1.034 1.045 1.038
Largest diff peak and hole (e Å−3) 0.424, −0.499 1.687, −1.242 1.622, −0.923 2.029, −1.192

a R1 = ∑(||Fo| − |Fc||)/∑|Fo|. wR2 = [∑w(|Fo| − |Fc|)
2/∑w(Fo)

2]1/2. w = 0.75/(σ2(Fo) + 0.0010Fo
2)
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A different type of aggregation process took place to provide
[Mn4] coordination clusters 3 and 4 in the absence of carboxy-
lates and in the presence of azide and perchlorate anions.
Initially in the solution, the most probable precursor species
formed is [MnIII(dmp)(ClO4)(H2O)2]. In the following step,
DMSO as solvent of crystallization coordinates in two different
modes to the Mn centers and plays a crucial role for [Mn4]
aggregate formation. In these two aggregates, two DMSO
groups are present as neutral monodentate and bridging
O donor ligands (Schemes S3 and S4, ESI‡).21

The elemental analysis of solid samples and molar conduc-
tivity studies in respective solutions also conform to the above-
mentioned formulas of the four compounds. The nature and
composition of the final complex is thus greatly influenced by
the presence of the ancillary ligands and crystallizing solvent
pair.

FT-IR spectra

All three complexes exhibit characteristic stretching frequen-
cies for the dmp2− ligand anion bound to the manganese
centers (Fig. S1 and S2, ESI‡). The ν̄CvN stretching vibrations
of manganese-bound imine functionalities are observed at
1601–1618 cm−l for 1–4. For 1 and 2, the asymmetric ν̄as(COO)
stretching vibrations of the four bound carboxylate groups are
detected at 1562 and 1570 cm−1, respectively, while the sym-
metric (ν̄s(COO)) stretching vibrations are observed at 1411 and
1385 cm−1, respectively. The differences in these two types of
stretching frequencies (Δν̄ = ν̄as(COO) − ν̄s(COO)) are 151 and
185 cm−1, respectively, which are characteristic of the µ1,3-brid-
ging carboxylates in 1 and 222 In complex 3, a strong band at
2027 cm−1 is assigned to the asymmetric stretching vibration,
νas(NNN), of the azide group terminally bound to the MnIII

center.23 Characteristic stretching vibrations for the [Mn3O]
base units were observed at 663 and 615 cm−1 for 3 and 4,
respectively.24 In addition to these, very strong bands at
∼1095 cm−1 for 3 and 4 are attributed to the uncoordinated
ClO4

− anions. For 4, the stretching frequencies for one co-
ordinated ClO4

− ion appear at 1203, 1182 and 1130 cm−1,
corresponding to the triply degenerate ν3 mode of vibration of
the tetrahedral C1O4

− ion.25 Another characteristic set of res-
onances at 1027 and 762 cm−1 in 3 and 1045 and 722 cm−1 in
4 was assigned to the νas(S–O) and νas(C–S) asymmetric stretch-
ing vibrations of DMSO molecules. The νas(S–O) stretching fre-

quency for free DMSO appears at 1055 cm−1, which is shifted
to low energy by 27 and 10 cm−1 for 3 and 4, respectively.26

This shift in S–O stretching frequencies also confirms the
monodentate and bridging coordination of DMSO molecules
through their oxygen atoms.27

Electronic spectra

The electronic absorption spectra of [Mn3] and [Mn4] com-
plexes have been measured in MeCN. Complexes 3 and 4
exhibit absorption shoulders around 575 nm for the manga-
nese(III)-based d–d transition.28 The intensities of the other
manganese based d–d transition are very low and observed at
382–390 nm with ε values of 4785–10 610 M−1 cm−1 for all four
complexes. The bands in the range of 400–200 nm are likely to
be of charge-transfer origin. In MeCN solutions, the
band below 300 nm viz., at 233 (ε, 42 625 M−1 cm−1), 236
(ε, 48 910 M−1 cm−1), 256 (ε, 13 295 M−1 cm−1) and 260 nm
(ε, 13 970 M−1 cm−1) for 1–4, respectively, originate from the
π → π* transitions associated with the azomethine group.29

Crystal structures description

1·2H2O and 2·H2O·MeOH. The structures of mixed valence
neutral units [Mn3(O2CMe)4(dmp)2(H2O)2] and [Mn3(O2CCH2-
Cl)4(dmp)2(H2O)2] in 1 and 2, respectively, are shown in Fig. 1
and selected bond distances and angles are summarized
in Table 2 and S1(ESI‡). Complex 1 crystallizes in the triclinic
P1̄ space group, while 2 crystallizes in the monoclinic P21/c
space group. The central manganese ion is located at a crystal-
lographic inversion center. Each dmp2− provides a tridentate
ONO donor chelation mode to a terminal MnIII ion (Mn1),
wherein an alkoxido O atom bridges to the central MnII ion
(Mn2). Each MnIIIMnII pair is also bridged by two η1:η1:μ-ace-
tato linkers, which complete the hexa-coordinate environ-
ments around three Mn ions. The structural analyses reveal a
linear MnIIIMnIIMnIII unit with a Mn⋯Mn⋯Mn angle of 180°
(Fig. S3, ESI‡). The Mn oxidation states were evident from the
metric parameters and the Jahn–Teller axial elongation at the
two terminal MnIII ions along Mn1–O6 (2.207, 2.242 Å) and
Mn1–O7 (2.340, 2.255 Å) bonds, and were confirmed by BVS
calculations (Table S2, ESI‡).30 The identification of the Jahn–
Teller axis on each MnIII center defines the basal plane consist-
ing of O1, O2, O4 and N1 atoms with distances within the
range of 1.873–2.004 Å for 1 and 2.

Fig. 1 Structure of the neutral trinuclear units of 1 (left) and 2 (right) with partial atom-numbering scheme. H atoms and lattice solvent molecules
have been omitted for clarity. Color code: MnIII, purple; MnII, orange; O, red; N, blue; C, grey; Cl, green.
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For these two complexes, the Mn–Ocarb (carb = carboxylate)
distances from manganese in +2 and +3 oxidation states for
μ:η1:η1-carboxylato bridges fall within a 1.956–2.246 Å range.
The MnIII–Ocarb distances are shorter (1.956–2.207 Å) com-
pared to the MnII–Ocarb distances (2.140–2.207 Å). Around the
central MnII atom, the O6 environment is less distorted (the
angles between cis atoms are 87.5–92.5° and trans atoms is
180°) compared to the terminal NO5 environments (angles
between cis and trans atoms range in 83.4–98.5° and
170.2–179.5°, respectively) (Fig. 2). In complex 1, the Mn(1)
⋯Mn(2) and Mn(1)⋯Mn(1*) distances of 3.476(7) and 6.953(1)
Å, respectively, are shorter than those in 2 at 3.520(2) and
7.040 Å, respectively.

The analysis of the crystal packing of the trinuclear com-
plexes 1 and 2 reveals the presence of extensive noncovalent
interactions. One water molecule in 1 and one water and one
MeOH molecule in 2 are present as solvent of crystallization.
The packing diagram for 1 along the a axis shows well-isolated
trinuclear complexes that are organized in layers with the
water molecules occupying the space within these layers. The
closest intermolecular Mn⋯Mn distances between adjacent
layers are 7.150 and 9.515 Å for 1 and 2, respectively. The inter-
molecular separations within the same layer are 6.576 and
5.406 Å for 1 and 2, respectively (Fig. 3). There are hydrogen
bonding interactions, involving the bridging acetate ligands

and the lattice water molecules. The complexes further show
strong π⋯π (phenyl) interaction between the neighboring
Mn3 units (Fig. 3). The distance between H7 of one phenyl
ring and the phenyl ring of next layer is 3.261 Å.

The type of linear MnIII
2 MnII arrangement reported in this

study for 1 and 2 is rare in the literature.31 The MnII
2MnIII core

is known in two earlier examples, one of which is a SMM.31–33

There are other examples of linear Mn3 units in other
combinations of oxidation states, which include MnII

3 ,
34

MnIIMnIIIMnIV,35 and MnIV
3 .

36

3·ClO4·DMSO and 4·ClO4·DMSO. The tetranuclear struc-
tures of cationic fragments [MnIII

4 (µ3-O)(µ-dmp)4(µ-DMSO)
(DMSO)(X)(H2O)]

+ (X = N3
− and ClO4

−) in 3 and 4, respectively)
are shown in Fig. 4 and selected inter atomic distances and
angles are summarized in Table 3 and S3 (ESI‡). Complexes 3
and 4 crystallize in the monoclinic P21/c space group and the
asymmetric units for the two compounds contain the whole
Mn4 unit, i.e., one perchlorate counter anion and one DMSO
molecule as solvent of crystallization. Each dmp2− shows tri-
dentate chelation to one of the four MnIII ions present in the
cluster with terminal alkoxido group bridging to the adjacent
MnIII ions (Fig. 5). The asymmetric cationic units consist of a
planar triangular MnIII

3 unit tightly bridged by a central μ3-O

Fig. 3 H-bonding and π–π interaction present in complex 1.

Fig. 2 Core structure of 1 (with unique bond distances in Å), with the
O–Mn–O Jahn–Teller axes on the terminal atoms indicated as black
bonds. Color code: MnIII, purple; MnII, orange; O, red; N, blue; C, grey.
Atoms labeled with * were generated from the parent atoms by inversion
through the Mn2 center.

Table 2 Selected bond distances (Å) of complexes 1·2H2O and
2·H2O·MeOH

Complex 1·2H2O

Mn1–O2 1.873(16) Mn1–O7 2.340(2)
Mn1–O1 1.873(17) Mn2–O3 2.140(19)
Mn1–O4 1.956(18) Mn2–O2 2.148(16)
Mn1–N1 2.004(2) Mn2–O5 2.206(19)
Mn1–O6 2.2073(19) Mn1⋯Mn2 3.477(5)

Complex 2·H2O·MeOH

Mn1–O1 1.868(4) Mn1–O7 2.255(6)
Mn1–O2 1.868(4) Mn2–O2 2.131(4)
Mn1–O4 1.976(4) Mn2–O5 2.189(5)
Mn1–N1 1.997(5) Mn2–O3 2.153(4)
Mn1–O6 2.244(5) Mn1⋯Mn2 3.522(1)
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atom derived from a solvent water molecule. For compound 3,
this μ3-O2− ion lays 0.118 Å below the plane of the three Mn
ions. The [Mn3O] unit accepts the fourth Mn atom through
one alkoxido bridge donation and two alkoxido bridge accep-
tances from the MnIII bound ligand alcohol arms. Two solvent
DMSO molecules show bridging and terminal coordination to
three Mn ions within the [Mn3O] entity. Finally, one N3

−/ClO4
−

ion and one solvent water molecule on two Mn ions complete
the six-coordination environment around each Mn ion. The µ3-
oxido supported [Mn3] unit attaches to the fourth Mn atom
(Mn4) through acceptance of two ligand alkoxido (Oalk)
bridges of ligand bound Mn2 and Mn3 centers, and donation
of its own ligand alkoxido (Oalk) bridge to Mn1.

The cis and trans angles vary within 76.2–101.8 and
155.3–174.9°, respectively, which clearly indicate the distor-
tions within the tetranuclear molecules resulting in strained
structures (Table S2, ESI‡). Both compounds thus contain a
pseudo-adamantane [Mn4O10] unit supported by oxido, alkox-
ido and DMSO bridges. The Mn oxidation states were con-
firmed by BVS calculations (Table S2, ESI‡). As expected, all
four MnIII centers exhibit Jahn–Teller axial elongation along
the O7–Mn1–O11, O4–Mn2–O9, O1–Mn3–O2 and N5–Mn4–O8
(O13–Mn4–O8 in case of complex 4) axes with bond distances
in the range from 2.174 to 2.732 Å (Fig. S4‡). The oxido
nucleus of the [Mn3O] unit registers shorter Mn–O distances
in the 1.894–1.927 Å range and is responsible for three
Mn⋯Mn separations of 2.997 to 3.516 Å within this unit. The
fourth Mn ion, in this pseudo-adamantane structure, records
three other Mn⋯Mn distances at 3.550, 3.670 and 3.671 Å
(Fig. 8a). All these distances are close to other reported
μ4-oxido bridged [Mn4O] units showing Mn⋯Mn distances in
the 2.819–3.734 Å range.37

The asymmetric nature of the μ3-oxido bridge is confirmed
from the varying magnitudes of Mn–O–Mn angles in the
102–136° range. Three MnIII ions in the [Mn3O] unit are in

NO5 environment, whereas the fourth one has N2O4 surround-
ings (Fig. 5). Interestingly, the DMSO molecules showed two
types of binding modes, which are not routinely seen in other

Fig. 4 Structure of the cationic tetranuclear units of 3 (left) and 4 (right). H atoms and lattice solvent molecules have been omitted for clarity. Color
code: MnIII, purple; O, red; N, blue; C, grey; S, yellow.

Table 3 Selected bond distances (Å) for 3·ClO4·DMSO and
4·ClO4·DMSO

3·ClO4·DMSO

Mn1–O3 1.884(4) Mn3–O1 1.877(5)
Mn1–O10 1.911(4) Mn3–O2 1.938(4)
Mn1–O11 2.247(4) Mn3–O3 2.174(4)
Mn1–N1 1.989(5) Mn3–O4 2.324(4)
Mn1–O6 1.899(4) Mn3–O6 1.927(4)
Mn1–O7 2.302(5) Mn3–N3 1.998(5)
Mn2–O4 2.417(5) Mn4–O2 1.973(4)
Mn2–O5 1.893(4) Mn4–O8 2.203(4)
Mn2–O6 1.894(4) Mn4–O11 1.878(4)
Mn2–O8 1.889(4) Mn4–O12 1.877(5)
Mn2–O9 2.239(5) Mn4–N4 2.016(5)
Mn2–N2 2.000(5) Mn4–N5 2.325(6)
Mn1⋯Mn2 3.516(9) Mn2⋯Mn4 3.671(6)
Mn1⋯Mn3 2.997(13) Mn1⋯Mn4 3.670(6)
Mn2⋯Mn3 3.228(14) Mn3⋯Mn4 3.550(1)

4·ClO4·DMSO

Mn1–O7 2.282(6) Mn3–O1 1.881(5)
Mn1–O10 1.916(5) Mn3–O2 1.959(5)
Mn1–O11 2.252(5) Mn3–O3 2.175(5)
Mn1–N1 2.000(6) Mn3–O4 2.349(6)
Mn1–O6 1.906(5) Mn3–O6 1.919(5)
Mn1–O3 1.890(5) Mn3–N3 1.996(6)
Mn2–O4 2.431(6) Mn4–O12 1.876(6)
Mn2–O5 1.886(6) Mn4–O8 2.129(5)
Mn2–O6 1.895(5) Mn4–O11 1.866(5)
Mn2–O8 1.891(5) Mn4–O13 2.732(9)
Mn2–O9 2.227(6) Mn4–N4 2.001(6)
Mn2–N2 1.997(6) Mn4–O2 1.955(5)
Mn1⋯Mn2 3.532(6) Mn2⋯Mn4 3.587(1)
Mn1⋯Mn3 2.990(16) Mn1⋯Mn4 3.654(7)
Mn2⋯Mn3 3.233(16) Mn3⋯Mn4 3.505(1)
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known manganese coordination aggregates, one in a mono-
dentate O donor mode and the other in a µ1,1-O fashion.38 The
monodentate azide N and perchlorate O atoms show weak and
distal binding to the fourth Mn ion at 2.325 and 2.732 Å in 3
and 4, respectively. The terminally bound water molecules of
Mn2 centers were engaged in intramolecular H-bonding inter-
actions with the Mn1 bound phenoxido O atoms in 3 and 4 at
2.697 and 2.704 Å, respectively (Fig. S5, ESI‡).

Magnetic properties

Given the structural and chemical similarity in the pairs of tri-
nuclear complexes 1 and 2 and tetranuclear complexes 3 and
4, we present and discuss the magnetic behavior for complexes
1 and 2 first, followed by the discussion of magnetism for
complex 3.

1·2H2O and 2·H2O·MeOH. These complexes contain the
central high-spin MnII ion (S = 5/2) and two peripheral high-
spin MnIII ions (S = 2 each), which provide the expected spin-
only value of χT = 10.38 emu mol−1 K in the absence of mag-
netic exchange. Temperature-dependent magnetic suscepti-
bility measurements (Fig. 6) revealed that at 300 K, the χT
values for both 1·2H2O and 2·H2O·MeOH are lower, i.e., 8.46
and 10.36 emu mol−1 K, respectively. In both cases, the χT
curve exhibits a substantial decrease as the temperature is
lowered. These observations are in accord with antiferro-
magnetic exchange interactions between the central MnII ion
and the peripheral MnIII ions. Fitting the high-temperature
part of the inverse susceptibility plot to the Curie–Weiss law
afforded the values of the Curie (C) and Weiss (θ) constants,
C = 12.32(8) emu mol−1 K and θ = −134(2) K for 1·2H2O and
C = 12.75(4) emu mol−1 K and θ = −67.0(8) K for 2·H2O·MeOH.
The Curie constants are similar and significantly higher than
the sum of expected spin-only values for uncoupled S = 5/2
and two S = 2 centers. This difference can be explained by the

orbital contribution to the total moment of the MnIII ion. The
negative Weiss constants are in agreement with the antiferro-
magnetic exchange coupling in the trimers, with the exchange
interaction in 1·2H2O being stronger than in 2·H2O·MeOH.

The magnetic properties of the trimers were modeled using
the Heisenberg–Dirac–Van Vleck Hamiltonian (1),

Ĥ ¼ �2J1ðŜ1Ŝ2 þ Ŝ2Ŝ3Þ � 2J2Ŝ1Ŝ3 þ
X

i

μBgiŜi~H; ð1Þ

where S1, S2, S3 are the spin states and g1, g2, g3 are the
g-factors of MnIII, MnII, and MnIII ions, respectively, J1 is the
exchange coupling constant for the interaction between the
central MnII and peripheral MnIII ions, and J2 is the weaker
interaction between the peripheral MnIII ions. The mean-field
correction (zJ′) was also included to account for intermolecular
dipolar coupling at lower temperatures. To avoid overpara-
metrization during the fitting procedure, it was reasonably
assumed that g2 = 2.00 and J2 = 0 based on the earlier reports
of magnetic behavior for similar trinuclear MnIII–MnII–MnIII

clusters.39–43 In addition, g1 = g3 = g due to the symmetry of
the clusters 1 and 2. The best fit to the experimental data was
obtained with J1 = −7.36(2) cm−1, g = 2.11(1), zJ′ = −0.26(1)
cm−1 for 1·2H2O (R2 = 0.9997). In the case of 2·H2O·MeOH,
however, the three-parameter model could not provide a
satisfactory fit to the data, and therefore the g2 parameter was
also allowed to vary, which led to an acceptable fit with J1 =
−5.04(6) cm−1, g = 2.38(1), g2 = 1.84(1), zJ′ = −0.079(5) cm−1

(R2 = 0.9976). The refined g2 value, however, is somewhat low
and atypical for the high-spin MnII ion.

Both 1 and 2 exhibit antiferromagnetic nearest-neighbor
exchange interactions that result in the ground state spin of
3/2. The more negative value of the J1 exchange constant
observed for cluster 1 can be explained by the shorter separ-
ation between the MnII and MnIII centers in 1 (3.477 Å) as com-

Fig. 5 The atom connectivity in the core of 3·ClO4·DMSO (left) and 4·ClO4·DMSO with partial atom numbering schemes. Color code: same as
Fig. 4.
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pared to 2 (3.522 Å). Indeed, an examination of the correlation
between J1 and the MnII⋯MnIII separation in these and related
carboxylato-supported MnIIIMnIIMnIII trimers revealed
that this relationship can be described, rather approximately,
as J1 = A + Bd (MnII⋯MnIII), where A = −1.3(3) × 102 cm−1 and
B = 36(8) cm−1/Å (Fig. 7). We note that the MnII⋯MnIII separ-
ation in 2 is one of the longest observed in such trimers. This
observation might explain the imperfection of the presented
isotropic model for the treatment of magnetism in complex 2
and the somewhat abnormal value of the g2 parameter.

3·ClO4·DMSO. The paramagnetic core in cluster 3 contains
four high-spin MnIII ions (S = 2 each) with irregular Mn⋯Mn
separations (Fig. 8a). Similar to clusters 1 and 2, the tempera-
ture dependence of χT for 3 reveals significant antiferro-
magnetic correlations (Fig. 9), with the room-temperature
value of 11.05 emu mol−1 K. Fitting the high-temperature part
of the inverse susceptibility plot to the Curie–Weiss law
resulted in C = 12.9(3) emu mol−1 K and θ = −48(7) K (Fig. 9,
inset). The Curie constant (C) is slightly higher than the spin-

Fig. 6 The temperature dependence of χT for (a) 1·2H2O and (b) 2·H2O·MeOH. The solid red lines represent the best fit to the experimental data.
The insets show the corresponding temperature dependence of inverse susceptibility and the fit to the Curie–Weiss law in the high-temperature
region (solid red lines).

Fig. 7 The magnetic exchange constant (J1) between the central MnII

and peripheral MnIII ions in the carboxylate-supported MnIII–MnII–MnIII

trimers as a function of the MnII⋯MnIII separation. The data established
in this study are indicated with filled circles.

Fig. 8 (a) Mn⋯Mn distances within the labeled core of 3; (b) the nearest environment of octahedrally coordinated MnIII ions, with the elongated
Jahn–Teller axes highlighted as bold bonds.
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only expectation value for four uncoupled S = 2 centers (12.0
emu mol−1 K). The discrepancy is attributed to the orbital con-
tribution of the MnIII ion. The negative Weiss constant (θ) indi-
cates dominant antiferromagnetic exchange coupling between
the MnIII centers, which results in the χT quickly decreasing
below 100 K and approaching zero at 1.8 K.

The strength of magnetic coupling in clusters with octa-
hedral high-spin MnIII ions strongly depends on the orien-
tation of the elongated Jahn–Teller axis that defines the
magnetic σ-type 3d orbital.44 An examination of the metric
parameters in cluster 3 (Table 3) reveals that the Mn2–O4–Mn3
superexchange pathway ( J1) involves the magnetic σ-type orbi-
tals on both the MnIII centers, the Mn1–O3–Mn3, Mn1–O11–
Mn4, and Mn2–O8–Mn4 pathways ( J2) each involve such an
orbital on only one of the MnIII centers, and finally, the Mn1–
O6–Mn2 and Mn3–O2–Mn4 pathways ( J3) do not involve such
orbitals at all (Fig. 8b). Each of the six superexchange path-
ways, however, involves π-type 3d orbitals of the MnIII ions.
Based on these symmetry considerations, one could expect
antiferromagnetic J1 and J3, as they are dominated by inter-
actions between magnetic orbitals of the same symmetry. The
J2 interaction contains both σ–π and π–π contributions, and
therefore its absolute value is expected to be smaller but its
sign cannot be clearly predicted. Consequently, the magnetic
behavior of 3 was modeled using three different exchange
parameters with the above-set restrictions ( J1 < 0, J3 < 0, |J2| ≪
|J1|):

Ĥ ¼ � 2J1Ŝ2Ŝ3 � 2J2ðŜ1Ŝ3 þ Ŝ1Ŝ4 þ Ŝ2Ŝ4Þ
� 2J3ðŜ1Ŝ2 þ Ŝ3Ŝ4Þ þ

X

i

μBgiŜi~H; ð2Þ

where Si and gi are the spin state and g-factor of each MnIII

ion. To avoid overparameterization, the gi values were set equal

for all four MnIII centers. The best fit to the experimental data
was achieved with g = 2.085(6), J1 = −5.2(1) cm−1, J2 = 0.098(8)
cm−1, and J3 = −5.4(1) cm−1 (R2 = 0.9989). We note that the low
symmetry of cluster 3 suggests the three-J model used is cer-
tainly an oversimplification. Nevertheless, it provides a good
fit to the experimental data and allows a reasonable estimate
of the magnetic exchange coupling parameters in this
complex.

In spite of our several attempts, we are unable to isolate the
pure crystals of the complex 4 in bulk form. Therefore, we
intentionally exclude the magnetic property of complex 4 here.

Catechol oxidation study

In this study, we examined the ability of our [Mn3] and [Mn4]
assemblies to act as catalysts in the oxidation of 3,5-di-tert-
butylcatechol (3,5-DTBC) to the corresponding quinone by UV-
vis spectrophotometry. Presence of tertiary butyl groups at 3
and 5 positions on the catechol substrate provides low redox
potential for oxidation to 3,5-di-tert-butylquinone (3,5-DTBQ)
while preventing further oxidation and ring-opening reac-
tion.45 The formation of 3,5-DTBQ, which exhibits an absorp-
tion maximum at ∼400 nm, can be monitored for this reaction
catalyzed by the manganese complexes.

Complexes 1–4 in ∼1 × 10−6 M solutions were reacted with a
100-fold more concentrated solution of 3,5-DTBC. The time
dependent UV-vis spectra of the mixture were obtained in
MeCN and MeOH under aerobic conditions up to 1 h. Spectral
changes of 1 and 3 in MeCN after addition of 3,5-DTBC are
shown in Fig. 10 (Fig. S6 for 2 in the ESI‡). In both the cases,
the addition of 3,5-DTBC causes a red shift in the absorption
band of complexes from 382 nm (for 1) and 390 nm (for 3) to
400 nm with a gradual increase of absorption intensity. These
results clearly indicate the catalytic oxidation of 3,5-DTBC to
3,5-DTBQ in solution. However, the generation of the quinone
band was not observed during the course of the experiment in
pure MeOH, which clearly points out that these complexes
were not suitable for the oxidation of 3,5-DTBC in MeOH
(Fig. S7, ESI‡).46 Control experiments in MeCN and air using
manganese(II) acetate and manganese(II) perchlorate under
analogous conditions did not show any oxidation of 3,5-DTBC
to 3,5-DTBQ. Within 2 h of mixing of the metal salts and sub-
strate in solution, the reaction did not demonstrate any
amount of 3,5-DTBQ formation.

Kinetic study for catechol oxidation

The kinetic study of the oxidation of 3,5-DTBC to 3,5-DTBQ by
the complexes 1–4 were carried out by monitoring the growth
of the absorbance at 400 nm by the initial rates method. The
experiments were done at a constant temperature of 25 °C and
under aerobic conditions. For a particular complex–substrate
mixture, a time scan at the maximum of the quinone band
was carried out for a period of 1 h in MeCN. The rate of oxi-
dation is dependent on the substrate concentration, which was
examined using 10−6 M solutions of 1 and 3 and increasing
amounts of 3,5-DTBC (from 10 to 100 equiv.). In all cases, first
order dependence was observed at low substrate concen-

Fig. 9 The temperature dependence of χT for 3·ClO4·DMSO. The solid
red line represents the best fit to the experimental data. The inset shows
the temperature dependence of inverse susceptibility and the fit to the
Curie–Weiss law in the high-temperature region (solid red line).
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trations, whereas saturation kinetics was found at higher sub-
strate concentrations (Fig. 11) (Fig. S8 in the ESI‡ for com-
plexes 2 and 4). The rate constant for a particular complex/
substrate mixture was determined from the log[Aα/(Aα − At)] vs.
time plot. This type of saturation rate dependence on the con-
centration of the substrate may be explained by considering
the Michaelis–Menten equation for enzymatic kinetics describ-
ing the rate of enzymatic reactions by relating the reaction rate
to the substrate concentration.47 A treatment on the basis of
the Michaelis–Menten approach was consequently applied and
linearized by means of a Lineweaver–Burk plot (double recipro-
cal plot) to calculate various kinetic parameters, such as the
Michaelis–Menten constant and the maximum rate (Vmax)
achieved by the system, at maximum (saturating) substrate
concentrations.48 The Michaelis constant Km is the substrate
concentration, at which the reaction rate is half of Vmax and is
an inverse measure of the substrate’s affinity for the com-
pound behaving as enzyme.

The turnover number (kcat) values can be calculated by
dividing the Vmax values by the concentration of the corres-
ponding complexes and the kinetic parameters are listed in
Table 4. Determination of turnover number (kcat) of the model
catalyst is important to understand their relative efficiency.
The turnover numbers (kcat) for trinuclear compounds are
about four times higher than that of the tetranuclear com-
pound. The title compounds are the first examples of trinuc-
lear mixed-valence MnIII/MnII and tetranuclear MnIII

compounds showing catechol oxidase activity. The turnover
numbers for these complexes are much higher than those
found for other manganese complexes.49,50

The mass spectral (ESI-MS positive) characterization of
compounds 1, 3 and 1 : 100 mixtures with 3,5-DTBC within
10 min of mixing in MeCN were carried out to get an insight
into the nature of possible compound-substrate intermediates
for catechol oxidation (Fig. S9–S12, ESI‡). Compound 1 exhi-
bits a base peak at m/z = 194.12, which can be assigned to the

Fig. 10 Increase of absorption spectra after addition of 100 equiv. of 3,5-DTBC to a solution containing complexes 1 (left) and 3 (right) (1 × 10−6 M)
in MeCN. The spectra were obtained after every 2 min (for 1) and 5 min (for 3) up to 1 h.

Fig. 11 Plot of initial rates vs. substrate concentration for the oxidation reaction catalyzed by complexes 1 (left) and 3 (right). Inset shows the Line-
weaver–Burk plots.
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protonated ligand [H3dmp]+ (C11H16NO2). In addition, peaks
at m/z = 438.13, 287.06 and 246.03 indicate the presence of
[MnIV(dmp)2H]+ (C22H27MnN2O4), [MnII(dmp)(H2O)Na]

+

(C11H15MnNO3Na) and [MnIII(dmp)]+ (C11H13MnNO2), respect-
ively. Compound 3 displays a base peak at m/z = 324.04, which
can be assigned to the cationic solvent bound species
[MnIII(dmp)(DMSO)]+ (C13H19MnNO3S). A common low inten-
sity peak for both the compounds at m/z = 683.15 arises due
to the dimanganese species [MnIVMnIII(dmp)3]

+

(C33H39Mn2N3O6). The additional peaks in the spectrum of 1
are also present in the spectrum of 3, which indeed confirm
the higher stability of the catalytically active mononuclear frag-
ments in MeCN. It is interesting to note that the mass spectra
of 1 and 3 are almost same after the addition of 3,5-DTBC. In
both cases, the spectra exhibit two peaks at m/z = 243 and 463,
which correspond to the quinone–sodium aggregates [(3,5-
DTBQ)Na]+ (C14H20O2Na) and [(3,5-DTBQ)2Na]

+ (C28H40O4Na),
respectively. There is also another peak at m/z = 466.18, indi-
cating the presence of the 1 : 1 mononuclear species–substrate
aggregates [MnIII(dmp)(3,5-DTBQ)]+ (C25H33MnNO4). There-
fore, the ESI-MS spectra allow us to conclude that the
complex–substrate intermediates are formed during oxidation
reactions by O2 of air.

Plausible mechanistic considerations of catechol oxidation

On the basis of mass spectrometry evidence, a possible mech-
anism for the catechol oxidation by compound A (m/z =
438.13), as depicted in Scheme 1, is proposed. In the first step
of the reaction, the catechol coordinates to A with the removal
of one ligand and forms intermediate [MnIV(L2)(3,5-DTBC)] (B,
m/z = 466.18). Internal electron transfer within B produces a
semiquinone bound intermediate MnIII(L2)(3,5-DTBSQ) (C).
The species C then reacts with dioxygen from air to generate
an oxygenated species (D), which oxidizes the MnIII center and
releases 3,5-DTBQ and hydrogen peroxide. After the quinone
molecule is released, the ligand then binds to the metal center
to regenerate A and the catalytic cycle can continue. Though
we could not isolate species C and D from the solution, we pro-
posed this tentative mechanistic cycle that is very much
similar to those reported in the literature.51 The availability of
ligand bound MnIV species in a solution is higher in the case
of 1, which leads to higher turn-over number for the experi-
ment.31,32 Therefore, it is reasonable to conclude that in the
catalytic cycle, ligand bound the MnIV fragment can undergo
two electron reduction with concomitant oxidation of 3,5-
DTBC to 3,5-DTBQ in the presence of molecular oxygen.

Indeed, several factors must be considered is assessing the
difference in oxidation activities of complexes 1–4 such as
substrate association affinity, mode of binding of substrate,
electrochemical potential values, ancillary donors and steric
match. With respect to the catalytic turnover number (kcat), we
may conclude that the reactivity in the oxidation of 3,5-DTBC
increases in the order 4 < 3 < 2 < 1.

Conclusion

In summary, we have demonstrated for the first time the use
of the same tridentate alcohol-phenol arm bearing ligand,
2-[(2-hydroxy-1,1-dimethyl-ethylimino)-methyl]-phenol, for the
growth of two trinuclear MnIII

2 MnII and two tetranuclear MnIII
4

complexes 1–4. This study establishes the potential of the
ligand in its doubly deprotonated form (both phenol and
alcohol end) to enforce the formation of the Mn aggregates of
varying nuclearity and contrasting molecular topology. Both
the deprotonated alcohol ends are essential for the aggrega-
tion of Mn ions. The syntheses of the complexes were explored
in detail to identify conditions that led to the specific nuclear-
ity, resulting in either a linear carboxlate-supported trinuclear
structure or in an adamantane-like tetranuclear structure built
around an oxido-centered Mn3 triangle. The magnetic behavior
of mixed-valent linear trimers 1 and 2 is dominated by anti-
ferromagnetic exchange between the central MnII ion and the

Scheme 1 Proposed mechanism of catechol oxidation catalyzed by
[MnIV(dmp2)2H]+ (A).

Table 4 Kinetic parameters for compounds 1–4 obtained at 25 °C in a MeCN medium

Compound Vmax (M s−1) Std. error Km (M) Std. error kcat (h
−1)

1 1.3717 × 10−4 2.21 × 10−5 5.1164 × 10−5 1.01 × 10−6 8.220 × 103

2 1.5019 × 10−4 1.79 × 10−5 7.4947 × 10−5 1.32 × 10−6 9.011 × 103

3 3.4730 × 10−5 4.89 × 10−5 9.7106 × 10−5 9.68 × 10−6 2.082 × 103

4 3.1092 × 10−5 7.02 × 10−5 7.8664 × 10−5 7.12 × 10−6 1.865 × 103

Paper Dalton Transactions

Dalton Trans. This journal is © The Royal Society of Chemistry 2015

Pu
bl

is
he

d 
on

 1
8 

M
ay

 2
01

5.
 D

ow
nl

oa
de

d 
by

 U
N

IV
E

R
SI

T
Y

 O
F 

N
E

W
 O

R
L

E
A

N
S 

on
 0

9/
06

/2
01

5 
14

:4
4:

53
. 

View Article Online

http://dx.doi.org/10.1039/c5dt01157d


peripheral MnIII ions, which leads to the S = 3/2 ground state.
A comparison to the related trimers found in the literature
revealed that the strength of this exchange coupling correlates
well with the MnII⋯MnIII separation. The magnetic behavior
of the tetranuclear complex 3 is primarily dependent on the
orientation of the elongated Jahn–Teller axes of the four octa-
hedrally coordinated MnIII ions. As a result, magnetism is
dominated by antiferromagnetic exchange in two different
pairs of ions, leading to the overall singlet ground state.
Kinetic studies in solution revealed that both the trinuclear
and tetranuclear complexes are efficient catalysts for the
solvent dependent oxidation of 3,5-di-tert-butylcatechol by O2,
with complex 2 being the most active. In MeOH medium, all
complexes are characteristically inactive. In MeCN, the reactiv-
ity for the oxidation of 3,5-DTBC increases in the order 4 < 3 <
1 < 2. The ESI-MS (positive) evidences suggest the presence of
metal complex–catechol substrate aggregates with bidentate
catechol units to Mn centers.
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